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1. SUMMARY

‘The present report describes experimental and analytical studies of
energy transfer and chemical reaction in diatomic and small polyatomic gases
under conditions of extreme disequilibrium of the molecular vibrational modes.
Primary emphasis is on collision-dominated environments with relatively low
translation/rotational mode temperatures, which are characteristic of a variety
of gas discharges, plasma chemical reactors, and high enthalpy supersonic gas
dynamic expansions. Some additional work has also been directed to the
complementary environment in which the translational/rotational mode
temperatures are high, and the vibrational mode energy content is initially low.
This latter environment is characteristic of strong shock waves in gases, such
as occurs during planetary entry of hypersonic aerospace vehicles. This
research has been conducted by staff of the Physical Gas Dynamics Program of
the Department of Mechanical Engineering at the Ohio State University, under
the sponsorship of the Aero Propulsion and Power Directorate of Wright

of the U.S. Air Force, Wright-Patterson AFB, Ohio. The contract has
been technically monitored by the Plasma Research Section of the Power
Components Branch of the Aerospace Power Division of that Directorate.

In most of the experimental studies in the program, the molecular
vibrational mode(s) have been energized by the resonant absorption of CO laser
radiation, with subsequent rapid redistribution of vibrational energy in
vibration-vibration (V-V) exchange collisions. Vibrational mode energy inputs
of the order of 1 eV per molecule are easily attainable together with low
translational /rotational mode temperatures. These conditions have been
observed to favor efficient vibrational-nonequilibrium-driven chemical reactions
in a variety of plasma reactors. The experimental environment therefore serves
as a model for some typical plasma chemistry reactors. However, this
experimental environmental affords the possibility of controlling or suppressing
the influence of free electrons which are present in a plasma reactor. The
nonequilibrium-vibrational chemical and energy transfer processes can be
studied in a controlled system, independently of complicating side reaction and
excitation channels driven by the high energy tail of the electron gas. In
addition to these CO-laser energized experiments, some complementary studies
in: 1) CO/OCS plasmas excited by a glow discharge, and in 2) CO gas excited
by an ArF excimer laser, are also reported. Finally, complementary master
equation kinetic models of vibrational energy transfer and chemical reaction in
these environments (and in corresponding gas dynamic flow environments)
have also been developed. and are reported in detail.

The report details experimental and theoretically-derived rate data for
certain specific vibration-vibration (V-V), vibration-translation (V-T), vibration-
electronic (V-E), associative ionization, and dissociation processes in CO and
NO. There are some data and rate models for related diatomic and small
polyatomic species. Emphasis is placed on energy transfer processes involving
relatively high vibrational quantum states.




2. INTRODUCTION

It has long been established that a special type of extreme
thermodynamic disequilibrium exists in the vibrational energy modes of cool
molecular plasmas. Specifically, for environments in which the average energy
of the vibrational modes is a few tenths of an electron volt per oscillator, and
the gas kinetic temperatures are a fraction of the characteristic vibrational
mode temperature, the population distribution of most diatomic and small
polyatomic molecular gases is strikingly non-Boltzmann. This population
distribution, when compared with a Boltzmann distribution corresponding to
the same energy. is characterized by extreme overpopulation of the higher
vibrational quantum states. Upper state populations may be many orders of
magnitude greater than the populations of the corresponding Boltzmann
distribution. Such nonequilibrium distributions ar= variously called Treanor
Distributions , Vibration-Vibration (V-V) Pumped Distributions , or
Anharmonic Pumped Distributions . and have an extensive literature (1-3),

The nonequilibrium plasma conditions necessary to create V-V pumped

distributions are pervasive in most electric glow discharges. Since many

chemical, ionic, and electronic energy transfer processes proceed from

higher molecular vibrational states, the influence of this type of disequilibrium

is critical, and its detailed consideration is essential to predicting a variety of
plasma-chemical phenomena. ‘

Vv nonequilibrium s also created in many supersonic flows of
high entha?p“ym gl;?;s“’. and in the optical excitation of cool absorption cells(5-8),
in addition to its creation in electric discharﬁes. In absorption cells, the
phenomenon has been observed in both solid(6-7] and liquid(®) phase materials,
in addition to gases. At this writing, V-V pumped nonequilibrium and its
effects has been detected in a variety of diatomic and small polyatomic

tems, Including N2, CO, NO, Hz,. D2, HF, Iz, CO2, H20, N2O and
13CH3F(2.3), Indeed, in the type of environments cited, it is usually difficult to
inhibit the creation of a V-V pumped distribution in these small molecules.

Despite their ubiquity, the role and influence of V-V pumping effects has
tended to be largely ignored in molecular discharge plasma studies, outside of
directed research in carbon monoxide gas lasers and closely related laser work.
There are some notable and recent exceptions to this, however, we cite the
research of Capitelli and his co-workers at the Institute for Plasma Chemistry
at the University of Barl, Italy(9:10), the work of Rusanov and his co-workers at
the LV. Kurchatov Institute of Atomic Energy in the Soviet Union(11.12), and
. studies in the Plasma Research Section at the Aeropropulsion Laboratory at
Wright Laboratories, including the recent results in silane chemistry initiated

by V-V pumped Na(13.14),

At the inception of the present study, there was strong evidence from the
work of the groups cited above, and from the previous work of the group at the
Ohio State University(15.16.17) that V-V pumped nonequilibrium systems
afforded a major avenue to drive unique plasma chemical reaction paths, and




also afforded a method to strongly populate excited molecular electronic states
in a collision dominated, high density plasma. The plasma chemical
applications have, for example, great potential importance in microelectronics
and detector fabrication processes(!4), and in atomic-hydrogen power

11), The contrglal o:: excited molecular electronic ;tate populations
has a correspondn'ng tential for high voltage switching cations and high
energy gas lasers(!’ -1g?19-3°’. The major goal of the resea:cpg program reported
here was to develop insight into the basic kinetic mechanisms of vibrationally
nonequilibrium plasmas. It is hoped that these insights will aid in the design
of new electric discharge plasma reactors.

A major difficulty in studying these V-V pumped processes in detail in
electric discharges is that the relatively small fraction of rather high energy
electrons can initiate many excited electronic state, ionization, and chemical
processes, independently of the more dominant, vibrationally excited state
processes. It is difficult to sort out the major energy storage and transfer paths
in such a plasma, in view of the large number of relatively minor plasma
processes occurring, which contribute to radiation signal from the plasma.
often giving a misleading picture of the true energy partition in the
environment. For this reason the largest part of the present research effort has
centered on experiments in optically pumped, V-V nonequilibrium gases. A
carbon monoxide (CO) gas laser is used to excite the vibrational mode(s) of
various diatomic and small polyatomic molecules in a reaction cell by resonant
absorption of the laser radiation and subsequent redistribution of vibrational
energy by V-V exchange collisions. In such experiments, the influence of free
electron-molecule collision processes is generally negligible, and the major
vibration-to-vibration, vibration-to-electronic, and chemical reaction channels
can be conveniently studied. In the present report, and experimental and
gna.lytibgd program of research in such optically pumped environments is

escribed.

Each of the following chapters in this report is based on either papers
already published in the journal literature during the course of the project. or
on recently-completed theses. An appendix gives the complete list of journal
publications, meeting presentations, and theses completed under this study.

The following Chapter . 3,describes experiments on the optical pumping
of vibrationally n um CO, with emphasis on extension of the range of
accessible translational/rotational mode temperatures. The work was
performed in collaboration with the group at Ecole Centrale Paris, and some of
their complementary results are described. Chapter 4 continues to CO
experimental studies. but the emphasis here is on measurements of
vibrational-quantum-state resolved associative fonization rates in this molecule
concludes the CO investigations, presenting Chapter 5 a study in which an ArF
excimer laser was used to directly prepare a specific vibrational level of the a

311, the lowest-lying excited electronic state of CO. Chapter 6 extends the

optical pumping studies to NO, and gives upper state rate data for this species.
Chapter 7 gives the details of the unique line-selected CO laser that was
developed to optically pump NO. Chapter 8 discusses the use of V-V pumped




CO to transfer energy to the carbonyl sulfide (OCS) molecule, and describes
and inves to ascertain the possibility of continuous wave infrared laser
action on that molecule. Finally, Chapters 9 and 10detail theoretical kinetic
models developed under the program to describe nonequilibrium energy
transfer and reaction kinetic processes in these vibrationally excited
environments.
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3. CARBON MONOXIDE STUDIES I:
Nonequilibrium Vibrational Kinetics of CO
at High Translational Mode Temperatures

*This chapter adapted from C. Flament, T. George, K.A. Meister,
J.C.Tufts, J.W. Rich, V.V. Subramaniam, J.-P. Martin, B. Piar, and

M.-Y. Perrin, Chem. Phys. 163, 241 (1993)
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3.1. Introduction

In this chapter, the results of the program for the vibrational excitation of CO by
CO laser optical pumping are presented. The results at both Ohio State and at
the laboratory of our collaborator, C.N.R.S Centrale Paris, will be described.
Previous work with this technique has been published for both CO [1-3] and for
NO [4].

3.2. Experimental
3.2.1 Apparatus

Fig. 3.1 shows the typical setup for the experiment, as used at Ohio State.The
infrared and visible UV emission spectra of the observed molecules (CO and
C2) can be observed simultaneously as shown on the figure. At C.N.R.S.
Centrale Paris only one port of the cell is used and the diagnostic apparatus is
not the same; notably a larger 1.15 m focal iength SOPRA monochromator is

(]

used. This monochromator is equipped with an IR (4 um) or UV (2500 A)
blazed grating so that the spectra emitted by the different molecules at different
wavelength regions are recorded successively. As the pump laser is used in
the c.w. mode only, the mechanical chopper is placed in front of the entrance
slit of the monochromator. The lock-in amplifier is connected to a PC type
micro-computer for further processing and dispiay; the computer aiso drives the
stepping motor of the monochromator so that the spectrum can be recorded
directly as a function of the wavelength.

The pump laser is a flowing-gas electric discharge CO laser, wall-cooled by a
liquid nitrogen bath. The laser combines several features reported in the
literature [5-9] for enhancing short wavelength operation, i.e., forcing lasing on
the lowest fundamental vibrational band components, including v=1-0. These
features include: precooling of the laser gases before they are introduced into
the discharge tube; pure helium gas injection at the tube ends to prevent
absorption losses due to partially relaxed CO; small gas injectors which
introduce the laser gases at sonic velocity into the tube, and impart a swirling
motion to the gases; a mechanical chopper to provide intra-cavity Q-switching;
selectively coated laser mirrors; and optimization of the laser gas partial




pressures and discharge operating current. With these teatures, the Ohio State
laser, which has 1 meter active discharge length, can produce 3 watts average
multiline power when lasing on v=1-0 transitions, and up to 12 watts multiline
when v=2-1 is the shortest wavelength lasing band component. The longest
wavelength band component typically lasing is v=12-11. The short wavelength
operation is essential for optically exciting room temperature CO; if the shortest
wavelength lasing band component is v=5-4 or higher, it is impossible to initiate
the CO vibrational excitation process. The Centrale Paris laser, which has a
1.64 meter active discharge iength, has mostly been operated in the c.w. mode
for the present experiments, which have been conducted as discussed below,
at powers up to 27 Watts. Fig. 3.2, taken from the Centrale Paris laser, shows
the typical output spectrum from these lasers under 27 W c.w. conditions. Note
that the rotational number of the lasing lines decreases with vibrational band;
this is a consequence of lasing-induced cascade [3].

Under Q-switched operation, the pulse-to-pulse broadband pow 3r output
stability is quite good, with variations being less than + 2.5% over the entire
pulse shapes. Long time amplitude stability, over periods up to a few hours, is
of the sarme magnitude a; long as the liquid nitrogen level is maintained in the
cooling baths. The single-line stability of the laser is poorer than the numbers
just mentioned. For the present purposes of optically exciting the vibrational
mode of the CO in the absorption cell, however, the broadband stability is the
important parameter, and is quite satisfactory.

The development of a multiwatt, slow-flow, wall-cooled CO laser, providing a
significant fraction of its output on the v=1-0 and v=2-1 band components,
affords a novel opportunity to study V-V pumped gases. Relatively high pump
laser powers are necessary to excite significant volumes of gas at pressures of
several Torr and above. Most previous detailed spectroscopic studies of V-V
pumped CO gas used large, supersonic-flow CO lasers {10}, which were
expensive to run for long times [1, 2, 11-12]. Except for the recent work of
Urban, et al. [3], other attempts to excite V-V pumping in CO with a slow flow
laser required auxiliary discharge excitation [3]. The present experiments can
be operated continuously, permitting sampling times of hours, if necessary.




After some preliminary studies done to test the efficiency of the pumping of CO
by the infrared CO laser as a function of laser power, Q-switch and c.w. modes,
Ar-CO gas mixture composition, pressure and flow rate through the cell, we
decided to build two complementary set-ups. The details of the absorption cells
are given in Fig. 3.3. At Ohio State (Figure 3.3a) the cell is built to achieve CO
pumping at low flowing rate, medium laser power and relatively low
temperature 300 to 700K. The cell is a 6-armed stainless steel cross (Varian
Corp.) of 1.5" diameter tubing, permitting optical access on three axes. One or
more of the six windows can be replaced by a flange mounting diagnostic
equipment, if desired. The cell has gas fill and purge ports, and fittings for
pressure measurements. It can be operated either with static gas fills, or in a
flowing-gas mode; CO fills the entire volume of the cell. In the flowing gas mode
the gas mixture flows in the direction of the incoming laser beam.

At Centrale Paris (Figure 3.3b), the cell makes it possible to run at the higher
translational temperatures associated with a more powerful laser. The
temperature can vary from 600K to 1500K as described later. It is a four-armed
stainless steel cross of 25mm diameter tubing, allowing access in two
perpendicula: directions. The viewing axis is perpendicular to the direction of
the laser beam. The output window on the laser beam is adjusted at Brewster's
angle in order to avoid reflection of the high power laser beam back into the
cell. The gas CO-Ar mixture is injected perpendicularly to both the optical axis
of the laser and to the detection direction through a 4mm diameter stainless
steel tube. The mixture is extracted thrbugh a similar tube placed at 8mm
distance opposite the injector exit. A buffer gas (Ar) is injected by a third inlet to
fill the entire cell and pumped out by the same tube as the CO-Ar mixture. With
this arrangement CO is present and excited only in the 4mm ID region located
between the injection and the evacuation tubes. Pressure is measured in the
injection tube 2cm before injection in the cell.

As shown, diagnostics include infrared and visible/ultraviolet monochromators,
for emission spectroscopy. Steady-state signals are processed with lock-in
amplifiers, and pulsed signals with a boxcar averager. C.w. and average laser
powers and laser pulse energie: are measured with a Coherent Corp.
“Labmaster" system. Laser pulse shapes are determined with a Molectron P5-
00 ultra-fast pyroelectric detector. Modifications from this basic setup are noted
in the discussions of specific measurements in the following sections.
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3.2.2 Operation and Energy Flow Channels

With this setup, the CO laser beam is focused by a 2.5 cm dia., 20 cm focal
iength zinc selenide lens into the absorption cell. A mixture of CO and Ar is
slowly flowing through the cell. As discussed subsequently, the partial
pressures of the CO and Ar can be varied over a large range; a typical
condition is a 1/9 CO/Ar volumetric ratio at 100 Torr total pressure, with a flow
velocity of 1 cm/sec. Under such conditions, the CO in the cell readily absorbs
the laser energy into its lowest vibrational states, v < 12. Higher CO vibrational
states, v > 12, are populated by V-V exchange. One result of this V-V up-
pumping is immediately seen in the absorption cell: there is a quite intense
biue light emission visible, centered at the focal point of the laser beam, and
extending for approximately 2 to 3 centimeters along the optical axis. The
diameter of this luminous region varies with cell and laser conditions; it is of the
order of 1 to 2 mm. This blue emission is due to visible band components of the
Co Swan system, d3ng -> a311,,. The C» is generated by chemical reaction of
the V-V pumped CO. It has been observed and discussed in previous work
using this excitation technique (1, 2-3, 11-12].

Fig.3.4 is a simplified energy level diagram for CO, showing the ground
electronic state, X1+, the lowest excited electronic state, a3I1, and the lowest
excited singlet state, A1I1. Several additional triplet states with energies
between those of the a3IT and the A1II states have not been shown. Some of
the energy transfer mechanisms occurring in the cell are shown, based on both
the present work and the previous studies referenced above. We show the
primary excitation transitions, which involve resonance absorption of the laser
radiation by the v=0-1 to v=11-12 fundamental infrared band components of the
CO in the cell. Note that in the excitation of CO initially in equilibrium at 300K,
some laser output on the v=1-0 or, at least, the v=2-1 band component, is
needed; levels above v=1 are negligibly populated at this temperature, and
hence do not absorb. In our case, if the laser does not operate c.w. on these
lowest band components, Q-switching the laser can often force these
components. Q-switching the laser created higher peak powers on the higher
bands than in the c.w. case. With the Q-switching, lasing-induced cascade car:
force gain on the lowest vibrational band components. Such use of Q-switching
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to achieve CO pumping in an optical absorption cell was first demonstrated by
Urban et al., who discuss the phenomenon [3]. In the present experiments, if the
laser is operating c.w., with no lasing output on the lowest two band
components, the cell gases will not absorb the laser radiation. However, it is
usually possible to trigger the initial absorption by merely briefly blocking one
laser mirror intra-cavity. The cascade induced by this Q-switch is sufficient to
trigger absorption and the subsequent V-V up-pumping; the cell gases will
continue to absorb in the steady state, until the laser beam is interrupted. We
emphasize that the laser excitation mechanism is, indeed, resonance
absorption. The focused laser fields are relatively weak. Strong absorption and
subsequent V-V up-pumping occur with focused laser field intensities of only a
few hundred W/cm2. The strongest fields in the present experiments are 2.7 x
105 W/cm2, reached in some of the Centrale Paris studies. We believe that
even with these intensities, negligible multiphoton absorption is occuring, given
the low density of states in the CO molecular absorber.

Also shown on Fig. 3.4 are the V-V pumping transitions, created when two CO
molecules collide and exchange a quantur~ of vibrational energy. These
processes are typically much more rapid tt..n the rate of energy absorption
from the excitation laser, and very much i<:ore rapid than V-T deactivating
collisions or spontaneous radiative decay. As indicated on the figure,
vibrational levels up to approximately v=40 have been observed to be
populated by the V-V process. It was first specifically noted by Farrenq, et al.
[14] in V-V pumped CO in an electric discharge that levels above v=42 are not
populated in the V-V pump. This same limit appeared to occur in previous
optically excited experiments [3, 11-12], despite the fact that the dissociation
energy of the CO X1+ state is 11.09 eV, and there are 40 additional bound
vibrational levels above v=42 in the Morse oscillator model of CO. This limit on
the up-pump appears to be a consequence of rapid V-E transfer into the AlTI
state, which is approximately isoenergetic with v=42. It should be emphasized,
however, that the mechanism coupling the X1+ and AII states has not yet
been detailed. In any case, the CO A1II state rapidly radiates on the CO 4th
Positive UV emission bands (10 nsec lifetime), effectively putting a cap on the
V-V up-pump [2-3, 11-12, 14]. In the present experiments, emission from
vibrational bands to v=40 have been observed at O.S.U., and to v=27 at
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Centrale Paris. The highest significantly populated vibrational level has not yet
been determined for either of these experiments.

Also shown in Fig. 3.4 is the aS[1 state. There is also some energy transfer into
this state from the V-V pumped X1:+ states; reaction from the a3IT is
presumably a major channel for the production of the Ca that is observed in
emission [1, 3, 11-12, 14]. Unlike the transfer into the A1II, however, transfer
into the a3I1 does not stop the V-V up-pump; the radiative lifetime of the a311
state is long (4 msec) and the chemical reaction and any other quenching
channels are not sufficiently rapid to provide a major energy sink. Nevertheless,
perturbation of the steady-state V-V pumped X1Z+ state vibrational populations
due to this transfer have been observed in high resolution FTIR spectroscopic
studies in electric discharges [14].

Our previous studies of CO laser-excited, V-V pumped, gaseous CO have
yielded data on the rates for some of these processes at moderate
translational/rotational mode temperatures, below 370K [2]. More recent work
has indicated that the V-V up-pump can occur at higher temperatures, of the
order of 800K [3]. The present study independently confirms that the results of
Ref. 3 are at 800K, and extends results to 1500K translational/rotational mode
temperature; strong up-pumping is still occurring at these surprisingly elevated
temperatures. This is discussed further in Section 4.

3.2.3 Translational/Rotational Mode Temperature Measurement

C2 Swan Emission - OSU

In contrast to the emission from electric-discharge-excited CO plasmas [15],
there are few band systems emitting in the visible and near-ultraviolet

wavelength regions from the vibrationally pumped gases in the present
experiments. By far the strongest system at these wavelengths is the Co Swan.

Fig.3.5 shows a typical spectrum from one sequence (Av=0) of this band
system. The R-branch of the v=0-0 sequence is rotationally resolved; the

closely-spaced multiplet structure is not separated. The values of J' for each
line are indicated on the figure. The radiative lifetime of the Co d3l'Ig state is

sufficiently long (O[1 psec]) to ensure that these states are rotationally
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equilibrated, and, therefore, the intensity distribution of these lines can be used
to infer the rotational mode temperature. Under the entire range of operating
densities of the absorption cell, rotational mode relaxation is sufficiently rapid to
insure that this temperature is equilibrated to the translational mode
temperature and the CO rotational mode temperature. Fig. 3.6 shows the usual
semilogarithmic plot to determine this temperature, for the spectrum of Fig. 3.5.
The pump laser was operating at 7.5 W c.w. power, and the gas pressures in
the cell were 9 Torr CO and 51 Torr Ar. The gas temperature is inferred as
753K. Over the range of cell temperatures in the present (OSU) experiments,
accuracy of this measurement is estimated to be + 50K.

CO 1st Overtone Emission - Centrale Paris

At Centrale Paris, temperature measurements have been performed by fitting
the CO first overtone emission. The cell is filled with Ar under a total pressure
of 240 Torr, and pure CO is injected at the center of the absorption cell at a
speed of 1 ms-1. The pump laser is operating at 27 watts c.w. power. Fig. 3.7
shows a portion of the first overtone spectrum, which corresponds to emission
from CO vibrational levels v=4 to 8. The apparatus function of the
monochromator is a triangle with a half width at mid height (HWMH) of 1.3cm-1,
so that the lines of a given vibrational transition, which are distant about 4 cm-1,
should be well separated. Nevertheless, the badly resolved rotational structure
demonstrates that there is a significant overlapping of the different bands and
gives evidence that the levels of high J are populated. This is confirmed by the
large emission in the band heads and proves that the temperature is high.

in order to deduce the rotational temperature and the vibrational distribution,
we make a fit of the experimental spectra, as primarily suggested by Hom and
Oettinger [16]: when assuming that the rotational mode is at equilibrium at the
translational ternperature T, the theoretical intensity of the emission is given by:

all bands
(v,v-2)

where Ny is the total population of level v, ¢ is the wavenumber, Uy (G,T)
results from the contribution of all the rotational lines within the band (v, v-2),
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and is convoluted with the apparatus function. Under our experimental
conditions, the line shape is a Voigt profile with HWMH of typically 10-2 cm-1.
Since this value is much smaller than the width of the spectrometer apparatus
function (1.3 cm-1), one can calculate Uy (6,T) by using Dirac lines; this leads
to:

)

2J+1 _
U, (0. T) = 2 Z [Azfz,y ~ o © FV(J)/kT:I hozgz.J'tmono (o- 0'z:‘Z.J')
allJ J'=J+l Qo (T)

J'=J+1 for the P lines and J'=J-1 for R lines; GV-Jy._2 J is the wavenumber of the
transition (v,J) -> (v-2, J) [17], AV.Jy_2 j is the Einstein coefficient for
spontaneous emission [18], Fv(J) is the rotational part of the energy of the level
(v,J) [17] and Tmono is the apparatus function.

Nv and T are then deduced from the experimental spectra, sampled in n points
{oi, IEXP(G)}, by using equations (1) and (2) and by minimizing the quantity:

2
n
> [1™ (o)) - ¥ (o)) (3)

i=1

In order to solve this separable nonlinear least square problem (Nv are linear
parameters and T is a non linear one), we use a technique based on the
theoretical developments by Golub and Pereyra [19]. This method, contrary to
that of Hom and Oettinger [16] or De Benedictis and al. [20] has the advantage
of being noniterative, and thus does not require an arbitrary assumption for the
initial shape of the Ny distribution.

Fig. 3.7 shows the experimental spectrum (EXP) and the caiculated spectrum
with the fitted values of Ny and T (TH). The discrepancies remain lower than
5% except in spectral regions where absorption lines of water vapor in the
optical path coincide with emission lines of CO. The regions, like that between
4000 and 4160 cm-1, where the absorption by laboratory air does not perturb
the fitting procedure, are unfortunately too narrow to allow a correct
determination of all the vibrational populations, but permit a reliable
measurement of temperature. In the conditions of Fig. 3.7, the deduced
temperature is 1500K (+ 100K).
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Recordings of experimental spectra between 3100 and 3300 cm*! show that
levels up to v=27 are significantly populated. This efficiency of VV pumping is
remarkable when considering the high rotational temperature obtained in the
present experiment.

C2 Swan Emission - Centrale Paris

The rotational temperature has also been inferred from the R branch of the C2
Swan Av=0 emission spectrum, as discussed in section 2.3, C2 Swan
Emission - OSU. This leads to a temperature of 1450K £ 100K in very good
agreement with that obtained from IR measurements. Fig.3.8 shows the C2
Swan band emission spectra for these elevated rotational temperatures. It is
important to note that when the pump laser power is set to that used in OSU (6
Watts c.w.), rotational temperature deduced from C2 spectra is 660K 150K.
This value is in quite good agreement with the OSU measurements given the
different flow geometry.

3.2.4 Vibrational Band Emission Measurements

The rate of the V-V up pump is of considerable interest, in view of the high
rotational/translational mode temperatures of the present experiments.
Previous measurements of V-V exchange rates among high vibrational levels
in CO have been at temperatures of 370K and less [2]. In the O.S.U. apparatus,
the excitation laser was Q-switched with an intracavity chopper, and the
response of the CO in the cell to the pulsed energy input was investigated.
Fig.9 shows the shape of the Q-switched laser pulse, when the laser was
chopped with a 50% duty-cycle chopper at 200 Hz. Fig.9a shows the entire
pulse shape; pulse duration is 2.5 msec. The initial spike created by the cavity
dumping is evident.

To investigite the rate of V-V up-pumping, the infrared monochromator was
positioned ata wavelength centered on a preselected 1st overtone vibrational
band component. The output of the InSb detector on the monochromator was
directed to a gated boxcar averager. This infrared signal was monritored at
selected time intervals during the laser excitation pulse. A 15 |Llsec gate was
typically used, and 3000 pulses were averaged at each time interval. Fig. 3.9b
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shows an enlargement of the initial portion of the laser puise, and shows the 15
jisec gate positioned at approximately 0.2 msec before the puise.

Fig. 3.10 shows the time-dependent 1st overtone emission signal obtained by
this means, with the monochromator centered at four selected wavelengths. As
indicated on the figure, the selected wavelengths correspond to the centers of
the v=4-2, v=19-17, v=35-33, and v=39-37 band components. The cell
conditions for these data are given on the figure. It is important to note that for
these puise conditions, 100% modulation is not attained at any of the four
selected wavelengths; vibrational relaxation times, even when catalyzed by
reaction products, are sufficiently long so that even the highest vibrational
states monitored remain partially populated during the 2.5 msec laser-off
period. This rather large vibrational heat capacity effect insures relatively small
fluctuations in the rotational/translational mode temperature during the puise.
The average rotational/translational mode temperature, measured by the Co
emission diagnostic discussed above, is 740K. The sequential rise of each
progressively higher band component can be seen; the rise times, of the order
of 0.1 msec, are in contrast to those observed in lower temperature experiments
[2). These fast rise times are a consequence of the faster V-V rates at the
present temperature.

Very high energy loading of the vibrational mode can be obtained in these
experiments, which permit the V-V up-pump despite the high
translational/rotational mode temperatures. Fig. 3.11 shows low-resolution first
overtone emission spectra from the pumped CO for CO concentrations varying
over two orders of magnitude. For these data, the cell gases are diluted by Ar;
Ar concentration is approximately constant at 3 x 1018 cm-3. The centers of the
vibrational band components are indicated on the figure. The maximum
bandpass for this resolution is approximately 0.25 micron; this implies that
approximately five adjacent vibrational states contribute to the emission at a
given wave-length. Emission is measured to =4.4 microns, at which
wavelength the R-branch of the v=1-0 band component of the CO fundamental

begins, and swamps signal from the overtone, as can be seen. Air in the optical
path causes significant H20 absorption in the 2.4 to 2.8 micron region, and

significant CO2 absorption from 4.2 to 4.4 microns. The CO2 absorption and the
overlap of the fundamental are particularly unfortunate diagnostic
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complications, since they prevent determination of the highest populated
vibrational level from these low-resolution spectra. Nevertheless, it is evident
that levels to at least v=40 are populated for all CO densities shown in the
spectra of Fig. 3.11.

For the data of Fig. 3.11, the absorbed power decreased slightly with the
increasing number density, varying from 1.2 W at the highest CO concentration
to 1.0 W at the lowest concentration. This near-constant absorbed power for the
greatly varying number density implies that the vibrational mode energy
loading per CO molecule is greatly increasing with decreasing concentration.
This is confirmed by the emission spectra. it can be noted that aithough overall
emission intensity can decrease with decreasing CO concentration, there is a
marked increase in the relative population of the higher states with such
decreasing concentration. For example, ratioing intensities at 2.40 and 3.25
microns implies an increase in nos/ng of more than a factor of 2 as the CO
density is decreased over the range shown.

3.2.5 lonization Measurements

it was proposed by Polack et al. [21] that an associative ionization mechanism
involving vibrationally excited diatomic molecules could occur by the following
scheme:

AB(v,)+AB(v,)> AB+AB" +e¢~ if E(vi)+E(v,)>E; (4)

where AB(v) is the molecule in the vth vibrational state with energy E(v) and
E; is the ionization energy. The reverse of this reaction is a form of the well-
known dissociative recombination mechanism which is a major mechanism

controlling the electron concentration in many molecular plasmas [22]. The
work of Ref.21 specifically studied No plasmas, and a specific rate of the

ionization of No by this mechanism was inferred experimentally. A major

difficulty in studying this process in an electric discharge plasma is that there
are several ionization mechanisms operating in addition to Eq.4, and
separation of this single ionization process can be ambiguous. However,

Achasov et al. [23] have made ionization measurements in the adiabatic
supersonic nozzle expansion of shock heated No and CO. As noted in Sect.1,
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such rapid expansions of high enthalpy flows can create the requisite
nonequilibrium conditions (high vibrational mode energy, low
transiational/rotational mode temperature) strongly favoring the V-V up-pump.
This study, having been conducted in a discharge-free environment with
negligible thermal ionization, clearly showed electron production in both N2
and CO by the Eq.4 mechanism. Electron concentrations several orders of
magnitude above the concentration predicted by Saha equilibrium were
measured in the expansion.

The present experiment also shows ionization in CO by the mechanism of Eq.4.
For these ionization measurements, two parallel brass plate electrodes were
placed in the absorption cell. One plate was on each side of the luminous
region of the V-V pumped gas, centered about the focal point of the laser beam.
The total plate separation was 2 cm; each plate was a 1 cm x 2 cm rectangle.
The long dimension of the plates was along the laser beam axis. A d.c. voitage
was applied to these electrodes. Under all cell operating conditions in which
significant V-V pumping was produced, a current could be drawn through the
gas with moderate voltages applied; voitages were much below breakdown
threshold for the cell gases. Currents were measured with a microammeter.
Fig.12 shows typical voltage-current characteristics for one experiment. For this
case, CO/Ar concentration ratio was 4/69, and the cell pressure was varied form
60 to 500 Torr. Laser power was 5.1 W c.w. From the measured currents, the
electron concentration can be estimated from:

‘ A (5)

where 1 is the measured current, Ag is the estimated collection area, and ug is
the electron drift velocity for the applied E/N. Electron densities calculated from
Eq.5 are in the range of 107 cm-3 to 108 cm3 for a plasma area of 0.1 cm2, for
the data of Fig. 3.12.

The measured currents, though smali, can definitely be correlated with the
volume ionization created by the laser excitation, via the mechanism of Eq.4.
The possibility of photo-ionization of the plates, by U.V. radiation from excited
CO electronic states (Fig. 3.4), was excluded by surrounding the active pumped
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region in the cell by a 1 cm diameter U.V. grade quartz tube. Negligible currents
couid be drawn at all applied voltages with this arrangement. Some checks
were also made for the possibility of an easy ionizable impurity creating
electrons by ionizing collisions with highly vibrationally excited CO.
Measurements with ultra high purity CO, and with liquid nitrogen trapping of the
test gases before the cell did not show substantially lower ionization.

Finally, some preliminary experiments were performed to examine the
response of the current to the pulsed operation of the laser. Fig. 3.13a is an
oscillogram of the laser pulse, taken with the fast photodiode, and the current
response. The modulation of the population of vibrational level v=22 was
simuitaneously monitored in these experiments by use of a narrow bandpass
filter centered at 3.05 microns. This response is shown in Fig. 3.13b. In all
cases, the rise in the current was subsequent to the rise in v=22 emission. The
plasma decays after the laser pulse with times of the order of a few
milliseconds. This is unexpectedly rapid when compared to known associative
recombination times for CO molecular plasmas [24]. The presence of an
impurity which is a strong electron attacher is suspected. As discussed in [24],
iron pentacarbonyl, Fe(CO)s, generated during storage of the CO test gas in a
steel cylinder is suspected. Further experiments with traps to eliminate electron-
attaching impurities are planned.

3.3. Kinetic modeling

A master equation kinetic model has been previously developed and applied to
V-V pumping experiments in CO and NO [2-4]. The earlier work in CO had been
used to correlate experiments at temperatures below 370K [2], and led to
specific V-V rate model expressions valid over a temperature range 150K < T <
370K, and a vibrational quantum number range 0 < v < 35. This rate
expression is also in agreement with the experiments and model rates of Powell
[25], which includes some data to 500K.

The previous model has been further developed and applied to the present

experiments. A major question is whether the V-V rate expressions, obtained
from lower temperature data, are valid for the present elevated temperatures.
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We have applied the model to two of the experimental cases discussed in the
previous section: the steady-state experiment at 1500K (Sect.2.3) and the Q-
switched pulse experiment at 740K (Sect.2.4).

The numerical resuits presented in this section were obtained with a computer
program which integrates the full set of kinetic equations describing the
vibrational level populations in each electronic state as a function of time. Rapid
integration of some seventy vibrational level equations relies upon efficient
“stif” equation integration routines [26, 27].

3.3.1. Equations

A description of the master equation kinetic model employed in the present
study has been given previously [2-4]; therefore, only a brief summary is
included here. The time dependence of each vibrational level in up to two
coupled electronic manifolds is expressed as a sum of five rate processes:

dn,, /dt=VV_ + VT _ +SRD, +VE  +PL (6)
1=1,2 and v=0,1, .., (vmax )

where n; y (also written n;(v)) is the number density of molecules i in vibrational
quantum level v, in cm-3; i = 1,2 represents the ground state and one
electronically excited state of CO respectively; and (vmax); is the highest level
included in the vibrational manifold, where (vmax); < 80. Allowance is also
made for an inert diluent, which in the present case is argon. The translational
and rotational modes of the system are assumed to be in equilibrium at

temperature T.
In the right hand side of the above equation VV; , is the vibration-vibration

exchange rate, VT y is the vibration-translation exchange rate, SRD; y is the
spontaneous radiative decay rate, VE; y is the vibration-electronic exchange
rate, and PL; y is the absorption and stimulated emission rates due to the CO
pump laser. in our calculations the VV term is the sum of a long-range dipole-
dipole Sharma-Brau term and a short range impulsive Schwartz-Slawsky-
Herzfeld (SSH) term [28]. The VT rate used is a modified SSH model [29, 30].
The VE term employs an analytical form based on a collision-induced near-
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resonance exchange mechanism [4]. The appendix gives the actual VV, VT, VE,
SRD and PL expressions used.

3.3.2. Input values

All the parameters needed in the calculation of the VV, VT, VE and SRD rates
are given in Table 1 and Table 2. Table 2 in particular gives the spontaneous
electronic radiative transition rates from the electronic excited A1 state to the
electronic ground level of CO. The spectroscopic parameters used in the
computation of PL are given in Table 3. These parameters are directly taken
from Huber and Herzberg [21].

The input values characterizing the experiment are the temperature, the gas
partial pressures in the cell, and a precise description of the laser pulse, which
includes the power, the focus, the shape and the wave-lengths used. These
input values are given for each application of the code (see below). The beam
focus is a significant input parameter that is not directly measured in the
experiment and is therefore treated parametrically in these model calculations.

3.3.3. C.w. case

We first apply the code to the calculation of the c.w. experiments. The cell
conditions are: Pco = 24 Torr, PAr = 216 Torr. The wavelengths and spectral
power distiibution of the excitation laser are listed in table 4 (see also the
spectrum in Fig.2). For these conditions, the calculation was begun with the
gases initially in a 1500K equilibrium state. Eq.6 was integrated unti, steady
state was achieved for the vibrational populations. Calculation was done for two
focal diameters, 3.0 and 1.0 mm. Fig.14 shows the calculated steady state
distribution for these two cases. As can be seen, the model rates predict strong
pumping to v = 35 for the 3 mm focus, and to v = 40 for the stronger 1.0 mm
focus. 1.0 mm is the focal diameter estimated for the experiments of Sect.2.3.

3.3.4. Q-switched case
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This case modeis the pulsed experiment of Section 2.4, the resuits of which are
given in Fig. 3.10. The celi conditions are: Pco = 6.14 Torr, Paor = 103.9 Torr, T
= 740K. The laser is Q-switched at 200 Hz, with a 50% chopper, giving a 2.5
msec duration puise, with a 2.5 msec off-period. The model pulse shape closely
approximates the experimentally measured shape of Fig. 3.9. Note that the
laser pulse intensity starts to decrease at 2 msec. The simplifying assumption is
made that each lasing spectral line has the same temporal dependence as the
total power pulse shape of Fig. 3.9. Total laser power is 2.2 W. Results are
calculated for a range of power densities, W/cm2, corresponding to varying
focal aiameters. The solution is started from initial conditions for the celi gas in
equilibrium at 740K. The calculation is continued until there is no pulse-to-
pulse variation in the vibrational state populations. Figs. 3.15 and 3.16 show
the predicted first overtone radiative intensities from four vibrational ievels, v=4,
19, 35 and 39. Intensity is calculated from:

Iv =(Ev -Ev—2 )Av.v—2nv (7

where I, is the intensity from vibrational level v, E is the energy of this level,
and Ay y.2 is the Einstein coefficient. Fig. 3.15 shows these intensities for a
power density of 22.0 W/cm<2, and Fig. 3.16 for a lower density of 2.2 W/cm2.
The calculated intensities have been referenced to a common zero and then
normalized. It can be seen that at the higher power density, the radiative
intensity follows the shape of the excitation laser pulse (Fig. 3.15). The lower
power density case, for which the laser excitation rates (PL; y) are much
smaller than the V-V rates (V-V; y) for all tevels, do not reflect the shape of the
pump pulse, and are in reasonable correspondence with the experimental
intensities of Fig. 3.10.

3.4. Discussion and Conclusions

V-V pumping of vibrational nonequilibrium is generally regarded as a low
temperature phenomenon. It is certainly true that some of the most extreme
nonequilibrium vibrational population distributions created by this mechanism
have been observed in solid and liquid CO [32-34]. Nevertheless, the key
criteria for such disequilibrium are [35]:
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(a) The translational temperature must be less than the characteristic
vibrational temperature of the gas, to ensure that the vibrational exchange
mechanism is dominant : T < O, Where Ogna, =h v/ k

(b) The vibrational “temperature” parameter 61" must be at least a
considerable fraction of the characteristic vibrational temperature if there is to
be any significant influence of the excited vibrational states:

81"/ Ochar = [In (ng/nq) "1 = O [1] (8)

(c) The ratio of the vibrational temperature parameter 61 to the
translational temperature must be considerably greater than 1: 64™ / T >> 1.

It can be seen from this that if the vibrational mode energy loading is sufficiently
high, pumping will occur even if the translational mode temperature is a sizable
fraction of the characteristic vibrational temperature, O.pq, , which is 3,120K for
CO. This is what is occuring in the present experiments. The focused, multiwatt
laser excitation powers provide sufficient vibration mode energy loading to
create V-V up-pumping even at translational/rotational mode temperatures up
to approximately O¢par / 2.

A related issue is the rate of the V-V up-pump. The laser is directly coupled only
to the lowest vibrational states, v < 12. Indeed, at initiation of the V-V pump,
beginning with 300K CO, there is significant energy absorption only into level
v=1 and 2. Higher states, up to at least v=35, are populated by the V-V pumping
mechanism. it is important to note that for most of the approach to the steady-
state nonequilibrium vibrational population distribution, the dominant rates are
relatively near-resonant processes [3]. For such processes, the specific V-V rate

=1 . .
constant, Q jk:,:w (see Appendix) has | v - w | a small integer. These rates are

quite rapid, and increase with increasing vibrational quantum number. Both the
long-range and short range processes contribute to the overall rate; the total
rates increase rapidly with increasing translational mode temperature. The
present specific rate model, as detailed in the Appendix, gives pumping times
in good agreement with experimental time-dependent emission measurements
to translational temperatures of 750K.
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The final feature of the present experiments is the observation of ionization
accompanying the production of strongly V-V pumped nonequilibrium
distributions. The ionization, although slight, is clearly a consequence of the
high-level vibrational excitation of CO. The rapid plasma decay after the laser
pulse suggests as we have noted, that a strongly-attaching impurity is present
in the cell gases, which is likely to be Fe(CQO)s. Further experiments with
trapping of this impurity will be conducted:; it is probable that with the removal of
impurity attachers, the steady-state electron concentration will be much higher
than is measured here. We note however, that the present low electron
concentrations insure that molecule-electron collision processes cannot have a
significant influence on the basic energy transfer processes studied in these
experiments.

In conclusion, the high rotationai/translational mode temperature at which

extreme vibrational disequilibrium can be produced in CO has implications for
the chemistry of those plasma reactors using CO and those using No, which

has a characteristic vibrational temperature and long V-T relaxation times
similar to CO. Such plasma reactors include both CO2/H20 reactors for Ho

production [36] and No/SiH4 reactors for silicon deposition {37]. Despite the

high rotational/transiational mode temperature which can exist in such reactors,
V-V pumped nonequilibrium processes can control the reaction kinetics.

Appendix

We introduce n;, the number density of the primary species i, in vibrational
state v, in part/cc; n;, the number density of the secondary species j in

vibrational state w, in part/cc; ™ = §ni,v the total number density of species i, in

part/cc; and n, = Zn, the total number density of the mixture. In the following, we

use the intemal energy of molecule i in vibrational level v of species i (in cm™1):
2

E,,=Te +0, (v + -21) -, X, (v +4)” where Tej (in cm1) is the electronic

energy, and where ®. (in cem-1) and X, (dimensionless) are the spectroscopic

constants (fundamental vibrational frequency and anharmonicity, respectively)
for the molecule i (see Table 3.3).
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Vibration-translation term:
The VT term of equation (6) is written as

VT,, =Xn; {P;*"[n;,,, —exp(-AE} /kT)n, |
J

~P"[n;, —exp(-4E}™ /KT)n; . ]}
where Pi}""‘l is the rate constant (in cm3/s) of the V-T transition:
Xi(v)+Xj ->Xi(v-l)+Xj
Xi(v) refers to species i in vibrational state v. The rate constant can be
expressed as follows [22,52]:
Pi}/,v—l = Pi? (T)- 1T:::—; . Fi}’,v-l ( X\i'j,v—l )
1

F is a function given by [49]:
-2 -2
F(X)=%-[3—-e 31],3 £h

l‘.’zv-l = 2-% . gl . .'_A_E!
ij T k6

AE is the energy difference (in Joules) between the products and the reactants

in the V-T transition;
O; = hccoei / k is the vibrational characteristic temperature of species j where

¢ is the speed of light (in cm.s-1 in all the appendix);

9 = 161t4uijc2(ogil2 / k is in Kelvin [38] where L;; is the reduced mass (in
kg) and 1 (= 0.2 10-10 m) is the range parameter.

In the rate constant expression, Pi(j’ (T) is a coefficient which allows fitting to

experimental relaxation time data. It is expressed (in cm3/s) as :
1077 (1 - x¢ )KT

{(rijp)-Fi}*" -[l—exp(-%]}

Here Ti;p is the vibrational relaxation time in atm.us (10°7 J s cm-3) and is

P{,-’(T) =

given by:
-1 -2
ln(‘tijp) = Aij + BijT 3+ CijT 3
Aij, B;j, Cij are chosen in order to fit the experimental data (see Table 1).
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Vibration-vibration term:
The VV term, including only the single quantum transitions, is written as:

w
VWi, =2 T(Qy¥t [mivainjw —exp(=AEy™ /KT)n; o0, |

j w=0 w,w+l
v,v=l v=l,w
-— Qijw,w+l [ni’vnj'w - exp(-AEij / kT)ni'v_lnj'w.ﬂ ]

where Q “L:; is the rate constant (in cm3/s) of the V-V transition:
Xi(v)+ Xj(w- D- Xi(v -+ XJ(W)
The rate constant is the sum of two terms, the first being the contribution of the

short-range interactions, and the second the contributions of the long-range

forces due to dipole-dipole interaction. The rate is expressed as [2]:
AE

Qijv,v—l = Zl] [Sijv v-1 + L__V,V—l ]e 2kT

w—1,w w-Lw | lw-lw
kT
Zij =400c ij2 —_—
215
where Z;; is the collision number in cm3/s and ncijz is the cross section in cm2
(see Table 3.3).

The dimensionless short-range contribution is given by [38]:

v w - —
Si,v,z-l — S?T Fijv’z 1 xijv,v l
Uw-—1 ) 1w w,w-1

w=Lw 1-XejV1=xgw “W=h ,

F(A), A, and AE have the same definitions as above.
The dimensionless long-range contribution is given by [39]:

0/ vv=1\2( o W-lw 2 2
L.. g. ’ g. AE
Li'v’v_l =—ll ._LTJ __L—— exp -—
S% (in K-1), L% (in K) and bij (in K) are empirical parameters matched to
experimental data (see Table 1) and:

2
(g."-"‘l} =[ aj +1 ]2[v(ai+2—2v)(ai+4-2v)]

g%’o a;+3-2v a; (a; +3-v)

where a; =1/ x.;
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Vibration-electronic term:

The collision-induced V-E terms are retained only here:
w
VEi =013 & Sy ™ {njw + By exp[~be(Ejy ~ Eiy) /KT|}
i w=0
where S;;i'vj is the rate constant (in cm3/s) for the collision induced vibration-

to-electronic transition:
Xi(v)+X - Xj(w)+x

Xj(v) and Xj(w) are two electronic manifolds of the same species. Their

~ vibrational states are v and w respectively. It is assumed that collisions can
induce the transition from X;(v) to Xj(w) when the energy of these molecules

are very close. The rate constant is modeled with a Gaussian function of the
energy defect; the width and the maximum of the Gaussian rate are empirical
parameters.

2
Si" = sVe -cxp(—(————CW‘:A:;:"C(De ) )-exp(—EAi(E-i;)
The vibrational spectroscopic constant, ®,, is taken to be the larger of the
constants for the two electronic states involved. The adjustable parameters are
SYg (in  em3/s) and Cyg (dimensionless). In the case of
CO(XIE) - CO(All'I) transfer, values of these parameters were obtained by
fitting kinetic rate models to V-V up-pumping experiments in optical cells [2-4].
The range of validity of the resonance model above remains to be determined,

in detailed state-resolved experiments. The value of these parameters are
indicated in Table 1.

Spontaneous radiative decay term:

The spontaneous radiative transfer term is written as:
SRD; y =SRVD, , + SRED;

where

u*
v+u, v,v—u
SRVl')i,v = Z [Ai vni,w-n - Ai ni.v]
=1

is the radiative transition between vibrational leveis with the same electronic
state, using the Einstein coefficient [40]:
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APYY 1 v! by, (by +u)(by +2u)

0 " (@ —2)a -3 (v 1
A (a; -2)(a; =3) (v-u)! h(bv —v+q)
q=0

with by = ay - 2v -1, and u*, A0 (in 1/s) given in Table 1;
and where:

SRED

w=wmax
cox'nv= X Agg(AlrI),CO(XIZ)nCO(AIU),W
w=wmin
and
SRED ., ,irr, . = =0 ] AVY
CO(A'TI),v CO(A'TI),v wgm cocalm,coxlz)
using the Frank-Condon factors A""" (in 1/s) given in Table 2.

W=W max

Stimulated emission/absorption term:
The stimulated emission/absorption term is written [4]:

PLicoxizt)v =0
PLCO(XIZ‘* o [Tv+l,vni,v+l - Tv,v+1ni,v] - [Tv,v-lni,v - Tv-l,v“i,v—l]
where T,,, , and T, ,,; are the rate constant (in 1/s) of the PL term [24]:

3 .

1 c 3

T, = A B I,. (t)*
v+l,v 81tkT (Vv+l’v ] v+l,v V+l§ VJ ( )

jmax jmax
[ Z(J+l)le(Vj)cxp(—l—t:-;—F],vH)*' 27 Qan(Vj)exP(-%FJ,vﬂ):l
j=0 =1

1 c ’ ]
Tovel = ST (Vv-l-l,v J Av41vBy % Ivj (t)*

jmax ~ jmax
[ Y (J+1) anl(Vj)exp(-:—;FJ+l,v)+ ZJanl(Vj)CXP(-%FJ-l,v)J .
=0 =

and Vyyv = C(Ei,v-n-l - Ei,v) (in 1/s) is the band center frequency, I\,j (t) is
the pulse height (in W/em?2), B, =B, — 0. (v+1/2)+ Y. (v+1/2)? (in

1/cm) is the vibrational constant, and the Lorentzian line shape factor is written
(in s) [55):
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QR (v =2 ((v; - VR + (ave 2?)

n 2
where Avc=1022nkd%o,k\/8kT/mco,k (in 1/s) is the pressure-
k

broadened line width, dcox being the optical collision diameter (in cm) and

where Vnpl'R = Vs_’,_l}’v N=Vyv + C[Fl,w-l - F_m’v] (in 1/s) is the center of

the absorbing line, with Fy, =B, J(J+1)-D, (J(J+1))? the rotational-
vibrational contribution (in 1/cm) and D, =D, +B.(v+1/2) the rotational
constant (in 1/cm).

All the different parameters are given in Table 3.3.
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3.1. Schematic of experimental apparatus used at Ohio-State. The CO/Ar gas
mixture in the absorption cell (7) is optically pumped by the radiation of a CO
laser (11) and the emission spectra of the gas are analysed with an UV/visible
(14) and an infrared monochromator (4). The laser pulse is monitored by
means of a fast pyroelectric detector (6).
3.2. CO muitiple-line laser spectrum, Centrale Paris, 27 W c.w. conditions,
intensity in arbitrary units.
3.3. Absorption cell schematics

a. Ohio State

b. Centrale Paris
3.4. CO potential energy diagram. Shown are the main energy transfer
processes between the vibrational levels of the X1X ground state, the first
excited singlet state A1IT and the lowest triplet state a3I1.
3.5. C2 Swan bands, d311g -> a3I1,, Av=0 Sequence, OSU experiment
3.6. Determination of Rotational Temperature from Av=0 Co Swan Band
Component Intensities
3.7. Theoretical and experimental CO 1st overtone emission on selected bands
at an inferred rotational temperature T=1500K, Centrale Paris Experiment.
Predicted decrease in transmission by water vapor at 300 K is also shown.
3.8. C2 Swan Bands, d311g -> a3I1y, Av=0, -1, -2 Sequences, Centrale Paris
Experiment
3.9. Q-Switched laser pulse oscillograms

a. Laser pulse shape observed with the fast pyroelectric detector.

b. Enlarged initial position of the laser pulse and 15 lis gate signal.
3.10. Time dependence of the first overtone emission (intensity normalized)
after pulsed excitation for selected wavelengths, laser pulse duration of 2.5 ms.
3.11. 1st overtone spectra for selected CO concentrations. Shown are all bands
from v=2-0 to approximately v=40-38 (2.3-4.4 um). The rotational structure is not
resolved. The amplifier gain for curve No.2 is twice that of curves 1,3, and 4.
3.12. Measured current in the absorption cell vs. applied electric field E over
total cell pressure P. The cell pressure was varied from 60 to 500 Torr at a
COJ/Ar concentration ratio of 4/69.
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3.13. Time dependence of the current and the overtone emission after pulsed
laser excitation:

a. Laser puise shape (L) and Current response (C).

b. Laser puise shape (L) and subsequent overtone emission on v=22-20.
3.14. Kinetic modeling calculation: predicted steady state vibrational population
densities of the V-V pumped CO for two different focal diameters (power
densities) of the laser beam, for T=1500 K
3.15. Kinetic modeling calculation: predicted time-dependent 1st overtone
radiative intensities after pulse excitation (0-2.5 ms); laser power density = 22
W/em2
3.16. Kinetic modeling calculation: predicted time-dependent 1st overtone
radiative intensities after pulse excitation (0-2.5 ms); laser power density = 2.2

W/cm2
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Table 3.2:

Spontaneous electronic radiative

Frank Condon factors

(1/s)

transfer

€

0

1

2

3

4

S

.

1.387E+08

2.775E+08

3.062E+08

2.484E+08

1.664E+08

9.785E+08

5.24

2.785E+08

1.624E+08

8.263E+06

3.789E+07

1.361E+08

1.867E+08

1.74

2.648E+08

8.511E+035

1.097E+08

1.288E+08

2.942E+07

4.349E+06

6.37

1.586E+08

8.077E+07

1.045E+08

1.161E+05

7.815E+07

1.047E+08

3.77

6.717E+08

1.625E+08

1.289E+06

9.435E+07

5.513E+07

1.691E+06

6.41

2.142E+07

1.314E+08

5.637E+07

6.175E+07

1.286E+07

8.476E+07

3.05

3.348E+06

6.514E+07

1.224E+08

2.202E+05

8.478E+07

1.072E+07

3.29

~NIA NI L IWINI=IO]<

1.075E+06

2.277E+07

1.019E+08

5.733E+07

2.837E+07

3.649E+07

5.48
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Table 3.3: spectroscopic constants and PL rate parameters

species |[spectroscopic constants (in 1/cm except v)

CO(XIZ"') Vmax=55, me=21698, mexC=l3.288, Te=0.o

CO(AII‘I) Vmax=10, me=1518.24, mexC=19.4, Te=6.5E+4

species |[PL rate parameters (in 1/cm except d)

COXIzt) [WeYe=1.0511E-2, Weze=5.74E-5, Weae=9.83E-7,
Webe=3.166E-8, Be=1.9313, oe=1.75E-2,
Yo=5.487E-2, De=6.12E-6, Be=-9.66E-10,
dco.co=5.119E-8 cm, dco.ar=5.0E-8 cm,
Oc¢.co=3.75E-8 cm
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Table 3.4: ountput of the CO laser

Tfrequency lines % of
power
Vibrational }rotational
number number
V(2-1) P15 4.8
P16 3.3
V(3-2) Pl4 5.2
P15 5.9
V(4-3) P13 3.4
Pl4 9.3
P15 1.0
V(5-4) P13 16.5
Pl4 4.6
V(6-5) P12 14.8
Pl4 3.4
V(7-6) Pll 2.1
P12 10.5
P13 5.2
V(8-7) P10 0.6
P12 3.5
V(9-8) P10 0.4
P11 2.5
V(10-9) P9 1.5
V(11-10) (P8 0.3
P9 0.7
V(12-10) P10 0.5
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a) Ohio State cell
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b) Centrale Paris cell

Figure 3.3. Absorption cell schematics
a. Ohio State
b. Centrale Paris
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Figure 3.4. CO potential energy diagram. Shown are the main energy transfer
processes between the vibrational levels of the X1Z ground state, the first
excited singlet state ATIT and the lowest triplet state aSII.
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Figure 3.5. Co Swan bands, d3l'lg -> a1y, Av=0 Sequence, OSU experiment
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]

b) 0.1 msec/div

Figure 3.9. Q-Switched laser pulse oscillograms
a. Laser puise shape observed with the fast pyroelectric detector. . -
b. Enlarged initial position of the laser pulse and 15 jis gate signal.
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b) Laser and v=22 Emission Pulses

Figure 3.13. Time dependence of the current and the overtone emission after pulsed
laser excitation:
a. Laser pulse shape (L) and Current response (C).

b. Laser pulse shape (L) and subsequent overtone emission on v=22-20.
51
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Figure 3.14. Kinetic modeling calculation: predicted steady state vibrational population
densities of the V-V pumped CO for two different focal diameters (power
densities) of the laser beam, for T=1500 K
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4. CARBON MONOXIDE STUDIES II:

Vibrationally Stimuslated Ionization of CO

'This chapter adapted from I. Adamovich, S. Saupe, M.J. Grassi, 0. Shulz,

S. Macheret, and J.W. Rich, Chen. Phys. 173, 491 (1993)
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4.1 Introduction

Ionization mechanisms in diatomic gases are widely studied due to

s their applications to high-enthalpy gas dynamic flows, to electric discharge

phenomena, and to gas laser development. There is a large literature on the

study of ionization in diatomics by electron impact and by photoionization
(see, for example, [1]) and references therein).

The present chapter addresses an additional ionization mechanism

which may well be a major electron source in gas environments in which the

vibrational mode energy is high. It can be described by the following

‘ kinetic equation:

AB + AB® + ¢~
AB(v) + AB(V') — (1)
(AB); +e
where:
E +E »>E
v LAl i

Here, AB(v) represents a diatomic gas molecule in the v*® vibrational
quantum state, AB(v’') is the molecule in the v’ state, E and E, are the

energies of the molecule in the vth

and v'*" states, respectively. El is the
ionization energy of the molecule. Basically the preceding scheme states
that ionization can occur by two-body collisions of the diatomics, if their
total energy exceeds»the ionization energy of AB (or the dimer (AB)z)' Such

jonization can occur in vibrationally nonequilibrium environments, for which

the energy in the vibrational mode greatly exceeds the translational or
rotational mode energies. Ionization can occur in gases where the
translational/rotational modes are in equilibrium at near room temperature

or lower, 1f the vibrational modes have sufficient energy. Such a situation
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can readily occur in supersonic expansion flows and in molecular gas glow
discharges.

Ionization by this mechanism has been previously studied by Polak
et al. (2] in an Nz glow discharge, and shown to be the dominant mode of
ionization in the environment studied. A major difficulty with such
measurements in a glow discharge, however, is that alternative ionization
channels, such as direct electron impact ionization or ionization by
electronically excited molecular collisions, are simultaneously present.
This makes isolation of key mechanisms difficult. A somewhat more recent
study by Achasov et al. [3] avoided this difficulty by studying the process
in the supersonic expansion of a high-stagnation-enthalpy gas in a shock
tunnel apparatus. In this work, both N2 and CO were heated to stagnation
temperatures in the 2000 to 4000 K range, and cooled in a rapid supersonic
expansion. In the expansion, a substantial degree of the stagnation energy
was frozen in the vibrational mode, and relatively low translation-rotation
temperatures were achieved. The vibrational mode is vibration-vibration (V-
V) pumped ([4]. Substantial amounts of ionization were measured in the
expansion, and attributed to the associative ionization mechanism. Detailed
exploration ..f the role of the vibrational nonequilibrium processes in the
ionization mechanism was made difficult, however, due to the short test
times available in the shock tunnel.

Theoretical studles of ionization by the vibrationally-induced
mechanism (1) have also been made by Cacciatore et al. for a glow discharge
in N2 [S] and by Capitelli et al. for a nitrogen afterglow [6], using the
master equation simulation [4] and the rate constant recommended in [2].

In the present experiments, the associative lonization mechanism
is studied, again in a discharge-free environment, but one which can be

operated for hours duration. Radiation from a carbon monoxide (CO) infrared
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gas laser is focused into a flowing-gas optical absorption cell. The cell
contains a mixture of CO, Ar and He. Laser radiation is resonantly absorbed
by the CO vibrational mode, and vibrational levels approximately up to v-40
become strongly overpopulated. The CO vibrational distribution function
(VDF) is determined by infrared (IR) emission spectroscopic diagnostics. The
translational-rotational modes are in Boltzmann equilibrium at temperatures
in the range 600-800 K. These temperatures are determined from rotationally
resolved IR spectra. Such relatively low temperatures are maintained by the
heat capacity effect of the Ar-He diluent and by the convective cooling
effect of the gas flow. Ionization, induced by the CO vibrational excitation
and presumably occurring by the mechanism (1), is studied by using the
Thomson discharge [7] in the cell, supported by the laser beam. A
preliminary report of ionization studies with this experimental approach was
glven recently as part of (8,9].

In the present chapter, the experimental setup is described in
Section 4.2. Section 4.3 discusses the results of the measurements, as well
as their comparison to theoretical predictions. The final Section, 4.4,

gives a summary and conclusions.

4.2. Experimental

The apparatus used in the present experiments is quite similar to
that described in Chapter 3 and in Ref. [8]). Fig. 4.1 gives a schematic of
the experimental equipment used in these studies. Radiation from the CO gas
laser (1) is focused into the flowing-gas absorption cell (6). Extensive
details of the CO pump laser construction and operation are given in [8,10].

Briefly, the laser is an electrically excited, slow-flow, CO gas laser. The
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active discharge tube is 1 meter long and 2.5 cm in diameter. Power is
supplied by a regulated d.c. power supply. The ends of the discharge tube
are sealed by Can windows at Brewster's angle; external 2.5 cm diameter
laser mirrors are used. The walls of the tube are cooled by a liquid-
nitrogen bath. In the present experlneﬁts the laser works in the cw regime.
Table 4.1 gives the typical laser gas partial pressures, discharge current,
and output power for the present experiments.

The laser operates with broad bandwidth reflectivity mirrors, and,
typically, the beam consists of approximately 20 vibrational-rotational
lines on the CO S-micron infrared fundamental band, extending from the v =
392 component to v = 12511. Fig. 4.2 gives a typical laser output spectrum.
The laser is optimized to run on low-lying vibrational transitions, which is
essential to start V-V pumping of the cold (T~300K) CO. The usual procedure
for starting the experiment is to operate the laser at relatively low powers
(approximately 3 W), for which there is considerable v = 332 output on low
rotational lines(~0.6 W). The up-pumping starts by spontaneous fluctuations
of the laser lines to the band v = 2941 or by intra-cavity chopping [(8,10].
After substantial absorption occurs in the CO, the laser power is increased
to 14 W, with about 1 W on the v =342 band, and the system is allowed to
‘reach steady state. The amplitude stability of the steady state broadband
power is within :3%. The laser beam is focused into the absorption cell by a
30 cm focal length mirror. The reflecting angle is kept small to reduce
astigmatism. The focusing area is approximately 1 mm-.

The absorption cell, shown in Fig. 4.3, is a six-arm stainless
steel tubing cross.. Tubing inside diameter is 4 cm, and the ends of the
cross arms along the pump beam axis are closed by CaF 2 optical windows. The
total length of the cell, window to window, along the laser beam axis is 15

cm. The sidearms perpendicular to the laser beam have been shortened to
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increase the aperture for emission spectroscopy.

A mixture of CO, Ar and He is admitted into the cell through a 6
mm diameter port on the side of one arm; the gas mixture is exhausted
through a similar port on the opposing cell arm. The cell gases are premixed
before entering the cell.

The gas trapping system ((S) of the schematic of Fig. 4.1) is
based on the findings of Center [11], who developed it to remove strongly
electron-attaching iron pentacarbonyl Fe(CO) s from bottled CO. The iron and
nickel carbonyls Fe(OO)s and Nl(CO)‘. being strong attachers, are also
capable of producing Fe and Ni atoms. The trap consists of a 15 cm long
copper tube, 12 mm in diameter, filled with a S R molecular sieve material
{zeolite). The trap is operated at room temperature and can be by-passed.
Gases used were MatAheson CP grade CO (99.5% min), prepurified grade Ar
(99.98%) and high purity grade He (99.995%). Some preliminary tests were
made with UHP CO (99.9%4) and with trapped gases processed with a liquid-
nitrogen-cooled trap preceding the molecular-sieve-containing trap. No
significant differences were observed in these tests from the results
reported here.

The gas flow and the cell pressure can be varied by means of
flowmeters and by a throttling valve before the pump. The gas flow through
the cell is quite slow - less that 0.03 g/sec in all cases for the
measurements reported here. It is estimated that the local gas flow velocity
does not exceed 10 cwm/sec in the region of the cqrrent measurement, which
insures that the gas residence time is long enough to achlieve steady-state
CO vibrational distribution. On the other hand, any further throttling of
the gas flow makes convective cooling ineffective, which leads to a
significant temperature increase in the cell. The vibration-translation (V-

T) relaxation rates also increase with temperature, so the vibrational
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nonequilibrium under very slow-flow or non-flowing conditions 1is not as
strong.

The pressures of CO, Ar and He in the cell can be varied over a
wide range; for the present studies the CO partial pressure was constant
Pco'3 torr, with the Ar-He mixture pressure being P“_u.-97 torr. The He
partial pressure has been changed from zero to 97 torr.

With the gases flowing through the cell under these conditions,
the vibrational mode of the CO in the cell readily absorbs some of the pump
laser energy into the lowest CO vibrational states, vsi2.

Higher CO vibrational states , v>12, are populated by collision-
induced vibration-to-vibration energy exchange [4,8]). One result of this V-V
pumping is immediately seen in the absorption cell: there is a quite intense
blue light emission visible, centered at the focal point of the laser beanm.
For the experiments described here, the glow starts approximately 4 cm
before the focus and extends to the exit window, thus spreading for about 10
ca. The diameter of this luminous region varies with cell and laser
conditions; it is approximately 2-3 mm for the present measurements. This
blue emission is due to visible band components of the C2 Swan system,
danq—e aaﬂu. The C2 is generated by chemical reaction of the V-V pumped CO.
It has been observed and discussed in previous work using this excitation
technique (8,12].

The infrared radiation from the cell is observed perpendicular to
the laser beam. The IR signal is focused onto the entrance slit of a 0.34 m
scanning IR monochromator ((8) of the schematic of Fig.1), by a two-mirror
arrangement. It is analyzed by a 4 um blaze grating and observed with an
InSb detector. All the spectra are stored in and processed by an IBM PC 486
computer.

Under these excitation conditions, ionization occurs in the cell
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gases, presumably by the mechanism (1), as we shall discuss. For the
ionization measurements, two parallel plate brass electrodes are placed in
the absorption cell. Fig. 4.3 shows a detail of this arrangement. The plates
[ are 2cm x 1cm with the long axis parallel to the laser beam. For the
measurements reported here, the plates are separated by 1 cm. The axis of
the pump laser beam is centered in the space between the plates. Insulated
leads connect the plates to the exterior of the cell, as shown in Fig. 4.1.
The plates are connected to a regulated d.c. power supply (2),
which can deliver an output voltage of up to 3000 V. In series with the
supply 1s a microammeter (3) which can record the steady state current to
within 10 nanoamperes.
Finally, the transmitted laser power is measured by a power meter
(Fig. 4.1, (9)) positioned in the laser beam after the cell. Comparing the
transmitted power under steady-state pumping conditions and after the CO is
removed from the cell, one obtains the absorbed power. The incident power
can be easily changed by using a beamsplitter, without changing the laser
beam diameter and the laser spectrum. The absorbed power has been varied

from 1.7 to S W for typical cell conditions as described above.

4.3. Results and discussion

4.3.1. Infrared measurements

Fig. 4.4 shows three typical infrared emission spectra,

generated by the V-V pumped CO in the cell, when operating under the
conditions described above, at three different helium pressures. The first

overtone, Av=2, emission bands of CO are shown under low resolution, ranging
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from 2.3 to 4.4 um wavelength. The approximate centers of some of the
radiating vibrational transitions are shown. As can be seen, vibrational
states to v~40 are populated and radiating. The abrupt signal rise at A>4.4
pm is due to overlapping with the fundamental, Av=1, spectrum. The signal at
A<2.3 um 15 generated by the second overtone, Av=3, radiation.

The observed IR radiation signal intensity I(A) is a superposition
of the first and the second CO overtones (the latter - in the two first
orders of the grating). In this case I(A) can be expressed in terms of
absolute intensities of the overtones I:b'(A) and I::'(A). respectively, and
the total InSb detector and 4 um monochromator grating response function

O(A)Wa(k):

1 11 II
IA) = [I.b.(l) + I.b‘(A)]O(A)WI(A) + I.b‘(A/Z)Q(A/Z)WII(A/Z) (2)

Here ®(A) is the detector sensitivity, and WI(A) and WII(A) are the grating
response functions in the first and in the second order, respectively. The
product of ¢(A) and Wa(k) was determined from a black-body source
calibration of the spectrometer.

'With known response functions, equation (2) allows comparison of
the experimental CO spectrum and the computer-generated spectrum, based on a
synthetic carbon monoxide VDF. Thus, the vibrational distribution functions
of CO in the optical cell were inferred, as previously been done by Rich and
Bergman {[12]. The procedure was first suggested by Horn and Oettinger [13].
Details of the method we followed are described in [8]. CO molecular
spectroscopic constants were taken from Huber and Herzberg [14]); Einstein
coefficients for CO spontaneous radiation were obtained from Chackerian and
Tipping {15]. Fig. 4.5 shows the typical agreement obtained between the

experimental and the synthetic spectra. Note that the periodic structure of
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these spectra at 3.8 um <A < 4.4 um is second overtone/second order signal,
and it is not attributed to the radiation from the high vibrational levels
v>35. The same remark is also true for the curves 2,3 in Fig. 4.4.

The rotational temperature of the cell gases 'rr was obtalned from
comparison of the experimental rotationally resolved CO fundamental spectrum
on low vibrational transitions 130 and 251 with the appropriate synthetic
spectrum (see Fig. 4.6). The relative error in 'I‘r was estimated to be about
25%, both because of the strong self-absorption and because of the non-
uniform temperature profile across the cell. There is no doubt, however,
that the inferred Tr for all measured regimes is in the range T=600-800 K.
This result is also confirmed by our earlier rotationally resolved spectra
of the Cé Swan emission dan;—a aaﬂu in the cell (see [8]). It was shown that
the C2 rotational mode is in Boltzmann equilibrium. The inferred C2
rotational temperature for similar cell conditions was in the same range,
T=600-800 K, as that obtained from the present infrared measurements.

Fig. 4.7 presents the CO vibrational distribution functions
inferred from the experimental spectra. One can see that high vibrational
levels of CO, up to level v~30-40, are strongly overpopulated. The rate
constant of V-T relaxation CO-He is much higher than that of CO-Ar or CO-CO,
and thus the total V-T rate increases with the helium concentration (0 =
nﬂ./n s 0.97). Therefore by adding helium to the CO-Ar mixture, we succeeded
in changing the plateau fall-off level v'. where the V-T relaxation rate is
equal to the local V-V rate, decreasing the plateau length. Note that the
relative populations at vev' did not significantly change, so we just cut
the "tail" of the VDF, as it has earlier been done in [12]. It should be
pointed out that quite fine control of the plateau length can be obtained by
this means. The distributions shown in Fig. 4.7 represent only some qf the

VDF’s measured. Measurable, reproducible plateau lengths are obtained for
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every 3% change in the rﬂh/n ratio. The rotational temperature of the gas
mixture remains nearly unaffected by the helium concentration change, as was
found from the rotational spectra. Obviously, the effect of the higher
helium thermal conductivity is compensated by the also higher V-T energy
transfer rate.

We note, however, that the shape of the CO VDF differs from that
predicted by theory. Simple estimates show that the lower level populations
should follow the Treanor distribution with some vibrational temperature Tv,
since the nonresonant V-V exchange for these levels is much faster than the
laser pumping or the V-T relaxation. But the best Treanor fit for levels
vsS, at T=700K, Tv-3200K #ives a strongly underestimated plateau population
at levels v210 (see the lower dashed curve in Fig. 4.7). On the other hand,
the Treanor distribution corresponding to the inferred plateau, T=700K,
Tv=3900K (the upper dashed curve in Fig. 4.7), does not fit to populations
of levels v<10. A similar effect, but not so strong, was observed by Martin
et al. [16], also in CO optical pumping experiments.

This anomaly can be qualitatively explained by the spatial
nonuniformity of the cell gas. The infrared signal is collected from the
entire optical path across the cell, while the energy is absorbed only in
the near-axis area. The relaxation rates of the high CO vibrational levels
are much faster than those of the low levels. This means that the molecules
which contribute to the longer wavelength part of the IR spectrum (which
corresponds to the plateau region of the VDF), are concentrated near the
optical axis. At the same time, the shorter wavelength part of the spectrum
(the Treanor region of the VDF) is a superposition of the signals both from
the central and from the peripheral areas of the cell. 9Obviously, this
decreases the effective vibrational temperature of the inferred Treanor-like

population. The major contribution to these two parts of the distribution
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function comes from different cell regions. This spatial nonuniformity
brings substantial error in determination of the absolute populations of the
high CO vibrational levels, because the VDF should be normalized by unity.
The effect can be reduced only by decreasing the cell diameter. In the
experiments of [16] the effect was minimized by removing partially-relaxed

CO from the cell by Ar flow, which decreased the optical path to several mm.

4.3.2. lonization measurements

In these optical pumping experiments we have measured the electric
current induced beiween two plane electrodes placed in the cell. It should
be mentioned that the voltage applied to the electrodes was usually
considerably lower than the breakdown voltage Ub; the voltage-current
characteristics were measured for USUb at different helium partial pressures
(see Fig. 4.8). The typical value of the measured current was several
microamperes. Obviously, a non-self-sustained electric discharge, supported
by the laser beam, is ignited in the cell. The theory of this type of
discharge was developed by Thomson as early as in 1928 [7]. It assumes that
ionization by electron impact is negligible, because of the low energy of
electrons. Then, the production of -harge in the interelectrode region can
be described by the ionization rate q,. which is independent of the electron
density.

The Thomson theory gives simnle analytical relations for the
current-voltage (I-U) characteristic of the discharge I(U), the saturation
voltage and current U. and I., the electric field and the charge species
distributions (see Appendix). The I-U characteristics are different for two

specific cases of distributed lonization (qi=const in the entire discharge
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area) and concentrated ionization, when the external ionization layer width
d is much smaller than the interelectrode distance L. In the first case the

induced current is proportional to the square root of the applied voltage:
174
33 172
I= {4“¢eo° qi) +SeU , (3)

where R is the ion mobility, and S is the electrode surface area. For the
concentrated source, placed on the symmetry axis of the discharge, the
current is proportional to the square of the voltage:

9u.e°S

1= v, (a)
I.3

where L 1s the Iinterelectrode distance. Note that in the case of the
concentrated ionization source, which we are especially interested in, the
I-U characteristic (4) is independent of the ionization rate q,- Also, if
the ionization source is shifted from the symmetry axis by a distance 3«L,

(3>0 toward the positive electrode), the equation (4) becomes

I= ———-—gu‘%ss v, (a")
(L+23)

which means that the alignment symmetry (and therefore the applicability of

equation (4)) can be controlled by switching the voltage polarity.
It can be seen from Fig. 4.8 that the shape of the experimental I-
U characteristics reasonably corresponds to the theoretical curve 1% for
the Thomson discharge supported by a concentrated ionization source (see
equation 4). This supports the conclusion that the ionization of the cell
gases occurs in the central area of the cell surrounding the laser beam.
Furthermore, it is possible to show that if the lonization rate is not equal

to zero in the vicinity of the electrodes, then
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lim dI/dU = & , (s)
U0

as 1s the case, for example, for the distributed ionization source (see
equation (3)). Therefore, since the observed U-I characteristic does not
reveal a noticeable sharp current increase at low voltages, one can conclude
that surface ionization is negligible in the present experiments.

Further evidence supporting a gas-phase ionization process was
obtained in the experiment by using a quartz tube. The laser beam was
surrounded by the tube which allowed the UV radiation from the CO excited
electronic states to pass, while the near-axis region was completely
isolated from the electrodes. No current was measured in this case, which
shows that the photoelectric effect on the electrodes is also negligible
(8]. Also, no current can be measured in an Ar-He mixture or when the pump
laser is turned off.

It also can be seen that at some voltage U' the slope of the
current curve substantially decreases, although the current nevertheless
continues to grow linearly. This part of the I-U characteristic is
associate& with saturation. The fact that the current is not completely
saturated is explained by the finite size of the electrodes.

If we assume that the ionization in the plasma is catalyzed by the
laser radiation, and the ionization rate q, follows the laser beam power

distribution (Gaussian profile), than we can write:
x-L/2 |2
ql(X) = ql(O) exp '[—d—sr] N (6)

where d is the characteristic profile width (d « L). For this distribution
of q, the saturation current and voltage are given by the following

relationships:

68




172

n
I = eq (0)d — S, (7)
s 1}
2
/2 _1/4
eql(O)d n a2 .
U' = = 72 L (8)
B8 3.2
As can be seen, these equations do not contain rate constants of any L

collisional process in the plasma, except the external 1ionization rate.
Therefore, the product ql(O)d can be unambiguously inferred from the
experimental values of I' and U..

For the present situation of CO optical pumping by resonance
absorption of CO-laser radiation, when one can neglect multiphoton
ionization (the estimated energy fluence is far too weak), the ionization

occurs in collisions of two heavy particles, and we can write:

2
q= k0% (9)

where n, is the CO molecules concentration, and < is the reduced
ionization rate. To express K in terms of the ionization rate constant k‘
and relative concentrations of colliding molecules, one has to make an
additional assumption on the process mechanisa.
It is clear from Fig. 4.8, that the experimental I-U
characteristics for different He concentrations at U<U' are very close,
while the saturation voltages and currents are substantially different. This
is also in good agreement with the theoretical prediction that for the
concentrated ionization source the I-U characteristic is independent of thé .
fonization rate ‘q; (see equation (4)). Obviously, q,, determined by
relations (7,8), varies for different regimes in Fig. 4.8. P
Recent time-resolved measurements, where the Q-switched CO laser

was used to pump CO in the cell, have shown that the measured current pulse
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occurs with some delay after the laser pulse. On the other hand, the current

pulse is synchronized with the CO v=22520 IR pulse, emitted from the cell
(8]. Finally, the present experiments in the CO-Ar-He mixture with different
helium concentration confirm that a definite correlation exists between
vibrational excitation and ionization. An analysis of Fig. 4.7 and 4.8 shows
that the lower the population of high CO vibrational levels, the lower is
the saturation current. These measurements were carried out at constant
laser power, total pressure, and CO concentration.

The sum of these arguments leads to the following conclusions: i)
the observed ionization, stimulated by the CO laser, occurs in the gas
phase, in the narrow near-axis area of the cell, occupied by the laser beanm;
and 1i) it is induced by highly vibrationally excited CO molecules, which
are also concentrated near optical axis.

Generally, 1ionization is allowed when the total energy of
reactants is high enough to overcome the ionization potential of one of
them. The previous discussion leaves us with two possible mechanisms of

ionization:

COv) +I = ... 5CO+1"+e, Ez E (I) (10)

CO(v) + CO(W) — ... -5 C0* +CO + e, E, + E, > E (CO) (11)

th co

where I 1s some easily ionizable impurity, Ev is the energy of the v
vibrationa_l level, E‘(I) and EI(CO) are the 1onizafion 'potentials of the I
and CO molecules, respectively. Ellipses in the reaction equations (10),
(11) mean that the detailcd mechanism of the ionization is still uncertain.

For example, it is not clear how metastable CO(aau) molecules, which can be

also created in the collision of vibrationally excited CO(Xlz,v) molecules
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(see Farrenq et al., [17]), affect the ionization. The metastables could be
an intermediate stage of the process.

The present phenomenological approach cannot resolve questions
about the \importance of intermediates in the vibrationally-induced
lonization of CO. However, it is possible to make a choice between the
first-order mechanism (10) and the second-order reaction (11). The reduced
ionization rate K, (see equation (9)) in these two cases can be written as

follows:

K, = &kf)ILE , EzE( (12)

k, =k Lff . E +E >E/I(CO) (13)

where kx is the lonization rate constant, fI is the impurity fraction in the
mixture (fI-nI/nCO), and fv is the relative population of the CO vt
vibrational level.

Since the saturation voltage and current of the Thomson discharge
are functions of the reduced ionization rate K (see equations (7-9)), and
the CO VDF in equations (12-13) is known from the inf}ared measurements, it
is possible to determine the ionization rate constant k‘ (or the product
klf} for the first-order mechanism) from the experimental values of the
saturation current I-.

Fig. 4.9 gives the dependence of the saturation current,
determined in the junction point of the parabolic and the linear parts of

the I-U characteristics in Fig. 4.8, as well as the dependencies of the

first order and the second order sums in equations (12) and (13):

S=Lf : SELLf . (14)
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on the helium concentration. The first order sum Sl was calculated for

several different threshold energies E‘(I). which would correspond to
different ionization potentials of impurities. One can see that the second-
order sum S2 reasonably corresponds to the current curve. On the other hand,
it is clear, that the first order sum is also in reasonable agreement with
the current curve if the impurity ionization potential is about 7 eV (vz35),
which is characteristic for some metal atoms (Fe - 7.90 eV, Ni - 7.64 eV, Cu
- 7.73 eV). These metals can be present in the cell because the cell gases
are stored in steel cylinders, and copper tubes are also used in the
experimental setup. Besides that, such impurities as chemical reactions
products COz, CZO. Cz’ C:‘O2 and their polymers are always present in the
vibrationally excited CO because of chemical reactions (see Rich, Bergman
{12]). On the other hand, we can definitely exclude impurities whose
ionization potentials are lower or much higher than ~7 eV.

' If we assume that ionization does occur 1in collisions of two
vibrationally excited CO molecules, then the ionization rate constant
inferred from the infrared spectra and the saturation current measurements

is k‘=(622)~10'15cm3/s. Otherwise, if the first-order mechanism is assumed,

17 cm/s, which in the gas-kinetic limit for

one gets the product kxf 1 - 10
the ionization rate constant (k‘< 107 cm’/s) gives fI = nI/nco> 10’7, or
for the present cell conditions, Nx> 10" em™3. 1t is disappointing that the
possible influence of ilonizable impurities cannot be eliminated on the basis
of the preceding estimates on the lower bound of their concentrations.
However, the trapping system described previously 1s specific for
eliminating Fe(CO)s and also has been observed to remove Ni(CO)‘ from
similar cell experiments (with the trap atomic Ni lines disappeared from the
cell radiation spectrum) [18]. Such metal carbonyls are definitely present

when the gases are untrapped, and form a ready source of Fe and Ni atoms
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when in the presence of vibrationally pumped CO. Their concentration is
significantly reduced when the trap is used. We observed that when the trap
" is in use, both the populations in the v>20 plateau and the electric current
are slightly increased.

This result is inconsistent with such species being the source of
impurity ionization. The observed Ilncrease in the v>20 concentrations when
the trap is used is an expected consequence of the reduced V-T rates, as the
fast-relaxing metal atoms are eliminated. The increase in current |is
consistent with the slightly higher plateau populations, if ionization
occurs in collisions of two vibrationally excited CO molecules. On the other
hand, the current would decrease significantly when the trap was used if
impurity metal ionization were a major source of electrons. We conclude that
the ionization is indeed due to the mechanism of equation (1).

The electron concentration and the ionization fraction in the
fleld-free case can be estimated on the assumption that the dominant channel
of electron loss is CO dissociative recombination (B~10'7cm3/s, {11]). This
gives the electron concentration to be n -~ 1010 cn-s, with an ionization
fraction ébout y=n/n-~ 1078,

Equations (7, 8) allow determination only of the product ql(O)d.
We therefore require an independent determination of the characteristic
width, d. Since the ionization is localized in the region of substantial
concentration of highly excited CO molecules CO(vZ25), d can be found from
the experimentally determined width of the vigible blue glow (C2 Swan band
radiation observed in the cell). The C2 molecules are produced in chemical

reactions which are started by a vibrationally stimulated reaction:

Co(v) + CO{w) — CO2 +C (15)

with an activation energy corresponding to CO vibrational level v-25. One
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can neglect diffusion of the excited Cz at the present cell pressures (~100
torr), and thus the glow diameter approximately corresponds to the
ionization region width d. This parameter can be easily estimated visually
within an accuracy of -50%, and it is wusually 2-3 mm for the present
conditions. Taking into account the uncertai~*y in the rotational
temperature of ~25%, we get an accuracy in K of a factor of 2.

The accuracy of the inferred ionization rate constant k1 depends
on the accuracy of determination of the VDF. Due to the spatial
nonhomogeneity effect, discussed above, the uncertainty in the inference of
populations of zero and the first vibrational levels can reach a factor of
2. The combination of uncertainties in the < and VDF determinations gives
the overall range for the inferred rate constant le(StS)-lo'ls cm>/s. This
uncertainty can be substantially diminished by changing the cell design,
thus reducing the nonuniformity of the flow across the cell, and this work
is being done. This result for ki corresponds to within an order of
magnitude to that obtained by Polak et al [2] for associative ionization of

nitrogen:

k, =1.9+10 . exp(-1160/T) cn’/s
2

4.3.3. Vibration-to-electron coupliqg measurements

To better understand how the electrons can affect the CO VDF, we
also carried out a series of experiments where the relative populations of
different vlbratioﬁal levels of carbon monoxide were measured twice - with
and without the electric field. Here we used an interesting property of the
Thomson discharge, that is a strong difference of the electron and ion

concentrations, due to their different mobilities (see Fig. 4.10 and
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Appendix). One can easily show (see Appendix, equations (Al1-A4)) that in the

saturation regime:
1/2

n. BAX “.
& | — «1 (16)
R H,

+

In other words, the electron concentration n in the saturation regime is
much lower that the concentration of ions, n,. Since in the absence of the
electric field n.-n’ (see Fig. 4.10), n. can obviously be reduced by orders of
magnitude just by increasing the applied voltage, without changing the
energy loading in the plasma by the external source. Moreover, in the
saturation regime the remaining electrons do not contribute to the energy
loading, because the estimated electric field power PQ~ U.I'~ 1 mW, which is
much lower than the absorbed laser power P1> 1 W. For this reason, the
removal of the electrons is the only direct result of the applied voltage.
The influence of ions can be neglected because the electron-to-vibration (e-
V) energy transfer cross-sections in CO are of the order of the atomic
cross-section [19] and therefore the appropriate rate constants can
considerably exceed the gas-kinetic limit.

Fig. 4.11 represents the results of these measurements. It is
clear that the electron removal (field ON in Fig. 4.11) increases the
populations of high vibrational levels, v&1S5. The effect is not very
dramatic, about 10% variation at the beginning of the plateau region,
increasing with the vibrational quantum number to attain 70% variation at
v=30. On the contrary, the populations of the levels below v=10 decrease
when the electrons are eliminated from the discharge area. Here again the
effect does not exceed 10% variation. The qualitative change in the VDF is
shown in Fig. 4.12, where the effect is strongly exaggerated for

illustrative purposes.
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The following approximate analysis can interpret qualitatively the

observed dependence of the CO VDF on the electron concentration. The
interaction of the CO molecules with electrons can be expressed by the
reaction:

k

co(v) + e &5 CO(v+av) + e , (17)
k

where the forward process is the vibrational excitation by electron impact,
and the reverse one is the effect of superelastic collision. Let us
approximately assume that the electron energy distribution function (EEDF)

is Maxwellian, so that we can write:

-AE
k= k cexp| — 2oy | (18)
T
L]
where AE”AV v = EwAv - Ev is the difference in energies of vibrational

levels v+Av and v, and 'l‘e is electron temperature. The CO VDF can be

represented as follows:
v
fv- exp(-Ev /Tﬂb) , | (19)

where T:u: is the *“local" vibrational temperature. This temperature
obviously increases with vibrational quantum number, because the measured
VDF at the high v’s has much higher values than the corresponding Boltzmann
distribution at T, .

Now, one cén easily show that the detailed balance for the process
(17) is attained at 'f.s T:w' If the electron temperature exceeds the local
vibrational temperature, the vibrational excitation by electron impact is a
dominant process. On the contrary, for the high vibrational temperatures the

superelastic collisions prevalil. Since T:n; strongly increases with v, this
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means that the low CO levels are populated by electron collisions, while for
the very high v's the effect is quite opposite (see Fig. 4.12). In other
words, the influence of this vibrational-electron interaction is as it was
observed in our experiments, where Ti‘b ~ 3-4 kK.

This analysis gives a simple estimate of the electron temperature
from the measured VDF, from which the value T°~ 6 kk is obtained (see
straight 1line in Fig. 4.12). Since the perturbation of the VDF is the
strongest in the absence of the field, this means that the electrons acquire
energy from the high vibrational levels (otherwise they would be quickly
thermalized) and return it to the lower levels (V » e 5 V-AV process).

The effect of the acceleration of the remzining electrons, when
the field is on, on the VDF should be considered as completely negligible.
The typical value of the reduced electric field between the electrodes is
E/N < 40 Td, which implies the electron temperature to be T°~ 1 eV [20].
This means that the concentration of the high-energy electrons (¢ =z S eV),
which are able to excite high vibrational levels v~20, is still low, n: ~

10'2n.. Taking into account the fact that n drops by approximately 3 orders

of magnitude, when the field is on (see Fig. 4.10), one has n: ~ 10° n”

for typical experimental conditions, when n" 10'7 cn™>. Now one can see
that the excitation of the high CO levels by the high-energy electrons is

insignificant compared to the resonant V-V exchange:

k n' « k n2 f2

ev enCO vw CO v (20)

Here k ~ 10 cn’/s [20] -~ rate constant of vibrational excitation by

[\ 4

19 .m%s (21] - rate constant of the resonant V-V

electron impact, kvv ~ 10
exchange at v ~ 20, and fv ~ 10'3 - relative population of level v ~ 20 in
our experiments. Electron impact ionization of highly vibrationally excited

CO molecules can be neglected for the same reason.
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More detailed interpretation of the effect can be obtained by a
self-consistent solution of the master equation for the CO VDF and the
Boltzmann equation for the EEDF. Some results in this direction are already
obtained (see, for example, work of Capitelli et al. [20]), but a complete
kinetic model for this problem still requires the cross-sections of the
process (17) for the high v's.

Finally, we want to emphasize that the using of the Thomson
discharge in an optical pumping experiment allows direct observation of the
e-V energy transfer effects, arbitrarily changing the electron
concentration, which is definitely impossible in self-sustained electric

discharge systems.

4.4 Susmary

Ionization occuring in collisions of two excited CO molecules is
investigated in steady-state conditions of optical pumping. This mechanism
appears to be the same "assoclative 1ionization" process studied in
vibrationélly excited N2 by Polak, Sergeev and Slovetskii (2], and in N2 and
in CO by Achasov et al [3]. The present experiments allow the study of this
process by using a non-self-sustained discharge (Thomson discharge),
supported by a CO laser beam. The ionization rzte constant k‘ is inferred
from CO VDF measurements and the experimental saturation current of t!.-»
discharge. A specific ionization rate constant of ki=(8.*.5)-10"1'5 cm/s is
measured, which reasonably corresponds to the result of [2], obtained for
nitrogen.

The influence of low-energy electrons on the CO vibrational

distribution function is also 1investigated, by varying the discharge
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voltage, which allows elimination of the electrons from the discharge area.
The effect of energy transfer from higher to lower vibrational levels of CO
via collisions with electrons (V > e 5 V-AV process) is cbserved for the
first time.

The experimental technique used in the present work permits
further studies of ionization and e-V processes in strongly excited,
translationally cold gases, and such measurements are being pursued.

The detailed interpretation of the observed effects requires
further theoretical study of elementary processes «of interaction of highly

vibrationally excited molecules and electrons.

Appendix: The Thomson Discharge [5]

For Gaussian distributisen of the external ionization source power,

(6), the distributions of the ionic and the electronic currents are:

, eql(O)d 11/2 .
J’(x) 2 e——— | ®(L/d) + ®(2x/d)
4

4 : , -L/2 s x sL/2 (A1)

eq,(0)d 72
Jx) s —ee——
. . 4

[ d(L/d) - #(2x/d) ]

where:
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2 _€2
®(x) = <7z e > dE , (A2)
0
The electric field distribution is:
2
1/2 1/2 _ ff_ 172
eq‘d n d dz
E(x) = _—X [Q(L/d) + 0(2x/d)] + — e
K&, 2 4
2
172 4 172
172 -
eqld n d dz
+ —_— x[-Q(L/d) + Q(Zx/d)] + - e (A3)
K. g, 2 4

Finally,
electrode regions) are
j*(x)

n’(x) =
eu’E(x)

The characteristic width of these near-electrode layers where the charge

x

the ion and the electron distributions

ne(x) =

je(x)

euQE(x)’

diffusion is significant, in the saturation regime is

Ax D T (eVv)
«a _« _a«
L naEL U.

or Axa is much smaller than L.
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Figure captions

Figure 4.1i.

« ¢

Figure 4.2.

Figure 4.3.

Figure 4.4.

Figure 4.S.

Figure 4.6.

Figure 4.7.

Figure 4.8.

Figure 4.9.

Schematic of the experimental setup: 1, infrared CO

laser; 2, d.c. power supply; 3, microammeter; 4, gas

supply and gas mixing manifold; S, impurity trap; 6,

optical cell; 7, exhaust pump; 8, infrared spectro-

meter; 9, laser power meter

Typical CO laser spectrum

Optical cell with probe

CO first overtone emission spectra

at different He pressures

Comparison of experimental and synthetic

CO vibrational spectra

Comparison of experimental and synthetic

CO rotational spectra

Inferred CO vibrational distribution functions

at different He pressures

Experimental and theoretical voltage-current

characteristics of the Thomson discharge

Saturation current and number of "active CO
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Figure 4.10.

Figure 4.11.

Figure 4.12.

molecules” dependencies on the He pressure

Charged species distributions in the Thomson dis-
charge in the absence of the field and in the satu-
ration regime. P=100 torr, CO:Ar=3:97, d/L=0.25;
q,(0) = 107! cn’/s (see Eqs. 6, A2-A4). L - inter-

electrode distance.

Electric field influence on different CO

vibrational level populations
Qualitative demonstration of the V 5 e 9 V-AV

effect (strongly exaggerated). € - electron

energy, Te - electron temperature
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Table 4.1. Typical laser conditions

Specles Partial pressure (torr)
He 6.00
N2 0.50
co 0.03
Discharge current 30 mA
Laser power 14.0 W
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5. CARBON MONOXIDE STUDIES I:
UV Radiation After Preparation of CO (a ,v=2) State

*This chapter adapted from L.L. Cortney, "Ultraviolet Emission from Carbon
Monoxide Excitation by an ArF Excimer Laser”, M.S. Thesis, Ohio State Univ.,
Summer, 1993
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5.1 Introduction

In these experiments, an ArF excimer laser (193 nm) was used to
irradiate a CO / Ar mixture flowing through an optical cell. The resulting UV and
visible fluorescence was collected and time dependent measurements taken.

The object of this work was to complete the first phase of a larger study
whose purpose is to investigate how vibrational energy in the CO electronic
ground state (XX %) is transferred with the low lying vibrational states, v, of
excited electronic states (a3[]) and (A[1), during V-V (vibration - vibration)
pumping of the CO(X1X4).

In order to study this in a controlled manner, the overall plan is to observe
the reverse process by preparing a significant population of CO (a3[]). Infrared
and UV / visible diagnostics are to be used to observe the radiation resulting
from any and all collisionally induced exchange or radiative processes. From
these results, details of the original energy transfer processes under
consideration are to be deduced.

The object of this phase of the study is to establish the experimental
setup and obtain time dependent results of the UV/ visible emission from the CO
mixture following irradiation by the laser pulse. This was done by using a
commercial ArF excimer pump laser to irradiate an optical cell containing a
gaseous mixture of CO and Ar as an inert diluent. The 193 nm wavelength
output by the excimer laser is in near resonance with the v=2 vibrational level of
CO(a3[]) and therefore populates that energy leve! of CO (Figure 5.8). Once the
CO(a3[], v=2) level is adequately populated, UV diagnostic equipment was
used to observe the expected transfer of energy back into the ground electronic

state. A gated integrator and boxcar averager was used to obtain the time
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dependent traces of emission. From these resuits and other observations,
some details of a few of the processes resulting from the a3[] preparation have <.
been concluded.

Electronic to vibrational energy transfer, one of the several modes of
vibrational energy transfer that control the energy distributions in
nonequilibrium gases, is the main focus of the study reported in this chapter.
Slanger and Black (1975) [1] studied the efficiency of E-V transfer in three
systems, one of which (CO(a3[T)y=0 + CO) is of direct importance to the present
study. The basis of their technique relies on the phenomenon that in systems
having sufficiently low total energy. all vibrational energy, no matter from which
electronic level, eventually funnels into the ground v=1 state. Therefore, after
preparing the CO(a3[]) using an iodine lamp, the radiation from the CO(X1Z+)
v=1 state with respect to time was observed. By comparing delay times with that
of a control reaction, a determination of the efficiency of the collisionally induced
energy transfer back into the ground state was made.

A simple model of E-V energy exchange during an atom - molecule
collision has been developed (Schmaiz , 1981 [2]) and although it does not
include molecule - molecule collisions, it has the advantage of having exact
solutions. Schmalz solves the model for two cases, one including the electronic
level coupling due to curve crossing effects, the other representing parallel
electronic potentials with no direct coupling. The model begins with the
Schrédinger equation and uses a simple harmonic oscillator model for the .
diatom. From the solutions, transition probabilities are obtained and compared
for the two models. As would be expected, the curve crossing model gives

higher transition probabilities.
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lonikh and coworkers, 1986 [3], determined the rate constant for the E-V
process of CO colliding with CO(a3[1) which is the process studied in this thesis.
The a3[] state was prepared in a glow discharge and the rate of quenching of

that state by collisions with other CO molecules was determined:
CO(a3[]) + CO -->CO + CO

This was done by measuring the CO overtone distribution and comparing it with
a calculated one which did not include the effects of the preceding reaction.

Some previous work on the preparation of the a3[] state of CO includes
Bokor et al. (1980) [4] who used an ArF laser at 193 nm to multiphoton
dissociate CO. They reported reaction yielding excited carbon atoms, detected
by absorbing a third photon and then emitting at 247.8 nm wavelength, and
reported observing C2 Swann band emission. Several years later (1988),
Meijer and coworkers [5] showed that the C atom transition suggested by Bokor
et al is actually an envelope of rotational lines in the CO(a3[]) v=2 -->
CO(X1X+) y=0 transition.

Peterson and Woods (1990) [6] calculated the potential energy and
dipole moment functions for the first two excited electronic states of CO,
including the a3[1. Markov et al. (1992) [7] determined the excitation function of
the CO(a3[] ) by electron impact, and recently, Drabbles, Stoite and Meijer (8]
excited CO to the v"=0, a3[] state using 206 nm puléed laser radiation and
produced an oriented pulsed beam of the metastable.

The Section 5.2 presents a description of the experimental setup and

sections 5.3 and 5.4 discuss results and conclusions.
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5.2 Experimental Set-up “

$.2.1 Gas Handling System .
A stainless steel, 6 - arm, Varian cross (Figure 5.1) optical cell was used.
The gases flowed through the cell in the direction of the incoming laser beam.
This direction was chosen such that the excited gases would flow away from the
critical lithium fluoride (LiF) window at the laser beam entrance to the cell. This
was done to help reduce the amount of carbon deposit built up on the LiF
window surface. The laser then exited the cell through a CaF> window (Figure
5.1). The emission was collectec through a MgF2 lens on an axis perpendicular
to that of the laser beam. Opposite this lens, a CaF2 window allowed for visual
inspection of the emission (Figure 5.1), for example, to check for a visible glow.
Flowing through the cell was a gas mixture consisting of carbon

monoxide in an argon bath. Argon was chosen, over helium, as the inert diluent
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f emission signal to spectrometer

-—
laser beam in

<
faser beam out

1) CaF, window,

1 in diameter
2) MgF lens, 1 in diameter,
100 mm focal length
allows for 3) LiF window,
visual inspection 1 in diameter
of emission 4)CaF, window,

1 in diameter

Figure 5.1 Optics arrangement on optical cell, top view
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because helium is a much stronger V-T relaxer, thus it removes energy from the
vibrational mode, which is undesirable for the present purposes. C.

The gas handling system consists of 1/4 inch PVC tubing and various
valves and flow metering devices as shown in Figure 5.2. The rotameter used
for the CO was a Porter model B-250-2 tube with a spherical glass float. Argon
flowed through a Brooks Instrument Division type 1110-06-F1D1-A rotameter
with a size R-6-15-B tube with what appears to be a stainless steel spherical
float. These rotameters were chosen for their availability.

The gases were pumped through the cell and exhausted to the
atmosphere outside the lab by a Cenco Hyvac 14 vacuum pump (Figure 5.2). A
valive to the atmosphere allowed for bleeding air into the inlet of the pump after
shutting it off to prevent sucking pump oil back into the gas handling lines. An
additional shut off valve (Nupro plug valve) was installed, near the pump shut
off valve (Figure 5.2), to allow for throttling of the gas flow if desired.

A pressure tap on the vertical arm of the optical cell allowed for
continuous monitoring of cell pressure by two Wallace & Tiemnan analog
pressure gages (Figure 5.2). One allowed for reading pressures form 0 to 20
torr with better resolution then the other which read pressure up to 800 torr. A
vaive to atmosphere here (Figure 5.2) allowed for bleeding air into the cell
when it was desired to bring it up to atmospheric pressure, such as when

removing the windows for cleaning.

5.2.2 Steady State Spectral Measurement Set-Up
During calibration of the UV spectrometer or during determination of the

spectral line width function for a given slit setting, scans of steady state spectra
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l— metering vaive

B rotameter
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Figure 5.2 Gas Handling System for the Optical Cell
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from a mercury - argon (HgAr) lamp were taken. The setup for these scans is
shown in Figure 5.3 with equipment as listed in Table 5.1.

The LiF window (Figure 5.1) was removed from the cell and the HgAr
lamp inserted to simulate emission along the same path as the laser beam.
Lamp emission was focused as best as possible, given the fixed positions of the
cell and spectrometer, with available lenses. A MgF2 lens with a 100 mm focal
length was mounted on the cell and one with a 200 mm focal length was
mounted between the cell and the Spex Model 1870 spectrometer (Figure 5.3).
A Stanford Research Systems (SRS) Model SR540 optical chopper placed just
before the entrénce slit of the spectrometer, chopped the incoming emission
signal and sent a reference frequency to the SRS Model SR510 Lockin
Amplier.

The 1/2 meter spectrometer is equipped with a Bausch & Lomb diffraction
grating blazed at 2500 A, with 1200 grooves / mm. The grating is scanned with
a Spex Model 1872 Minidrive. A Thom EMI Model 9635-QB bialkali
photomultiplier tube (PMT) powered by a Thom EMI Model 3000R high voltage
power supply, detected the signal from the spectrometer. PMT output voltage
was amplified by a Thom EMI Model A1 preamplifier, and powered by a
Lambda Model LZD-32 low voltage power supply. The typical spectral
response of the PMT is given in Figure 5.4 a along with the grating efficiency
(Figure 5.4 b).

The preamplified signal was then sent into the lockin amplifier which
amplified only that component of the signal that entered at the reference
frequency sent by the chopper. Amplified signal from the lockin was then

recorded by a Kipp & Zonen Model BD41 chart recorder. In order to record the
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(@) Specuat Response

QE (%)
% I I N
m 4
n \
Wil
10 1‘"
)
Z I\

(®)

crnceney, %

Figure 5.4 Typical spectral response of the PMT (a) and grating efficiency (b). -
Note that the grating efficiency is typical, to be appled to the 2500 A biaze grating
used in these experiments, one must muttiply the waveiengths by 0.25
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TABLE 5.1 . Experimental Set-Up Equipment List.

EQU ANU TURER E
“Excimer Laser (ArF) Questek 2640
“Chart Recorder Kipp & Zonen BD41

“Gated Integrator and Stanford Research Systems  SR250
Boxcar Averager

Lock-in Amplifier Stanford Research Systems  SR510
“Optical Chopper Stanford Research Systems  SR540
“Digitizing Oscilloscope  Hewlett Packard "54501A 100 MHz
“Spectrometer Spex Industries 1870
“Spectrometer Controller, Spex Industries 1872
_Minidrive _ _ -

Photomuitiplier Tube Thom EMI 9635-QB bialkali
"HV Power Supply for  Thom EMI 3000R
-;'r\gTAmpl'Tfier Thom EMI AT

LV Power Supply for Pre Lambda ZD-32

AmE .
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corresponding wavelengths, an event marker, linked to the scanning drive,

provides a wavelength scale (see Appendix ).

5.2.3 Time Integrated (Quasi- Steady State) M S
To provide a quick, overall picture of the emission from the CO mixture
over a range of approximately 1700 A to 5200 A, a “quasi steady state” setup
was used (Figure 5.5). The Pulse Energy BNC output from the excimer laser
provided the necessary reference frequency for the lockin to amplify the signal
from the Thom EMI preamp. A scan through a given range then provided a time
integrated picture of the emission spectra, realizing that only the strongest

and/or longest lived signals would be observable.

5.2.4 Time Dependent Measurement Set Up

In order to study the emission generated by the pulsed laser excitation, a
time dependent measurement system was set up (Figure 5.6). A modificaticn of
this setup (Figure 5.3) has beer. presented in Section 5.2.2 as the steady state
spectra set-up.

A Questek Model 2640 Excimer Laser in ArF mode, emitting pulsed laser
radiation at 193 nm in bursts of 10 ns duration, was used to excite CO
molecules from the X1X+, v=0 to the a3[], v=2 state. The laser beam was
apertured to approximately 5/8 inch diameter and then it entered the optical cell
through a 1" diameter LiF window (Figure 5.1). Upon exiting the cell, the
unabsorbed portion of the beam was stopped using a fire brick. Here, a pulsed
head for a Coherent Labmaster power meter could be inserted periodically to

check transmitted laser power.
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Upon irradiation from the incident laser beam, CO in the cell was excited
to the ad[], v=2 state (Figure 5.8). Figure 5.7 illustrates the rotational level
transitions in CO that absorb the incident laser pulse. The vertical axis is merely
the absorption coefficient given in arbitrary units. The computer code calculates
the absorption based on conditions such as CO partial pressure in the cell,
temperature, laser power and the absorption volume. This allows for inclusion
of pressure and temperature broadening effects.

Subsequent UV / visible emission from the prepared state was collected
by being focused onto the inlet slits of the spectrometer (Figure 5.6) just as the
lamp emission was collected (Figure 5.3). However, in this case, after
preamplification, the signal entered an SRS Model SR250 Gated Integrator and
Boxcar Averager (Figure 5.6). The boxcar was triggered off of the Pulse Energy
BNC on the excimer laser's | / O panel. This output BNC provided a voltage
proportional to the pulse energy of the laser, therefore triggering the boxcar at
every laser pulse.

The boxcar functions as shown in Figure 5.9. Following the trigger, the
boxcar waits for the set delay time to pass and then starts the gate. Any signal
entering the boxcar during the set gate width is averaged over the number of
samples, also set by the user. The averaged output can then be viewed and
recorded by connecting it to one of the meters on the display module of the
boxcar (Figure 5.10).

A Hewilett Packard Model 54501A Digitizing Oscilloscope was used to
view the signal by setting the scope and boxcar up as shown in Figure 5.10.
The scope was triggered off of the gate output of the boxcar and the signal

coming into the boxcar was viewed on channel 1 of the scope. This method
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allowed for visualizing the exact portion of the signal being averaged by the
boxcar since the gate width was shown as a rectangular pulse on the scope's

channel 4.
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CO(X'z-a’m, 0-2) transitions

- . Laser line

192.2 192.6 193.0 193.4 193.8 194.2
Wavelength, nm <

Figure 5.7 cO (X1T+) —> CO (a3I]) absorption lines with the typical width of
the pump laser fine
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VOLTAGE delay

AM >

duration

amplitude —

threshold —

> TIME

. PN
trigger gate
pulse width

Trigger: amplitude - at least 0.5 volt , prefer <S volts
threshoid - 0.5 volt to 2.0 voits
duration-25ns
rise time - < 10 us
trigger rate - maximum 20 kHz

Delay: 1 nsto 10 ms (plus 25 ns trigger discriminator)
Gate Width: 2nsto 1Sus

Figure 5.9 Boxcar specifications with respect to time
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5.3 Experimental Results

This section discusses the experimental results obtained with the set-ups
described in Section 5.2. Experimental conditions, and observations are

presented with discussions of the possible energy transfer processes involved.

531 Calibrat | Determination of S ing Functi
Wavelengths were calibrated in the range 2500 to 5800 A by scanning

the emission of a HgAr lamp using the steady state setup described in Section
5.3.2. Reported wavelengths are accurate to +2 A.

The line width scanning function of the spectrometer for a given slit
opening was similarly determined. By scanning a known lamp line and
measuring its full width at half of its maximum intensity (FWHM), an indication of
the possible wavelength resolution was obtained for a given slit width. This was

done for four slit sizes and the results are given in Table 5.2.

Table 5.2. Scanning Functions of the SPEX 1870 Spectrometer with 2500 A
Blaze Grating (1200 grooves/mm)

T ——————————r——r——
Slit Opening FWHM (A)
400 7
600 n 15 - 20
1 mm 30 - 60
2 mm 150
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5.3.2 Results for Delay Setting of 1 usec

In order to establish which wavelengths were being er..tted by the gas
mixture in the cell, the time dependent set-up (Section 5.2.4, Figure 5.6) was
used with the boxcar set at 1 usec delay. This delay was chosen after
determining that the peak intensity of the signal at 2799.7 A (with 2 mm slits)
occurs at 1 usec. This wavelength had initially been considered due to being
known as a strong CO 4th Positive band [19] and was found to be one of the
strongest signals observed in these experiments.

With the boxcar set at 1 usec, a datum for a given wavelength was
recorded by taking a time averaged reading of the signal emitted from the cell
with and without the CO / Ar gas mixture flowing through the cell. By subtracting
the baseline signal (the one taken with no gases in the cell), an emission signal
intensity was determined. This was done for several wavelengths and the

results are given in Figure 5.11.
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The amount of time required to take each reading was determined by
dividing the number of samples being averaged by the boxcar by the repetition
rate of the laser (boxcar trigger rate) . This number indicates the time constant
of the exponential moving average being given by the boxcar. Since the signal
reading from the boxcar approaches 99% of its value in 5 time constants, it is
desired to wait at least this long before recording a data point. In this case, the
typical running conditions of 10 Hz laser repetition rate and 1000 samples
mandate that 9 or 10 minutes be required to take a data point.

In addition to the 1 usec delay time, 1000 samples and 10 Hz laser
repetition rate, the typical conditions used while taking these readings were:
600 p slits, 700 V PMT voltage, boxcar settings of 300 ns gate width and 10 mV
sensitivity, and 20 mJ laser pulse energy. Wavelength selection was based on
several factors. The purpose of taking these readings was to see what
wavelengths were being emitted and from that, deduce what energy transitions
in the molecules were occurring. For this reason, wavelengths corresponding
to transitions found to give a strong emission in band systems that were
expectéd to occur, given the level of excitation, were chosen. Two band
systems in particular were explored; the Cameron bands (CO(a3[]) -->
CO(X1X+)) and the 4th Positive bands (CO(A'[]) --> CO(X1X+)).

The choice of the former system follows from the fact that a vibrational
level of the a3[] is being prepared by the laser pulse. The 4th Positive system,
however, was selected for several reasons. First, the A1[] is the lowest lying
excited singlet electronic state of CO and is low enough to be in the realm of
possible interactions among the electronic states. In addition if the A1[] were to

be excited, the strongly allowed singlet - singlet 4th Positive system (10.69 nsec
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lifetime) is a powerful radiator. Another reason for viewing 4th Positive lines is
due to the fact that there is an overlap in the wavelengths of the Cameron bands
and the 4th Positive. For this reason, 4th Positive bands at wavelengths longer
than the longest Cameron band wavelength were checked so that any signal
found in the overlap region could be identified. If a 4th Positive line is found
outside of the overlap region, there is a good chance that other 4th Positive
lines are emitting and this must be considered when evaluating the existence of
Cameron bands.

In addition to wavelengths selected for their expected strength, some
were chosen that were not expected to have a signal in order to provide a
reference . To check for repeatability and to increase confidence in the results,
the signal at several of the wavelengths was recorded again on several different
days, the average of which is plotted in Figure 5.11. The level of detection in

this setup was approximately 0.02 V boxcar output.

Observations

It should be noted that the characteristic blue glow (C2 Swann Bands),
commonly observed when CO is excited by infrared laser radiation, was never
observed in any of the experiments discussed in this thesis. However, c;rbon
deposition on the windows (#1, #3 in Figure 5.1) occurred in visible amounts
significant enough to attenuate the incoming laser beam and reduce the
emission signal. This required cleaning of the windows with methanol on a
daily basis.

The fact that carbon was being formed most likely indicates one of two

possibilities. First, multiphoton processes could be occurring causing the
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dissociation of CO and the subsequent recombination of two carbon atoms to
form C2 which then attaches to the surfaces of the windows. A second

possibility is that reaction:
CO(v) + CO(w) --> CO2+C

is occurring where at least one of the reactants is CO(a3[]).

The feasibility of the first process occurring was tested. Muiltiphoton
processes that Bokor ef al. studied required a power density on the order of
107-10% W/cm?2 [4] and the power density supplied by the laser when set at 20
mJ is only 106 W/cm2. Also, two CaF2 windows were placed between the
aperture and the cell to act as attenuators of the beam. This supplied
approximately 25% attenuation; however, when the cell windows were removed

for cleaning, there was still noticeable carbon deposition.

This section will involve the discussion and possibilities for the
identification of the results given in Figure 5.1. Identification of these
experimental results was done by using the tabulation of observed spectra
given in Pearse and Gaydon, “The Identification of Molecular Spectra” [9]. All
relevant band systems of CO were checked in addition to the systems of other
molecules. These include the Schumann - Runge syétem in Oz, several
systems in N2, the CN Violet system (known to be persistent in the event of an
air leak into the system), the C2 Swann system and the Fox-Herzberg system in

Co. Also, atomic lines of oxygen, argon, carbon and nitrogen were checked.
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Discussion will begin with the strongest line seen in this set of
experiments, the 2785.4 A. There was repeatedly a strong signal at this
wavelength. Due to the scanning function at 600 p slit width (Table 5.2), the
monochromator set to this wavelength actually encompasses a range of about
2775 to 2795 A. This line is attributed to the 4th Positive (CO(A]) v=4 -->
CO(X13+) v=18) transition for the following reasons. First, by looking at
observed spectra in CO in Pearse and Gaydon [9], only this transition and that
of the (1,1) transition (2793.1 A) in the 3rd Positive system lie within the range
stated above. The 3rd Positive transition was ruled out because a signal seen
at 2800 A, which is closer to 2793, was not as strong. The only other lines
within 2775 to 2795 occur in a weak transition of the N2 4th Positive group and
a transition in the C2 Fox Herzberg system. The nitrogen line was ruled out due
to the fact that, unless there is a considerable leak in the system, the amount of
nitrogen in the cell should be negligible. As far as the carbon line goes, there
was no other indication of any other lines in that system occurring, therefore, it
was assumed not to be the source of the signal.

Other strong signals were found at 2478 + 10 A, 2742 + 10 A, 3020 + 10
A. Due to the presence of so many possible transitions lying within the given
ranges, no conclusive identification was given. However, if only CO bands and
carbon atom transitions are considered, the 2478 line could be accounted for
either by the carbon atom transition (2478 A) or by the (6 --> 17) 4th Positive
transition (2483.8 A). Similarly, the 2742 line could be due either of the (11-->
23) or the (7 --> 20) 4th Positive transition (2742.6 A and 2740.0 A,
respectively). However, the source of the strong line at 3020 +10 Ais still

unknown. It occurs beyond the 4th Positive system but before the CN Violet.
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The closest line found to be near it is a transition in the Gaydon Herman system
of Na.

One question that needs to be addressed is, why isn't there an indication
of any Cameron bands? Knowing that the Cameron system occurs from the
radiation of the CO(a3[]) and that the v=2 level of the CO(a3[]) has been
prepared, it seems to follow that the Cameron bands would be observed.
However, it is known that the Cameron bands are much weaker, by at least an
order of magnitude, than the bands of the 4th Positive. For this reason, given
the low level of signal seen at what has been attributed to a 4th Positive
transition, the chance of picking up a signal an order of magnitude weaker is
slim. However, there is a chance of picking up the radiation of the CO(a3[]) v=2
to CO(X1XZ+) v=0 since this is the level of CO(a3[]) being prepared.

5.3.3 Time Integrated Results
Several spectra were taken using the setup of Section 5.2.3. This mode

of measurement allowed an overall look at a large range of wavelengths
relatively quickly. However, as previously mentioned, any signal to be recorded
in this way would have to be very strong and / or long lived. With this in mind,
various spectra were recorded covering the range from 1700 to 5200 A. Three
obvious band systems were discovered (Figure 5.12).

Two of these are easily explained as the laser pulse in first and second
order (1930, 3860 A ,respectively). However, these bands respond to shutting
off the gas flow through the cell by decreasing in intensity, in other words when
gases are in the cell, the signal is stronger indicating a contribution due to

emission.
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Therefore, it is believed that the signals at 1930 and 3860 A are due to a
combination of the laser radiation and the induced fiuorescence of CO on the
CO(a3[]) v=2 to CO(X1X+*) v=0 transition.

The third band system discovered, upon further investigation, was found
to consist of two smaller bands (Figure 5.13) peaked at around 3440 and 3490
A. These systems do not occur when no gases are flowing through the cell.
Similarly, when the CO is shut off, leaving Ar only the cell, the signal
disappears. Considering the strength of the signal, near the same intensity of
that of the laser puilse itself, it was suspected that the signal be due to a
transition from a vibrational level near that of the prepared v=2 in the a3[]. By
looking at the wavelengths of all possible transitions from the a3[] (Appendix)
and especially at those included in the locus of high transition probabilities, the
Condon Parabola, the closest match was determined.

Although not right on the Condon Parabola, the two closest matching
transitions were found to be (5 --> 14) at 3432 A and the (7 -->16) at 3483 A.
Keep in mind that the calculations give band origins, whereas the actual peak of
the band (band head) may occur at a different wavelength. For example, the
band origin calculated for the (2 --> 0) transition is 1928 A and the actual band
head occurs at a longer wavelength. Also, as one increases vibrational levels,
the anhamonicity of the molecule has more of an effect. Therefore, the
calculations (Appendix), which rely on constants fit to experimental data, have
the potential of increasing error as the vibrational levels increase.

Here, another question must be addressed. If emission from the v=2, 5,
and 7 levels of CO(a3[]) is observed, why not from v=1, 3, 4 and 6? According

to the lower branch of the Condon Parabola (Table 5.A5) the favored transitions
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originating from these states are as follows: v=1 --> 4 or 5 (2394, 2517), v=3 -->
8 (2694), v=4 --> 9 or 10 (2716, 2865) and v=6 --> 12 (2912). The upper branch
of the Condon Parabola extends into the vacuum UV where any emission
would be almost completely absorbed by the atmosphere, rendering it
undetectable with the present set-up.

These wavelengths all fall within the range scanned during the time
integrated measurements; however, no signal was observed. Also, all but the
longest two wavelengths overlap the range of known 4th Positive lines [9]. The

undetected emission from these wavelengths remains an unresolved question.

5.3.4 Time Dependent Results

The final set of results was taken using the set-up described in Section
5.2.4. For each of the band systems discovered in quasi - steady state mode, a
time dependent trace was obtained. However, due to equipment limitations,
only qualitative conclusions may be drawn. The preamplifier currently used is a
Thorm EMI Model A1. This preamp has four settings which trade off gain with
instrument rise time. In order to amplify the signal to adequate levels for use by
the boxcar, the rise time became unacceptably long, from 200 nsec to 20 pusec
depending on the setting. Thus, the true time dependence of the signal is
masked, leaving only the possibility of qualitative comparisons between the
signals obtained at the same gain setting.

It was found that the signal at 3860 A rose sooner (Figure 5.14) and
decayed faster (Figure 5.15) than 3440 A. This indicates that the processes

leading to the population of the originating vibrational states (in this
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Figure 5.14 Relative rise times of the 3856 A band and the 3440 A band

L
1200

* Qs Gute wos token ¢ dey inler thes
shified % match ot deloy = 500 ns

1000

Time Dependent Signal from CO / Ar Mixture

intensity

Q i 10 20
delay (usec)

Figure 5.15 Relative decay times of the 3856 A band and the 3440 A band
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case believed to be v = 5 and 7 of the a3[]) take longer to complete than the
process populating the v=2 level. This is expected since the 10 nsec laser
pulse populates the v=2 state of the a3[] before any subsequent transfer
processés can occur. Therefore, following the creation of the v=2, its possible
that upper vibrational levels of the a3[] are populated by V-V pumping. Then its
suggested that these levels are radiating back to the ground electronic state on

the transitions given above.
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5.4 Conclusions

In summary, signals at various wavelengths in the UV were observed
following excitation by an excimer laser pulse which prepared the v=2 state of
the CO(a3[1). The wavelengths of the observed signals and the transitions to

which they were attributed are given in Table 5.3.

Table 5.3. UV Emission from CO/Ar Mixture

Observed Waveléng:h (A) [ Transition

1930 + 10 CO(a3[]) v=2 --> CO(X13+) v=0
2785 + 10 CO(A'I]) v=4 --> CO(XZ+) v=18
3440 + 10 CO(a3]) v=5--> CO(X'X+) v=14
3490 £ 10 CO(@3]) v=7-> COX'T+) v=16

| 3860 + 10 2nd Order of the 1930 signal

Other signals were observed, however no conclhsive identification was
given due to lack of supporting evidence. Qualitative time dependence of the
3860, the 3440 and the 1930 A line was observed, the 1930 and the 3860 rose
faster and decayed sooner than the 3440 A signal. Equipment limitations

forbade the quantitative study of the signal time dependence.
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APPENDIX

Calculations and Tables of Transition Wavelengths

In order to view all possible vibrational transitions among electronic
transitions in CO, instead of just those previously observed in experirnents,
tables were calculated using vibrational energy constants obtained from Huber
and Herzberg [15]). The calculations are based on the anharmonic vibrational

energy structure:

E(v) = Te + We(v+0.5) - WeXe(v+0.5)2 + .... (A1)

where higher order terms were included if data was available. E(v) is the
energy of vibrational level v in cm-1. The array of vibrational energies was then
normalized such that zero energy corresponds to v=0 of the ground electronic
state. After the energy levels were tabulated (Tables A1-A4) it was simple to
create a matrix of all the possible transition wavelengths. This was done for 3
electronic transitions in CO; b3y, --> a3[] (observed as 3rd Positive bands), A'[]
--> X1+ (observed as 4th Positive bands), and a3[] --> X1X+ (observed as
Cameron bands). Results are tabulated in Tables A5-A7 with the transitions

lying on the Condon Parabola indicated.
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Table 5471 Vibrational Energy Levels of CO(X1Z+)

11

3. (]
3 S
4.21107153
4.42223803
4.63027894
4. 137
£$.03704981
£.23579742
$.43148865
$.62406738
813
6.00010149
8.18355307]
8.98397247
8.54138788
Y4l 7
§.8971148
7.

b / 13
7.3832171
784288868
7.6889922

3 1
3.424656801
3.64524429

.86267848
4.07697208
4.268813558
4.40617947
4.70111427,
4.029
$.10169798
5.29736718
$.48996791
5.67950976!
5.86600202

8.049453¢
6.22987299
8.40726818

8.5818466

§301504
187962
7 4886
7.249117
7.40849918
7 9
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e
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6. NITRIC OXIDE STUDIES I:
Vibrational and Electronic Excitation of NO

in Optical Pumping Experiments

'This chapter adapted from S. Saupe., 1. Adamovich, M.J. Grassi, J.W. Rich,

and R.C. Bergman, Chem. Phys. 174, 219 (1993)
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6.1. Introduction

Nonequilibrium molecular vibrational-mode energy
distributions, maintained by the processes of vibration-to-translation
(v-T) and vibration-to-vibration (V-V) collisional energy exchange in
gases, have been widely studied for various species [1,2]. These
processes and the resulting nonequilibrium energy distributions are of
great importance in gas discharges, molecular lasers, supersonic gas
flows and in the upper atmosphere. For some diatomic molecules, such as
N2 and especially CO, which have very slow rates of V-T relaxation,
there exist extensive experimental and theoretical data on this subject
(see [1,2] and references therein).

Vibrational energy transfer in nitric oxide (NO) is much less
studied, ‘although it reveals some interesting features making it very
attractive for investigation. First, this process has a very fast V-T

self-relaxation rate; the rate constant, Pv -

v’ of the process:

NO(v) + NO — NO(v-1) + NO , (1)

for v=1 and T=300 K, is Pto= 2.5 ms teTorr™? [31, and is about S orders
of magnitude faster than that of CO and Nz. Second, Pw has an
anomalously weak temperature dependence with a minimum between 300 and
SO0 K (see a review of experimental data in [4]). Finally, recent
measurements of the NO V-T rates using the stimulated emission pumping
(SEP) technique by Yang, Kim and Wodtke [5] also show an wunusual
dependence of PV"’_1 on the vibrational quantum number. Detailed state-
resolved experimental data on NO V-V rates are still not avallable,

except for the rate constant of the process:
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NO(v) + NO(w) — NO(v+1) + NO(w-1) , (2)

measured in (6] for v=w=1 at room temperature, Q:§=124 ms'l-Torr".
Despite its fast V-T relaxation, NO does allow anharmonic
vibration-vibration (V-V) pumping (7], such as has been experimentally
found for N2 (8,91 and CO (10]. This nonequilibrium V-V pumping of NO
has been observed in a glow discharge in NO/He and NO/N2 at T=250-350 K
(11), and also in CO laser optical pumping experiments [12-14] at
T=300-400 K, where the v=031 vibrational transition of NO was excited by
a CO laser. Strongly nonequilibrium vibrational distribution functions
(VDF) of NO have been measured up to level v=15 in [11] and up to v=14
in [14]). In addition, the NO B and y bands, as well as the continuum

spectrum of the NO2 recombination in the reaction:
0O+ NO — NO2 + hy (3)

were observed in [13]. Finally, new interesting results obtained in a
NO/He radiofrequency afterglow [15] show well-pronounced vibrational
bands in the first overtone NO infrared spectra up to v=17, at
translational/rotational temperature T=250-300K, which indicate strong
V-V pumping.

The present optical pumping experiment allows detailed
investigation of NO vibrational and electronic energy transfer, as well
as of vibrationally-induced chemical reactions. Its main advantage over
glow discharge excitation methods is that vibrational levels above v=1
are populated by the processes of V-V exchange only.

This chapter presents the results of our experiments on NO

optical pumping and a theoretical discussion of the different energy
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transfer processes involved. Also, new experimental data on V-T
relaxation of NO as well as possibilitlies for further V-T/V-V rate

measurements are reviewed, in light of the present results.

6.2. Experimental

The schematic of the experimental equipment used in these
studies is shown in Fig. 6.1. Radiation from the CO gas laser (1) is
focused into the flowing-gas absorption cell (5). A 1liquid nitrogen
cooled flowing-gas CO laser with a 140 cm active length and a 20%
transmitting mirror (2) is operated single-line using a gold-coated
grating (3) with 290 grooves/mm. The central 20 mm ID glass laser tube
with precooling coils is held in an insulated stainless-steel reservoir
that contains the 1liquid nitrogen bath. A 2-2 . glow discharge is
ignited in the tube. The laser delivers up to 8 W on the CO fundamental
line P(11) 857, A=5214 nm, which has a very glose resonance with the NO
line 1/2R(12.5) 0-1. The energy displacement between these lines is
6.8:10"> cm™! from the mean of the NO A-doublet [16] (split by 9.5:107°
cm™? (171), and the laser line lies within the Doppler width of the
lower-frequency A-component [13]. The laser parameters, optimized for
the maximum power at this line, are listed in Table 6.1. In the present
experiments the laser is operated in the cw regime.

‘The laser mirror and the grating holder are mounted on an
optical table to improve the passive stability. No active stabilization
is used. The achieved single-line stability is 8% over 3 hours. Short-
time fluctuations are much smaller and not critical for the

measurements.
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The laser beam is focused into the pumping cell by a gold-
coated mirror (4) of 30 cm focal length. The reflecting angle is kept
small at 15° to reduce astigmatism. The forusing area is approximately
0.1 mmz. which gives a power density of -~10 kW/cm®. The complete beam
path is purged with dry nitrogen to avoid atmospheric water absorption.

An aluminum optical cell with 8 mm ID and an absorption length
of 8 cm is used. It is sealed with Can windows. A high gas velocity
through the cell reduces the concentration of possible chemical products
and also holds down the gas temperature which tends to be increased by
the exothermic up-pumping process. To avoid back flows and turbulence in
the pumped region, the gas inlet of the cell is designed with a smooth
entry section. The gas mixture enters and leaves the cell through four
symmetrical 6 mm tubing ports; it is flowing towards the laser beam.
Except for the cell itself, all the tubing is stainless steel to avoid
corrosion. The cell gas velocity reaches 7.2 m/s in the observed pumping
region at a mass flow rate of 110 mg/s. This gives a residence time of
tr~10 ms.

‘The gases used are Matheson CP grade NO (99.9%) and Ar
(99.9%). The pressures of NO and Ar in the cell can be varied over a
wide range; for the present studies the NO partial pressure was in the
range from 0.5 to 3 torr, with the NO-Ar mixture pressure being
Pm}mr=90 torr. The absorbed laser power is determined by measuring the
transmitted power behind the cell with and without NO. It changes from 1
W to 5.3 W for the range of gas pressure listed above, approximately
linearly increasing with the NO partial pressure.

The fluorescence 1light from the <cell is collected

perpendicular to the laser beam. It is analyzed with a 1/3 m

monochromator (6 of Fig. 6.1) and an InSb detector (7) in the infrared




or with a 1/2 m monochromator and a photomultiplier (8) in the UV and
visible. In both cases, a mechanical chopper at a frequency of 227 Hz is
used. A lock-in amplifier (9) records the signal; it is connected to a

PC 486 (10) for data acquisition and processing.

6.3. Results

In these experiments, the absorption conditions are optimized
to get maximum ultraviolet signal from the cell. The strongest UV
emission is achieved with a mixture of 1.1 torr of NO diluted in argon
at a total pressure of 90 torr. At a given NO partial pressure, the
argon pressure shows a wider optimum range; the UV signal is not very
sensitive to it. Measurements with NO pressures from 0.5 to 3 torr are
analyzed while the total pressure is kept constant, P=90 torr. Table
6.2 lists three selected cases of conditions.

Fig. 6.2 shows infrared emission spectra, generated by the
optically pumped NO in the cell, for the three pumping conditions of
Table 6.2. The first overtone, Av=2, emission of NO bands is shown under
low resolution and ranges from 2.6 to approximately 3.5 um wavelength.
The approximate centers of some of the vibrational transitions are
shown. Overlapping P and R-branches of different vibrational bands
create the wavy structure of the signal. As can be seen, vibrational
levels up to v-~15 are populated and radiating. Note that above level
v=15 there is still measurable infrared signal, but the signal-to-noise
ratio here becomes worse, which makes the analysis of the spectrum
difficult. The NO spectra shown are normalized to the same intensity at

2.8 um and demonstrate that the intensity distribution is remarkably
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similar over the measured range of NO partial pressures.

The dashed line in Fig. 6.2 corresponds to a computer-
generated synthetic spectrum, calculated for different NO vibrational
distribution functions (VDF) until the best fit with the experimental
curve of case II was obtained. Details of this standard procedure of
inference of the NO VDF from partially-resolved IR emission spectra can
be found in [11,18]). The spectrometer sensitivity used in this method is
determined by a blackbody calibration. The most serious problem in the
calculation of the synthetic spectrum is that there are no experimental
measurements of the Einstein coefficients for spontaneous radiation of
NO at high vibrational levels, v>8, Fig. 6.3 shows the results of ab
initio calculations of the Einstein coefficients by Billingsley [19],
for Av=l (curve 1) and A4v=2 (curve 2). Curve 1', for Av=1l, |is
recommended in [20] up to v=13, and uses the Billingsley scaling with a
more reliable experimental value for Am of 13.4 s™!. Curve 2', for
Av=2, is obtained in [20] from combining the direct measurements of
ratios Av’v_z_,'/i\v,v_1 (for v=2-13) with curve 1’'. Here we present the
best fit, extrapolated up to v=15. The accuracy of these measurements,
used in the present paper, decreases from *6% for v=2 to *20% for v=13.
The uncertainty in the inferred VDF is determined by this accuracy,
since the population distributions are inversely proportional to the
Einstein coefficients. The synthetic spectra are not very sensitive to
rotational temperature variations within this accuracy. Another possible
uncertainty is due to spatially inhomogeneous pumping conditions in the
cell.

We believe the NO VDF in the cell attains steady-state at our
experimental conditions, P“°= 0.5-3 torr, tr~ 10 ms. It has been shown

in [13] that the "R radiation of the optically pumped NO reaches steady-
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state after ~5 ms at P"o=0.15 torr, and after -2 ms at Pm=0'59 torr,
for a similar laser power density.

Fig. 6.4 presents the NO VDF obtained from the infrared
spectrum of Fig. 6.2. It is obvious that the vibrational levels up to
v=15 are strongly overpopulated compared to a Boltzmann distribution at
T=700 K, which is a typical temperature in our experiments (see below).
The VDF measured in earlier optical pumping experiments [14]), at lower
temperature T=300 K, is also shown. By fitting the VDF's to the Treanor
distribution (7] we obtained the vibrational temperature of the first

level for both cases:

Tv= —6— = 2500K , (4)
ln(fo/fx)
where 6=we(1-20exe) is the energy of the vibrational transition 150 in
K, and fo and f1 are relative populations of levels v=0 and v=1,
respectively.

We als& analyzed the visible/ultraviolet emission between 200
and 400 nm due to the ¥ and B8 bands of NO, emitted from the
electronically excited states A?Z’ and an, respectively. A spectrum for
the pumping conditions of case II is shown in Fig. 6.5. The B-bands
extend into the violet and blue region and make the center of the pumped
region visible to the eye. One can see a visible glow of about 1 mm in
diameter and over 3-4 cm in length. Identification of different bands
(some of them are indicated in Fig. 6.5) shows that only progressions
v’=0, 1 and 2 can be found in these spectra. For the cases I and III,
the ultraviolet emission of 8 and y bands is still present, but it is
much weaker. The same transitions are observed as in case II, and the

intensity ratios are very similar.
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The electronic spectra are also used for the inference of the
rotational temperature Tr, necessary for correct analysis of the
obtained results. Fig. 6.6 shows a comparison of the experimental
contour of the vibrational band 0,27 (case II) with the low resolution
synthetic spectrum of this band for Tr= 500, 700, and 900K. One can see
that the agreement at 700K is quite reasonable. Repeating this procedure s
for several non-overlapping bands, we infer the temperature Tr=7002100K
for all three cases of Table 6.2. Simple estimates show that the
characteristic time of rotational relaxation at these conditions, ~107°
s, is much shorter than the radiative lifetime of A%c® and B%m states

(~0.1-0.4 pus and 3 ups, respectively, [21]) and the residence time, ~10

ms. This allows assuming translation-rotation equilibrium, T=Tr.

6.4. Discussion

6.4.1 Vibrational excitation

First of all, the experimental results show that vibrationally
excited NO molecules (at least up to level v=15), as well as
electronically excited molecules in Azz’ and an states, are produced in
the cell. Note that the cell is irradiated by a single CO laser line,
which excites only the vibrational transition NO(X?ﬂ,v=O+1). This may be
compared to the energy of the vibrational level v=0 of the an state, .
which corresponds to v=35 of the ground electronic state. The measured
translational temperature T=700K is too low to account for this
excitation by an equilibrium thermal population. Also, the laser energy

fluence in the focal area does not exceed a value of ~10 kw/cmz, which
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makes multiphoton excitation processes completely negligible. Therefore,
the only possible explanation of the high vibrational excitation
observed is the anharmonic V-V pumping of nitric oxide (7,22].
Basically, this mechanism involves single-quantum transitions, at least
at the low vibrational levels,

The NO VDF, measured in our experiments (see Fig. 6.4,

reasonably corresponds to the Treanor distribution:

] (v-1)8 6T
fv= fo exp {-ve T - » VS V= 0.5 + (s)
v

T 28T

v

at T=700K and Tv--ZSOOK up to v=15 - Vo' In (S), o is the vibrational
level at which the Treanor distribution has minimum, <$=¢.)exe is the
molecular anharmonicity in K. This confirms (7] that the VDF in this
region is controlled by the V-V processes. The VDF, measured in {[14] at
a lower temperature, T=300K, reveals a similzr structure. The Treanor
curve at T=300 K, v = v0=7 lies much higher than the experimental VDF,
which shows a significant influence of V-T relaxation.

As has been discussed in (11), the substantial V-V pumping of
ND occurs because the V-V rates, at least among the lowest vibrational
states, exceed the V-T relaxation rate, for example, Q:i/Pw- S0.

There remains a question, however, whether the vibrational
levels at high v’s are populated in far-from-resonance V-V exchange

processes:

NO(v) + NO(1) — No(v+1) + NO(O) , (6)

or whether the near-resonant V-V exchange:

NO(v) + NO(v) — NO(v+1) + NO' 1) , (7)
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dominates. Recent measurements of the V-T rates in NO (S) have shown
that at T=300 K the nonresonant V-V influence is negligible already at
va8, where the energy defect of the process (6) becomes significant.
Nevertheless, the V-V pumping effect at room temperature does exist even
at v=14 (see Fig. 6.4). Thus, it becomes obvious that at T=300K the
nonequilibrium VDF at ve8 is created by near-resonant V-V exchange (7).
Note that the NO V-T relaxation rate only slightly rises with
temperature; for example, the rate constant of the process (1) for v=1,
increases approximately 20% from T=300 to 700 K (see [4]). In addition,
the VDF’'s at these two different temperatures look very similar.
Therefore, it is reasonable to conclude near-resonant V-V exchange is
also a dominant process at T=700K, at least up to v=1S5.

For the conditions of the present experiment, the analytical
diffusion theory of vibrational relaxation of diatomic molecules [23]
predicts a gently decreasing plateau in the VDF above the Treanor

minimum Yo (this is the so-called strong excitation regime):

exp(avtv) r

£f=—- = - = (P« Q) (8)
v+l on 123 avt v+l v+l
Here I' is a constant to sund by matching the distributions of (S)

and (8) at v=v ., 8"_ and & w are parameters of the SSH [24] theory of V-

T and V-V exchange, respectively:

~ (V+1)-P1°°exp(6"-v) (9)

vel,v

W, Wel

~ (v+1)°(w+1)°Q‘:z-exp(-6w- [v-w] )[% - %-exp(-&w- v-w| )] (10)

vel,v
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0.5
GVT= va ~ (1/a) (W/T) "8 (11)

Qualitatively, this theory may be applied to the NO VDF. One can see
that the VDF's in Fig. 6.4 at v>8 decrease much steeper than ~1/(v+l).
However, in the case of NO the ratio Pldﬂﬁg ~ 0.02 is not so small as
for N, and CO; for this reason the second term in (8) becomes
significant to give an exponential fall-off to the VDF. Also, numerical
calculations for the conditions of the experiments [14], using master
equation analysis [22], are shown in Fig. 6.7. Here avr and avv were
taken from [;3], rather than determined by the SSH-theory relations, (9-
11). In [13], these two parameters were found by measuring the rise and
decay time of the overall IR signal from the optically pumped NO (see
discussion in Section 4 of {13]). The distribution function, created by
all the V-V processes, follows the experimental VDF rather closely. At
the same time (see Fig. 6.7), it 1is clear that non-resonant V-V are
important only below vs7. Note that V-V and V-T rates of {13] cannot be
used for the simulation of the present experiments at T=700K, because

they give an unrealistic temperature dependence.

6.4.2 Electronic excitation

The mechanism for creation of the molecules in electronically-

excited states observed is not so unambiguous as the ground state V-V,
V-T processes. There exlist three major possibilities:

a) collision-induced resonant vibration-to-electronic (V-E) energy

transfer, following the V-V pumping of NO(X°) up to level v-35 as

suggested in ({13] (a similar process was experimentally observed in
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carbon monoxide [25]):

NO(BM,v-0) + M
NO(X?N,v~35) + M (12)
NO(A%T,v~0) + M

b) recombination of N and O atoms:

N+O+M-— NO(A,B) + M (13)

c) energy pooling in the process:

NO(X,v) + NO(X,w) — (NO): — NO(A,B) + NO(X,v-Av) , (14)

E +E =2zE, E
v w A B

Here Ev, E" are energies of vibrationally excited molecules in the X-
state; EA. En are energies of excitation of A and B states,
respectively.

Note that the last two mechanisms (b and c¢) do not require the
excitation of NO up to very high vibrational levels, v-~3S.

The major mechanism of production of the atomic species in the

cell is a vibrationally induced chemical reaction:

N20 +0
NO(v) + NO(w) N2 + 02 (15)

NO2 + N

The activation energies of the three channels of the reaction (15) are
E1~ E2~ 33 kK and Ea~ 39 kK, respectively ([26], which correspond to NO

vibrational levels v~15 and v-~17. Given the levels of NO vibrational

excitation observed, such atom production is possible in the cell.




However, the formation of NO(A,B) in the recombination reaction (13) is
very unlikely. If recombination occurs in the cell, the continuum
fluorescence in reaction (3), much faster than (13), would appear, which
we did not observe. We conclude that the residence time ~10 ms is too
short to produce enough atomic specles for any observable recombination
to occur in reactions (3,13), following the vibrationally-induced
reaction (15). The recombination continuum was observed previously, but
only in a non-flowing cell [13], and in a slow-flowing cell with
residence time ~ 0.2 sec [14].

In addition, we did not identify any electronic transitions
Av' — X,v" (v',v'7) and B,v' — X,v" (v’,v"B) with v’>2. Some of these
transitions have substantial Franck-Condon (FC) factors f(v’,v") in the
range of A= 200-400 um [21], comparable with the FC factors for the
observed bands. For example, the transition 5,10y (A=263 nm, [27]) has a
FC factor £(5,10)=0.210, while for the transition 0,3y (A=259 nm) it is
£(0,3)=0.147. Similarly, in B8 bands £(3,10)=0.0393 (A=323 nm), while
£(0,8)=0.0384 (A=320 nm). One can conclude that the relative populations
of NO(A,B,v>2) are small compared with those of v=0-2, which mitigates
against a purely recombinational mechanism of NO(A,B) formation.

Energy pooling (14) cannot be excluded on the basis of these
experimental results. This process may occur if the total energy of
colliding molecules exceeds the excitation energy of A% or B*m states,
(which also makes possible the (NO): transition complex formation in
reaction (14), since its activation energy is lower (5]). In addition,
the transition complex lifetime should be much greater than its period
of vibration, to make possible the vibrational energy redistribution.
The importance of this mechanism compared to resonant V-E transfer could

be determined by measuring the rise time for populations of different
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vibrational levels of the NO(Xzﬂ). together with the rise time for the

NO(A,B) population, using pulsed CO laser optical pumping.

6.4.3 V-T and V-V rates measurements

The experimental data and the discussion presented above show
that anharmonic V-V pumping of NO is possible despite its fast rate of
V-T relaxation. In particular, at high vibrational levels vz8, only
near-resonant V-V exchange can compete with the V-T processes. The
importance of this effect depends on the relative populations of the
high vibrational levels and should be carefully checked in experiments
involving vibrationally excited NO. For example, we consider the recent
work by Yang, Kim and Wodtke [S], where NO V-T rates were measured using
stimulated emission pumping (SEP), at v=8-22. In these experiments, one
particular rotational level of NO was excited by a tunable narrowband

ArF excimer laser (PUMP):
NO(X?M,v=0,J) — NO(B%m,v'=7,J") (16)

Then a high vibrational level of the X-state was prepared using a

XeCl excimer pumped dye laser (DUMP):

NO(B%M, v’ =7,J’) — NO(X,v"=8-22,J") (17)

The decay of the population of level v" was observed using laser induced

fluorescence. The measurements were made at room temperature, with two

different isotopes, NMO16 and leom. The rotational levels, avallable

for the PUMP transition (16), with the ArF laser, used in [5]) (v =

51815$175 cm '), are J=24.5-32.5 for N'%0'® and J=15.5-23.5 for N'°0'C.
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Simple estimates (see also [28]) show that, if both PUMP and DUMP pulses
are saturated, the vibrational level v" is prepared with a maximum
relative population of pr 3'10°‘ and fw’ 3-10'3. for light and heavy
isotopes, respectively. Since the present paper shows that the effect of
near-resonant V-V processes (7) on relaxation at v~10-15 is very strong
for fv>10" (see Fig. 6.4), the measured relaxation rate k(v") should
represent the combined action of both the V-T and the near-resonant V-V
energy transfer.

The possible influence of near resonance V-V energy transfer
was not discussed in [S5]; it was not explicitly specified whether the
laser pulses were saturated. Thus, the initial population of the level

v", as well as the possible influence of this V-V energy transfer, is

uncertain. It appears, however, that the experiments of [S], using the

heavy isotope N‘50‘°, indicate that the measurements are not affected by

V-V transfer. In the saturation regime the population of N®0*®(v") 1is

about 10 times higher than that of N'%0'®(v"). Since the rate of the
near~resonant V-V exchange non-linearly depends on fv", this would give
a much higher k(v") for the heavy isotope. However, the measured k(v")
for N'°0'® is ~10-20% lower than that for N'%0'®. The only explanation,
consistent with our measurements, is that the laser transitions in ([S]
were far from saturation, which made fv“ low enough to avoid the faster
relaxation due to near-resonant V-V. This made possible reliable
measurements of the V-T rate constants. Nevertheless, there is no doubt
that the same experimental set-up ([5] can be used for independent
determination of the V-V rates, if it is operated in the saturation
regime. It appears [28] that the lasers used in the experiments [S] are

capable of producing sufficient pulse powers for saturation.

Some phenomenological measurements of the NO V-T and V-V
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rates, vsing time-resolved optical pumping, were made in {[13]. In these
experiments, the IR radiation from the cell was not state-resolved, and
only the overall signal intensity was monitored. This work used the
functional dependencies (9,10) of the rates on the quantum number, where

P and Qi: were measured in [3,6]. &

10 and avv were considered as

vT
merely adjustable parameters, and the relations (9,10) are therefore not
the results of SSH-theory, but only convenient parametrizations. The
rate constants were determined by fitting the rise and decay of the IR
signal, calculated using a master equation analysis [22], to the
experimental curves. Of course, this procedure is reasonable for the
inference of the rates only at low quantum numbers, presumably vs 10-15,
because the IR radiation from upper states in these experiments is very
weak, and the extrapolation to higher v's, as well as to higher
temperatures, has no firm basis. Fig. 6.8 shows the comparison of these
inferred V-T rates {13] to the direct measurements [S]. One can see good
agreement in the range of applicability of the procedure [13].

A more reliable and explicit method of inference of both the
V-T and V-V rate constants would be a state- and time-resolved
experiment with NO optical pumping, which would allow separate
determination of the V-T, near-resonant V-V and non-resonant V-V rates.
Again, this method would allow measurements at low v's, vs=10-1S, while
the SEP technique cannot be used at v<8 because of strong Franck-Condon
pumping [S]. These measurements are being pursued ;n our group.

-The theoretical explanation of anomalously fast NO vibrational
relaxation is still uncertain. An explanation given in [S5] uses the
basic arguments of adiabatic theory, developed in the 1960’'s (e.g. see
[(29]). This theory takes into account the strong attraction between two

NO molecules. It reasonably explains the absolute value of P&o and its
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temperature dependence, but it would give a much stronger dependence of
viv-1 on v, then was actually found in ([S]. On the other hand, non-
adiabatic theory [30,31]), predicting very weak quantum number
dependence, gives no explanation of the P10(T) rise at low temperatures

T<300 K. Obviously, this problem requires further experimental studies

. and theoretical analysis.

6.5. Summary

Vibrational and electronic excitation of nitric oxide has been
investigated in optical pumping experiments. It is shown that the
mechanism of vibrational excitation is nonequilibrium V-V pumping, in
particular near-resonant V-V exchange on high vibrational levels,
8=vs=15. This result shows the importance of the V-V processes even for
fast relaxing diatomic molecules. Electronically excited NO molecules in
A’C and BN states can be created both by resonant V-E energy transfer,
following V-V pumping up to v~35, and in an energy pooling process (14).
The relative influence of chemical reactions appears to be small due to
short residence time of the gas mixture in the cell.

Recent measurements of NO V-T rates are analyzed. It is
suggested that direct V-V rate measurements at high v's, v=10, can be
made using the SEP technique with pulse intensities giving saturation.
Also, state and time-resolved infrared measurements in optical pumping
are suggested as an efficient method of determination of the NO V-T and

V-V rates at low v’'s, v=10-1S.
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Table 6.1. Laser parameters optimized for P(11) 8-+7

He 9.1
Partial Nz 2.5
pressures
co 0.8
(torr)
Air 0.05
Total 12.5
Gas velocity S m/s
Temperature 120 K
Discharge current 30 mA
Discharge voltage 13 kV

Table 6.2. Experimental regimes

Case 1 11 I1I1

P'O. torr 0.5 1.1 2.9

Absorbed

power, W

1.1 2.4 5.2
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Figure captions

Figure 6.1. The experimental set-up. 1, CO laser; 2, laser mirror, 3,
grating; 4, focusing mirror; S, absorption cell; 6, mono-
chromator, 7, InSb infrared detector, 8, photomultiplier, 9,

lock-in amplifier; 10, computer; 11, powermeter

Figure 6.2. The first overtone infrared NO spectra; solid lines - experi-

mental spectra, dashed line - synthetic spectrum

Figure 6.3. Einstein coefficients for NO infrared spontaneous radiation;

1,2 - [19], 1',2" - [20]); 1,1° - Av=1, 2,2" - Av=2

Figure 6.4. The experimental NO vibrational distribution functions
(points); 1,2, Treanor distributions for Tv=2500K, T=300K, and
Tv=2500K, T=700K, respectively; 3, Boltzmann distribution,

T=700K

Figure 6.5. The visible/ultraviolet NO spectrum

Figure 6.6. The experimental profile of the NO 0,2y band (points); the

synthetic profile at different temperatures (lines)

Figure 6.7. Comparison of the master equation calculation with the experi-

ment [14]

Figure 6.8. Comparison of the NO V-T rates measured by optical pumping

(13] and by SEP [S] (the point for v=1 is the result of [3])
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Figure 6.3. Einstein coefficlents for NO infrared spontaneous radiation;

1,2 - [19], 1°,2" - [20]; 1,1’ - Av=l, 2,2’ - Av=2
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Figure 6.1. The exberilental setup. 1, CO laser; 2, laser mirror, 3,
grating; 4, focusing mirror; S, absorption cell; 6, mono-
chromator, 7, InSb infrared detector, 8, photomultiplier; 9,

lock-in amplifier; 10, computer; 11, powermeter
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Emission intensity (normalized)
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Case I
Case. II
Case III

1
v=2 v=5 v=8 v=11 v=13 v=15
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Figure 6.2. The first overtone infrared NO spectra; solid lines - experi-

mental spectra, dashed line - synthetic spectrum
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Figure 6.4. The experimental NO vibrational distribution functions
(points); 1,2, Treanor distributions for ‘l'v=2500K. T=300K, and
T'=2500K, T=700K, respectively; 3, Boltzmann distribution,

T=7C0K
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Figure 6.5. The visible/ultraviolet NO spectrum
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Flgure 6.6. The experimental profile of the NO 0.2y band (points); the

synthetic profile at different temperatures (lines)
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Figure 6.7. Comparison of the master equation calculation with the experi-
ment (14]
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Flgure 6.8. Comparison of the NO V-T rates measured by optical pumping

{13] and by SEP (5] (the point for v=1 is the result of [3])
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7. NITRIC OXIDE STUDIES II:
Development of a 15 W c.w. Single Line CO Laser

for NO Vibrational Excitation.

*This chapter adapted from M. Grassi, 15 W High-Efficiency Liquid-Nz-Cooled
Fast-Axial-Flow Electric Discharge Laser Operating Single~Line, M.S. Thesis,

Department of Mechanical Engineering, OSU (1993)
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7.1. INTRODUCTION

History
A principal discovery that led to the development of

today’s powerful CO and COz lasers is attributed to Legay-
Sommaire and Legay when they showed that infrared emission
from excited vibrational levels couid e obtained by a
collisional transfer of vibrational energy from active N2 to
some infrared-active molecules such as COz2, N20 and CO [1].
They also suggested t;hat infrared laser action could be
obtained by using vibrational-rotational infrared
transitions of the ground electronic state of the CO
molecule [2].

This was followed in the same year by Patel achieving
the first CO 1laser, using active Nz to excite the
vibrational mode of CO ([3]. Lasing action on the ground
‘electronic state was produced in a low pressure CO pulsed
discharge. The conditions for lasing were P s.8 Torr,
Vp“k- 15 kV (pulse) and I” w® 15A (pulse). Output was
distributed among several vibrational-rotational 1lines of
the CO fundamental vibrational infrared bands. The greatest
power output from a single spectral line (0.1 mW) was on the
v=756 P(11) transition. This laser was not cooled and

operated at room temperature. The maximum power achieved in
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the laser was 500 mW at 5% efficiency. Using a similar
arrangement Legay-Sommaire ei: al reported continuous wave
(cw) laser emission in 1965 with a total output power of 370
mV on 36 lines (4].

In 1968, Osgood and Eppers reported on the first high
power CO laser; 20 W at 9% efficiency was attained. The
improvement resulted from; 1) the addition of He and air to
the N2-CO mix and, 2) cooling of the discharge tube with
liquid N2 (5,6). In addition, in contrast to Patel and Legay
et al’s arrangement the gases were premixed before entering
the optical cavity and then subsequently excited by electric
discharge [7).

Present State

To date, powers in the kW region have been achieved
using self-sustained direct current (dc) glow discharges in
fast-axjal-flow arrangements (8j. Other methods for
producing high powers without the dc discharge exist, for
ixanplc the supersonic gas-dynamically-heated laser of Watt
{9]. In recent years, excitation by the use a capacitively-
coupled radio frequency discharge has been applied to a
fast-axial-flow arrangement by Sato and Taniwaki in a 1 kW
laser [10]. Blow and Zeyfang have also used this method of
excitation in the plenum of a supersonic nozzle [11].

Other methods of excitation which are being studied are

electron-beam pre-ionized systems {12,13]. The Russians have
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5e;i :th;A fiﬁst..géﬁ fépbfﬁ on thé; 6p¢£§tfon'i¢f _5 'liggéi
photoionized CO laser (14]). In fhis laser, electrons were
created in the main laser tube by UV radiation from an
auxiliary discharge. Best performance for delivering energy
to the laser discharge was 12 J-liter-l-atm-1 with 11%

conversion efficiency into laser output.

Comparison of CO Laser to Other Common Lasers

The CO laser, due to its wide spectral range of lasing
lines from 4.8 to 8.4 uml on the CO fundamental bands and
from 2.8 umto 4.0 uml on the second overtone, is between two
other high power c.w. lasers in the infrared ([15,16]). The
hydrogen fluoride/deuterium fiuoride laser operates in the
2.7- 3.5 umlrange and the CO2 operates in the 9.4 -10.6 uml
range {17]). The CO laser is one of the most promising of the
high power gas lasers from an efficiency standpoint. It has
reached physical efficiencies as high as 47%, where physical

efficiency is defined as:

n =t (1.1)

where:

wm - Laser output power

w; - Power supplied to the electric discharge
{Bhuamik,1970]. Unfortunately, a principle drawback to CO
laser development, is that in order to achieve both high

powers and efficiency, cryogenic cooling is needed (18].
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" Overall system -efficiency defined as:

L/
o™ zed . 1.2
a Wp*Wegre* Weool ' (2-2)

wvhere:
W.ire ™ Power rcquix_-cd for circulating the laser gases

c
W, ® Power required for cooling active medium

Ngge is, therefore,much lower than n, ., primarily due to the
W term. However, compared to the efficiency of other lasers
for industrial uses, most notably the CO, laser, the overall
efficiency is almost the same [19].

‘ Another major advantage of the CO laser compared to the
CO, and other laser s‘ources is its high efficiency in the 5§
micron region. This is half the wavelength of the CO, laser.
The advantage of a smaller wavelength is that the laser beam
is capable of better focusing, leading to greater intensities
for the same laser power. For industrial applications, most
notably the metal fabrication industries, the lower wavelength
Aluds to higher absorption. Fiber optic power transmission is
also pouiblq with the S micron wavelength and more than 200
W has been transmitted through chalcogenide glass fibers [20].
This is an advantage over the CO, laser since fiber optics

have yet to be developed that are efficient in transmitting 10

4 wavelengths.
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Use in Kinetics and. Spectroscopy

Despite the disadvantage of having to cryogenically cool

-.the CO laser, the CO laser has been used with much success in

the area of kin;tics of vibrational distributions and rate
constants for vibrational energy transfer (1]. The various
diagnostic techniques which are used for this purpose are
almost exclusively based on spectroscopy such as probe laser
techniques, light scattering techniques and CARS. As much as
the CO laser has proved to be successful it has an obvious
weakness: the spectrum is discrete so it can only probe the
same molecule or the transitions of another molecule that have
good coincidence with one of the CO lines [21].

An ideal spectroscopic source would be tunable with good
power. High pressure CO, waveguide lasers have been developed
that are tunable but the range of tunability is limited to the
10 um region [22,23). No tunable CO lasers have been built to
date but much work has been done at the Institut fir
Angewdndte Physik in Bonn for building a "stepwise-tunable" CO
iasor {23]. Recently this group has achieved cw-laser emission
from a liquid nitrogen (LN,) cooled CO plasma on the overtone
band av=2. This further increases the spectral range of the CO
laser since this group achieved 150 rotational lines ranging
from 2.86 to 4.07 4's. Unfortunately, maximum single line
power was SO mW [24].

As mentioned earlier the CO laser has been utilized in

experiments involving vibrational energy transfer among small
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polyatomic and diatomic wmolecules. - Current: -fésearch at the.

Molecular Energy. Transfer Laboratory - at OSU involves

vibrat;.onal energy transfer and vibrational-to-electronic mode

energy transfer 15 CO and NO when a CO laser is used to excite
the wmolecular vibrational mode by resonant transfer of
radiative energy to the molecule. Our experiments employ an
absorption cell where a mixture of gaseous CO or NO in a
diluent gas absorbs energy from a CO laser (25).

The CO 1laser has been used to achieve population
inversions in pure solid a-form CO at low temperatures (20-35
K) . Legay~-Sommaire and Legay using a conventional electric-
discharge liquid-nitrogen-cooled CO-N,~He laser with a 3 m
discharge length have observed strong vibrational inversions
up to level v=23 in isotopic c'o, 3¢ and ¥c'0 molecules
[(26]. In their experiment 50 mW on the laser line v=1-0 P(11)
or .P(lo) was used to pump '2C%0 molecules to the v=1 level and
this vibrational energy was then subsequently transferred to
the heavier 3¢%p, 2c'0 and "c¢"%0 isotopic molecules. One of
' the major problems they encountered was trying to grow a
single a crystal without any cracks. Chang and Ewing have
overcome this problem by using a different cystal growing
method and have obtained population inversions in isotopically
enriched samples on a NaCl(100) substrate up to level v=30
with a Q-switched laser similar to that of the Legays except
operating single line on the v=3-2 P(12) with 300 uJ pulse’
at S0 Hz [27). In their experiments a~CO single-crystal slabs
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‘Wwere grown by npitaxialiyudnpositing-gasé&hélc6 on the (100)'

face of the NaCl single crystal. The success of the method was
attributed to thﬁ identical crystal structure on the a-co.and
NaCl and clcs; matchup of the latticé constants. The role of
the substrate during the energy-transfer process was explored
by monitoring the vibrational population distribution and
relaxation lifetime as functions of the number of overlayers
on the substrate surface. Results indicated that vibrational
motions of the absorbed CO are poorly coupled to the NacCl(100)
surface.

Ewing has also investigated collisional up-pumping of
isotopic €O in liquid Ar (28). A cw laser operating on the
Vv=1-0 and v=2-1 transitions was used to pump the CO in the
liquid Ar to the v=1 level. Redistribution by collisional up-
pumping to higher vibrational levels resulted and levels to
v=20 were detected. For some particular co concentration[
translational temperature, and lasing conditions the

population of the vibrational level was inverted. The CO laser

"developed in the present research could be adapted for these

liquid phase and surface experiments.

W&Mﬂﬂ

Motivation for building a new CO laser is that the CO

‘laser that was originally being used was incapable of

producing high power on the v=8-7 P(11), A=5214 nm line or on

other transitions that had good absorption by NO, see Table 7.1
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[30;31}.--The-prihbiple objective-for a,neﬁ~1aser vouldﬂbe

high power on a transition that had good resgnanCe absorption
by NO.

Other requirements of a neﬁ' co l;ser are that low
vibrational band components, down to at least the v=2-1
transition, lase cw. This transition is needed in order to
optically pump gaseous CO in an absorption cell. Other higher
vibrational transitions such as the v=3-2 can be used to pump
gaseous CO but this requires higher power for the same gas
conditions {32). The CO laser built by Mehmetli was excellent
in this regard because it was able to lase on the v=1-0 with
at least 70 mW Q-switched (33,34]. This laser was used by our
group for many experiments and it would be convenient for
operational purposes if another laser could be built that was
also able to give good power on the lower transitions (25,25].

Another important requirement of a new laser is for it to
be stable in cw operation on a single line. The new laser

would have to be operable for hours at a time and be as

‘;ncxp.nsivo as possible to run, as well as being capable of

easy, minimum, maintenance.

With these design objectives, a fast-axial-flow electric
discharge arrangement was chosen. The reasons for choosing
this type of setup are:

1) Higher pover can be achigved yet the new design can remain
very close to that of Mehmetli's CO laser. The idea was to

improve upon the basic design since we knew it worked on the
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v=1-0 transition.

2) With a fast-axial-flow design much time and cost could also
be saved by not having to design for a laser where the active
medium was entirely cooied throhqh tﬁe wall of the discharge
tube. -

3) With the same layout the same optic holders could be used.
The layout allows for the laser beam to be mechanically
chopped, both intracavity for Q-switching, and after the
output coupler for time resolved experiments.

The basic laser discharge and cooling system of
Mehmetli's is shown in Figure 7.1. Many new ideas for cooling
and design of the laser discharge tube vere discusscd.(see the
Recommendations and Discussion section for a new cooling tube
arrangement). Much excellent work has been done in this area
by Grigor'yan and his colleagues; and perhaps, if the time and
funding had permitted, we would have opted to try such a
design [36).

Section 7.2 will discuss the design of the new
' laser. It will also discuss the type of the optical resonator
and other important details critical to the performance of the
laser.

For the reader who is only interested in the performance
of the laser, Section 7.3 discusses operation of the laser in
the broad-band mode and single line mode. All gas conditions
and other data on performance are included in this chapter. It

contains most of the tables and figures pertaining to lasing
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conditions such as -spectral laser scans and mbde. shape
patterns.

Section 7.4 contains observations on running the laser
and discusses how to tune the optics. This chapter need not be
read in detail by those not interested in operating the laser.

Section 7.5 is a brief summary of the laser being used to
pump NO. The thesis concludes with Chapter VI which qives an
overall report on the laser's performance and discusses
improvements to the existing setup and construction of a new

laser tube.
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7.2. DESIGN AND DESCRIPTION OF FAST-AXIAL-FLOW

ELECTRIC DISCHARGE CO LASER

General Description

A CO Electric Discharge Laser (EDL) utilizes a glow
disébarge to achieve lasing in a flowing gas medium. The
active medium is a He:CO:N,:0, mixture. The typical laser is
made of cylindrical glass tubing; a meter or so in length and
a few cm in diameter. The gas mixture is éassed throagh the
tube and velocities can be several meters per second. In this
chapter a specific design is discussed along with the actual

construction.

Laser Layout

For the new design a liquid-nitrogen-filled stainless
.steel trough surrounds the laser discharge tube. Laser gases,
bcfort entering the discharge tube, are precooled by coiled
pre-cooling tubes which are also immersed in the trough. (The
laser tube was designed for 400 watt cw output, which could be
attained for higher gas flow rates than used here.) The laser
is a 2 arm discharce with two entrances for incoming gas with

a single exhaust. Figs. 7.2 and 7.3 show the laser's basic,
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layout.

‘Cooling tubes

. The design of the cooling tubes depends on maximum mass
flow rate. Many papers on Fast-Axial-Flow/Forced-Convective-
Flow CO lasers were reviewed. The objective was to identify
designs and flow rates that gave good power on transitions
that had good absorption by NO, especially the v=8-7 P(1l1),
A=5214 nm line (37]. Kan and Whitney's mass flow rates were
chosen since their reported performance showed good power on
the v=8-+7 transitions, see Table 7.2 Best performance of their
LN, laser was reported at 400 W with a 35% output coupler.
The mass f.low" rate was 2 g/sec with a He:CO:N, molar ratio of
950:36:14. Their laser tube was 1 m long with a 2.5 cm
diapeter bore. This mass flow rate was used to compute the
number of coils required to cool the gas to =78 K. The
calculations for the dimensions of the cooling tube are

contained in Appendix B.

Lassx Discharge Tube

There was insufficient time to do a finite element
analysis of the laser tube and best guesses or material
availability was the rationale for some of the specification
‘of this laser discharge tube. For the laser wall thickness,
1.5 mm was chosen because it was readily available. The

overall dimensions of the laser tube were chosen as 19 mm for
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Table 7.2: Kan and wWhitney'‘s spectral distribution
) of their laser in the convective and
‘ diffusion modes(Kan and Whitney)
Foreced convective {low Diffuston mode
Vibrational Tronsition Relative Transition  Relative
band normalized normalized
band band
. {ntensity intensity

v-s-4 P(lz) 0'1 o e e o oo
=65 P(12)-P(13 0.8 oo se
o=7-6 PQy-P(113 1 P10-2(18) 0.5

o= 8-7 P(12) Q.5 P(15)-PQ7) 1l
v=9-§ P(ID-P(12) 0.4 P(13)-2(16) 0.9
v=10-9 PQ10)-P(12) 0.2 P(13)-P(15) 0.7
v=11-10 P(10)-P(11) 0.2 P(14) 0.2
v=12-11 P(10) 0.03 P(14)-P(19) 0.3
v=13-12 2(9)-P(11) 0.06 s R
v=14-13 P(9)-P(10) 0.05 .o e
v=15-14 P(9) 0.02 .- .o

4
v
‘ ¢
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'the?viidth.\;os'él‘y-b"e‘causé of velocity requirements. The overall. '

1.8 meter length was chosen by the limit of the glass blower's

. oven size, and our optical bench size, see Figure 7.3 and

;bpendix a.

The injectors were designed so that swirl was introduced
into the cavity. This has been shown to enhance the cooling
at the walls. The design of these injectors, shown in Figure

7.4,1is different from those used in Mehmetli's laser which is
a copy of a design by Martin, see Figure S (38).

The nozzle is actually recessed from the tube and a small
diffuser type of arrangement is used immediately after a
capillary tube which is acting as the nozzle. This square
edged nozzle makes calculations easy and the diameter
tolerance of this capillary tube is excellent. A 2.0 mm
inside diameter with a toclerance of *.1 mm was used for the
capillary tube/nozzle. This size was chosen because it was the
same diameter as Mehmetli construction although there was
considerable disagreement over what the inside diameter of
this nozzle should be. Again, the idea was not to deviate too
gfutly from a construction that we knew worked on the v=1-0
transition, yet we wanted to improve the design. Pressure
measurements shoved that Martin's orifice was not sonic at the
gas conditions that were typically used. Being sonic at the

. orifice has its benefits in a CO laser construction. First,
over a long period of operation, carbon and impurities from

the discharge are much less likely to diffuse upstream past a
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i‘iano 7.5: Injector used in V=10 lasexr by J.p. Martin
; and later used in Mehmetli's CO laser (Martin)]
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sonic injector and adhere to the cooling walls, decreasing the

heat transfer coefficient. Second, since impurities are less
likely to diffuse upstream under choked conditions they will
not.cloq the nozzle. Thﬁs the same amount of mass flow will
be delivered; thereby, long term gas conditions are assured.
Third, metering of the flow becomes easier because it is
directly proportional to the upstream to downstream pressure
ratio.

The benefits of the current injector design are that (1)
it is easy for the glass blower to change the orifice and (2)
the injector does not stick into the laser discharge area.
Without the injector sticking into the laser cavity a smaller
tube size could be used which is an integral part of the fast-
flow-axial design.

One of the most important details of the current laser
discharge tube is the design of the exhaust. With Mehmetli's
design and similar designs such as those used by Urban's group

in Bonn and those of Martin, the exhaust tube has been of

equal or smaller size than the discharge tube diameter [25].

With the present design the inlet of the exhaust tube where it
joins the discharge tube is twice the cross sectional area of
the bore of the discharge tube. The exhaust tube then tapers
to a 2-inch-round-diameter cross section. This is for two
reasons. First the 2 inch diameter is the same inlet size as
the vacuum pump. The second reason is that as the lasing gas

medium leaves the discharge it is heating up to above room
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" temperature by the combined effects of vibrational relaxation

and heat transfer with the walls, thereby expanding .its
volume. The gas reaches room temperature approximately 4
inches above the LN, level in the trough as no freezing of
water vapor is seen after this point. 1In our experiments with
absorption cells, we noted that even when ganging two vacuum
pumps together the flow is not doubled from the cell exhaust
since the flow rate is determined by the tube size (the
pressure at the pump is constant). Therefore, it is very
important that the gas exhaust construction is not the
parameter which determines the pressure inside the laser
discharge tube.

Ground tapered joints were used on all the fittings.
These seal well, reciuire no o-rings, and can therefore be used
at colder temperatures allowing for closer proximity to the
LN,. The electrodes are Torr-sealed into the male taper.
Part of this male taper for both anodes was a 1/4 in. inlet
for the inner purges, seeFigure 7.6.The inner purge 1/4 in.
tube ends in a kovar seal. Swagelock 1/4 in 90° compression
ﬁttingt are used to join 1/4 in. nylon inlet lines. One
hiddcnv aspect of the design is that inside the 1/4 in.
Swagelock compression elbow a restrictor has been inserted to
boost the pressure in the inlet lines, seeFigure 7.7 This was
done because ve were having problems with the discharge arcing
to ground through these lines. By using the restrictor the

pressure in the lines was increased raising the resistivity to

196

‘e

[




¥ , o NRR sm

0.25 in ROVAR SEAL

. . J
R
FOR INTERNAL.’
. - PURGES
24/40 GROUND SEAL
0.125 in —-i{/‘ I
SEE NOTE
R
.5"1“
v
0.375 in —-¥o~
NOTES- ELECTRODES ARE LOCATED 13 cm
FROM CENTERLINE OF LASER
DISCHARGE TUBE
.. ELECTRODE MATR'L IS STAINLESS
I STEEL
MARE 2 ELECTRODE HOLDERS AS
. : SHOWN AND ONE WITHOUT .25
i KOVAR SEAL

Figure 7.6: Male taper joint construction showing details
of the internal purge and electrode
arrangement
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_ prevent arcing back to ground.

Othexr notes concerning the laser discharge tube are that
the 1':11150~ is inry heavy with 11 meters of cooling tube per
side. The weight of these cooling tubes on the main tube
causes it to be very flexible. Meticulous care in handling
the tube is required. At no time should an arm be left
unsupported, and supports should be (as a minimum) in at least
three places; one near the exhaust and two at each end. The
flexibility of the tube is somewhat advantageous because it
allows for some thermal movement and (if the tube is
constructed with some small offset) straightening of the tube.
The glass blower will have a difficult time keeping the tube
straight after installing the exhaust tube, thus some

flexibility leaves a little leeway for adjustment.

Laser Tube Support System

The support of the laser tube was unlike the earlier

laser design. In the previous design the laser tube was very

‘rigid due to its 2.5-cm diameter and heavy wall thickness and

was supported only at the ends. Due to the small diameter and
wall thickness of the new tube and the weight of the cooling
tubes this method was insufficient. End support alone could
not be relied upon to support the tube. It was decided to
hang the laser tube using stainless steel cables with glass
saddles. The glass saddles were no more than half arcs made

out of capillary tubes. The tube was then supported at three
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points as ssown bv:the location.of the laser discharge tube

trusses in Figure 7.2. As was mentioned, it is important that T
the lasef tube always be supported at léalt by three points.
Three other saddles with support legs were constructed so that
the laser tube prior to hanging would be supported. The
cables were then, in turn, supported by three trusses that
were attﬁched'to the optical table. A very important detail
to the cable/hanging system is that each cable has a spring.
It was reasoned if the trough shifted a small amount etc.,
when filled with LN, the cable could move without putting too
much strain on the tube. Indeed, when the trough was filled
with LN, for the first time, the springs nearly contracted 6
mm (in the first trough arrangement the trough rested on
styrofoam and it was the styrofoam that thermally contracted),
see Figure 2. Spring tension was adjusted so the weight of
one's finger on the laser tube when it is self-supporting is
enough to cause further deflection in the spring. The force

due to buoyancy should also be considered when the laser

‘trough is filled with LN,.

Irough
A stainless steel trough was constructed, see Fiqure 7.2..'

18 Gauge stainless steel was used and bent in the local tin
shop. Removable aluminum reinforcements were used for :-
rigidity and later for supporting the entire trough. This

trough is a weaker part of the design. A more'rigid unit
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would have been préferfed. Ofiéiflﬁlly, the design had the
unit sitting directly on styrofoam insulation which then
rested on the opiical table. This worked well for awhile but
for long term operation thermal cycling of the foam would
cause cracks leading to thermal instabilities. It was then
decided to do a quick fix and the arrangement of supporting
the trough vertically, as shown in Fig.7.2, was chosen. The
ribs that were used for rigidity, 1/4 by 1/2 inch, were then
also used to support the trough. This worked, but the ribs
deflect when the trough is filled to capacity with LN,.
Thicker ribs would certainly fix this problem. The end plates
were sealed by using lead/tin sﬁldering wire; 1~-inch spacing
was used for tﬁe end plate bolts so that a good seal would
take place. It shoula be noted on assembly that a clockwise
then counterclockwise tightening pattern should be used. No
leaks have ever occu:red using this method of sealing and this
type of seal has considerably reduced the cost compared to
prior designs which used indium wire to seal the end
plates. A drain was also provided on the trough for removing
IJH. The drain consisted of a stainless steel braided hose for
cryogenic use and wvas merely raised'higher than the LN, level
during operation. The boil-off from this hose was used for
external purges.

Bellows constructed of brass by Robertshaw were used to
seal the laser discharge tube to ;he end plates. Teflon tape

wrapped around the tube was then squeezed between the bellows
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. CLEARANCE FOR ?
, 10-32 CAPSOCKET

1/8 < 1/8 s BOLT, USE S.S.

- 10-32 BOLTS L
! L )
13/8 -=— 23 mm
MAKE SLOT FOR
—:z3t N PRYING PLATES
ENDSEAL (] ] APART x 2 &
. 1/ 4ol -~ l--.:._/s SYMMETRIC
1/8 -t -

6 X 10-32 THREAD

NOTES - BOLT HOLE PATTERN IS EQUALLY SPACED
ABOUT CENTER
BRASS MATR'L FOR PLATES
ALL DIMENSIONS IN INCHES UNLESS
OTHERWISE NOTED
MAKE TEFLON WASHER FOR ENDSEAL
1 3/8 x1 x 3/16 TH'K
BELLOWS; SERVOMETER CORP.
(201) 785-4360 PART ST-100
MUST BE SOLDERED ACCORDING TO
MANUFACTURES SPECIFICATIONS.
PLATES SHOULD BE CUSTUM BUILT
FOR BELLOW TOLERANCES.

Figure 7.8: Cryogenic bellows end seal for connecting
laser dischs .ge tube to trough
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“end plates to form a leak proof seal, see Figure 7.8.This.was
also a change from indium wire and has performed superbly.

Sealing between the bellows assembly and the end of the trough

. was accomplished by a teflon washer. This assembly performed

flawlessly until the brass bellows developed microstructure
cracks and leaked LN,. Black oil was then sprayed into the
bellows assembly and has since performed well. Cryogenic
bellows were located and ordered but have not been tried.

Further improvements to the laser should use these cryogenic

type bellows.

Electrodes

Type 306 stainless steel was used for the electrode
material with excellent results. (It was felt that nickel
electrodes were unnecessary.) The design we used is a

threaded type as shown in Figure 7.6. When necessary an
occasional cleanup with a piece of crocus paper resulted in
like-new electrodes. The threaded assembly allows for easy
removal; a necessity when cleaning the electrodes so that
cracks would not develop in the torr-seal used to seal the
electrode lead in the glass electrode holder. The electrodes
were torr sealed so that the end of the electrode tips were

located 13 cm from the centerline of the laser discharge tube.
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Pover Supply -

A Universal Voltronics, Model BAL-70-225-0S, high voltage
_ power supply with a saturable reactor current limiter is
currently being used to operate this laser. The unit is
capable of 0-70 kVDC with a 0-225 mADC output current, which
is, of course, of far greater power than needed for the
present requirement. The supply current is divided equally
between the two discharge arms of the laser. Because of the
active medium's negative dynamic resistance, a 500 KkOhm
ballast resistor is in series with each arm {39). The current
is supplied by a cathode on each arm and collected by a common
anode at the gas exhaust. Reported current and voltages in
the tables are the power supply ceadings and the physical
efficiency is calculated from eguation 1.1 which has beeh

simplified to:

d
nphys...___‘.f___ (2.1)

vhere:

\'4 = Supply voltage

I = Supply current

R, = Balllast resistor value for one arm, 500 kOhm

w

-sd ™ Laser output power

All metallic pieces on the laser are grounded, except the

kovar seal with brass compression fittings for the internal
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purges located on the cathode male glass  joint in Figure 7.6;

Plexiglass boxes were constructed to prevent accidental

" contact with these pieces as well as with the wire connections

to the electrode holder.

Qptics

A specially built grating by Zeiss was used in our laser
to maximize performance in the 5200 nm region. A 28x28x10 mm
size grating with a 25x25 mm ruled steel, gold~plated surface
was chosen. Selection of the blaze angle was based on
information supplied by the manufacturer and the article by
Loewen et al [40]). Since the groove density is limited by the
angle at which the first order is reflected (actually it is
limited by the wavelength), a 290 grooves/mm line density was
chosen (See Appendix C). This was a compromise between the
lower cost associated with a smaller size grating and
manufacturing tolerances on the blaze angle. Once the groove
density was selected the blaze angle was chosen as 48.50°.

The grating is mounted in a holder that is a copy of a
miivorsity of Bonn design and mounted to an Oriel 13031
rotation stage with 1.8 arc second sensitivity (25). The
holder allows for tilt in two planes, giving the entire

grating and rotation stage three degrees of angular

adjustnment.
The TEM,, mode was chosen for operation and design of the

resonator. Intracavity irises used between the Brewster
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' windows and the mirrors help promote this mode by atteiiua,i:i,ng .

other modes. The output coupler/grating arrangement is of a
half-symmetric resonator, Figﬁre 7.9. The common hemispherical
arrangement as shown in Figure 7.10was not chosen for the
resonator because; 1) - grating inability to separate
adjacent rotational transitions, and 2) the waist of the bean
must cover a certain distance since the resolving power of
grating is directly proportional to the width of the incoming
bean. For.a 2-meter cavity with a 19-mm bore the grating is
able to separate wavelengths with a difference of
approximately 40 nm, see Appendix D. The P branch vibrational-
rotational transitions that occur in a CO vibrational band
component are roughly spaced by 10 nm. The high angular
sensitivity of the half-symmetric resonator is useful for
rejecting the other close transitions. Other advantages of the
half-symmetric resonator are: 1) the TEM,, mode fills the laser
cavity more than the hemispherical resonator, and 2) the TEM,
mode fills the grating surface. For a 2-m half-symmetric
‘resonator with a 10-m radius of curvature for the output
éduplct and a flat grating, a TEM, waist size of 2.57 mm
occurs at the grating surface, see Appendix E. The width
required to collect 99% of the Gaussian beam can be shown to
be w-W,. The width needed to eliminate diffraction effects
needs to be at least 4.6-W,, where W, is the TEM, beam waist
(41]. With these limits the optics wére selected for the laser

cavity. The optimum curvature for this laser is a 25 mn
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Figure 7.9: Half-symmetric resonator arrangement,
stability diagram and waist size as a
function of the well known g parameters
{Seigman)
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Figure 7.10: Near-hemispherical resonator arrangement,
stability diagram and wvaist size as a
function of the well known g parameters
(Seignan]
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Table 7.3. Parameters for selecting optimum output coupler

E"-"m W, mm |w,, mm gvol Minimum {Comment
tput waist waist /pi/L laser
coupler at at tube
. grating {output ([TEM, dia.,mm
<3.48mm |coupler |mode
<3.69mm {volume
S 0.6 2.016 2.602 1.332 11.96
10 0.8 2.57 2.88 1.856 13.24 |best,.
15 mm
tube
20 0.9 3.156 3.326 2.625 15.29
25 0.92 3.355 3.497 2.934 16.08 {best,
19 mm
tube
30 0.933 3.524 3.643 3.210 16.76 |w,
>3.47¢
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curvature, seeTable 7.3 We 4id not select this radius because
originally the laser was designed for a 15-mm inside diameter
and t':hc 10-n optic had already been ordered for this diangtcr.
This turned out to be fortunate, because great care is needed
in"anqning this system. Our Oriel model 14501 gimbal mount
used for the output coupler is rated at0.0s’ sensitivity and
is barely adequate for this optical arrangement, see Appendix
D.

The typical Littrow configuration, as shown in Figure 11,
was not used for this optical set-up since losses from the
grating were not exactly known until after being manufactured.
Instead, a novel arrangement, as shown inFigure 7.12was used
to reflect back the qratinq's losses from zeroth order. This
arrangement will be referred to as the "semi-Littrow"
reflector or arrangement. The original design of the optics
did not include this setup and it was added only after
experimental measurements indicated that high losses were
occurring in zeroth order. Another Oriel gimbal mount was used
with a 10-m curved silver first surface total reflector for
10.6 p. This mirror, placed 16.5 cm from the center of the
grating, reflected back zeroth order losses. It is assumed
that the losses occurring on zeroth order are due to S
polarization. Although a S and P efficiency curve was not
supplied with the grating, it can be assumed that since the
grating was designed for high reflectivity at 5 u that it

would be similar to Figure 7.13, Therefore, when the semi-
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10° 20°  30° 40° S50° 60° 90°
FIRST ORDER LITTROW DIFFRACTION ANGLE

Typical grating first order efficiency curves
for a 46°04‘ blaze angle echelette grating,
perfectly conducting with 0° between incident
and diffracted beams. Solid curve, S plane;
dashed curve, P plane (Loewen et al)
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Littrow is beinq used the laser beam is no -longer polarized .

and the cavity consists of two resonators; one for the S
polarization and one for the P polarization.

. The output coupler is a ziné selenide with a multi-layer
dielectric coating made by Laser Optics. Reflectivity-
transamitting has been optimized from 4.9 to 5.3 u to give 80%
reflectivity. The percent output was chosen based on the
output couplers used by Kan and Whitney. They reported good
performance with a 35% output coupler as well as a 20% output
coupler. To be conservative a 20% output coupler was chosen
for this laser.

The optics are mounted to a Newport Research Series
10x4x1 ft table. This table is mounted on NN series non-
isolating support legs. To keep the optical table iﬁsulated
from the LNz-filled trough, 1.5-inch-thick styrofoam was used
to build a box around the trough. A 1l/4-inch rubber mat was
placed beneath the trough to keep cold gas from cooling the
table surface. During operation oxygen may freeze out on the
.‘I;rough and drip onto the styrofoam. After many cycles; the
styrofoam cracks and the liquid oxygen drips on the rubber.
For this reason aluminum trays were used to catch the liquid
oxygen. A fan blows room air under the trough and keeps the

trays warm.
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Brevster Windous

CaF, windows placed at a Brewster angle of 35.5° as shown

in Figure 7.14, are used to insure low losses for the s
polarization at 5214 nm. The initial design of the optics did
not take intoc account P polarization but from Figure 7.15 it can
be seen that the losses are not that great.

UV grade CaF, windows were not used because prior
experience has never indicated a need for these more expensive
optics. With the operation of this laser, at the conditions
which will be discussed later, we have noted a degradation due
to UV radiation. For this reason UV grade should be specified
if copying this laser design or for replacements.

Brewster window holders were made of nylon. Double
o-rings were used to seal the nylon Brewster window holder to
the laser discharge tube. A single o-ring is used to seal the
CaF, Brewster window holder. | A flat was machined on the outer
nylon surface to facilitate optical alignment. A machinist's

level against this surface allows for excellent alignment for

'S and P polarization; a requirement for best performance with

the grating. '

Bolts with o-rings are used to retain the CaF, window
when running in the vertical position. A four hole pattern is
shown but oﬁly two are really necessary to keep the CaF,
Brewster window from falling when the pump is turned off.
Four retaining bolts should not be used in case the gas

pressure inside the laser tube should exceed atmospheric

215

e e S e e b G o o




‘y
4

A9PTOU MOPUTM IOJBMBIY g,a98e] 00 QIdVd * ¥1°L aanbta

* @3LON 3SIMYIHLO SSITNN
S3IHONI NI SNOISN3WI@ 1TV
NOTAN-TVIY3IVA -

Y3YNLOVANNYA
0L 9NIGYOODV 11438 0NOHS
38AL J9YVHOISIQ Y03 SONIK-0 :S31ON

GLT A8 V2Ol X¥

— o P oA Sm——
B
. H--wgI™ee 572
v, *. . A ” J r
| % SIAOOED A :
Mu, K INIY-0 .
N
o L
_ O/ 1X 85 | MOONIM LR

Y31SM348 ¥ ONIEO

14

216




E.‘ l i o T e
‘ ' * . T
1 ) i s Lo YT 7o PO B B
t e o ®
&
:L
Fraction transmitted
or reflected )
Rs ,Ts ,Rp ,Tp
. x \\
=
Y
u T
. 0
‘ Legend 0 Brewster Angle 20

Rp=reflection of P plane; line
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P Rs=reflection of S plane; x’s
Ts=transmission of S plane; diamonds

Figure 7.15: Fractional losses from incident S and P
planes, A=5200 nm, on a CaF, window (n,=1,

n,=3.975) as a function of Brewster angle
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conditions.

. Gas Handling and Pressure Measurement
The gas handling system is as shown in Figure 7.16. The

rotometers are listed in Appendix F with calibration curves.

A Leybold Heraeus SV280 vacuum pump rated at 198 cubic
feet per minute is used. A 2-inch butterfly valve modified
with a 2-foot handle is used to throttle the laser exhaust
gases. This valve is difficult to control but very
inexpensive and for one~-time adjustments is very suitable. An
ozone trap and high flow filter was built for the vacuum pump.
Steel wool converts ozone to rust and a Fram 322 filter traps
any fine particles. The box is sealed with a rubber gasket.
Vacuum lines consist of PCV 2«inch schedule 40. Jéints are
PCV plastic and epoxy glued. This worked very well for our
application. Two-inch. couplings were used in the necessary
places. Vibration isolation and flexibility between the glass
tube and PCV was obtained using rubber tubing. This tubing
‘would collapse under vacuum and reinforcing rings were made
and fitted inside. A glass lip on the exhaust prevents
slippage of the rubber tubing from the vacuum. Pressure
measurenents from the laser discharge tuke were taken off the

exhaust tube male connector as shown in Figure 7.17. It is

assumed that the flow is not choked and the pressure as in the

~ exhaust is the same pressure in the discharge tube.
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7.3. OPERATION

Broad-Band Performance

The laser was designed to lase with high power and good
stability on the v=8-7 P(11) transition and to date only a few
hours were spent checking the performance of the laser
operating in a broad-band, or nnltiiine mode. The optical
setup for these runs was with the 10-m radius 80% output
coupler with a flit silver first surface reflector made by II-
VI Corp. The total reflector was optimized for the 10.6-micron
region and was mounted in another Oriel gimbal mount at the
location of the grating shown in Figure 7.12.Unfortunately, at

this time the gas delivery system was not as indicated in

Figure 7.16. The recorded measurements in Tables 7.4 and 7.5 were

inferred from the recorded partial pressures and the measured
CO mass flow rate.

Figure 7.18 shows a spectrum of the output during
operation of the laser at the recorded partial pressures
listed inTable 7.4.The v=2-~1 P(12) transition is seen to be
lasiﬁg even with a high percent output coupler. Total power
was 12.5 watts and it was estimated that at least 0.81 Watt

was on this line. Prior to this lasing the laser was also
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Table 7.4: Broad-band lasing conditions for
0.8 W on the (2-1) P(12) transition

[pate: 10-26-1992 ]

Partial |mass flow rate
Pressure {(10° g/min)
(Torr)
He 2.76 35.0
internal
urge
e 9.00 65.2
i 2.75 143
lco 1.60 2.66
laix 0.01 0.89
tal 9.56 247
JHe:CO:N,:Aixr Molar ratio
729:99:171:1
Discharge Conditions
Icurrent mapc 20
Voltage kVDC 9.5
Laser Power 12.5
|Broad Band W
[Physical 13.9%
EfficiengyL
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Table 7.5 : 92 W Broad-band lasing conditions

[Date: 10-26-1992 ]
s Partial |mass flow rate
Pressure ((10° g/min)
(Torr)
He 4.1S 18.9
internal
urge
He 9.00 75.5
A 2.75 138
lco 1.60 6.61
ir 0.01 0.89
Total - 17.5 239

He:CO:N, molar ratio 751:92:157

Discharge Conditions

[Current maDC 45
vo1t§gg kvDC 18
Laser Power 92
Broad Band W

Physical 30.3%
Efficiency
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Figure 7.18: Typical all line operation of FAFED CO laser
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94 ' checked for high power. No scan was made »fo: the high péwér'

run and the partial pressures and discharge conditions are

* ‘rcport.d in Table 7.5, The measured power was 92 watts at a

| '30.3% physical efficiency. No further runs vere made since we

were operating with a new output coupler and did not want to

damage it from high energy loading without any edge cooling.

A comparison of mass flow rates between this run and the 35%

output coupler-lg/sec power curve of Kan and wWhitney (Figure

7.19) estimates this laser is using 2 orders less mass flow.

This indicates the laser is capable of much higher power since

the 92 watt conditions had the pump considerably throttled and
output was with a 20% rather than higher output coupler.

Single Line Operatjon on the v=8-7 P(11) Transition

Much has been learned by operating this laser on the
v=8-~7 P(11), A=5214 nnm line. Most operational problenms
encountered running the laser can be pinpointed to the optics.
The biggest problem has been amplitude stability on the v=8-7
"P(11) 1line. This instability has been caused by thermal
contraction effects in the optical bench.

The present setup has evolved from a trough that used to
sit directly on 2 inches of styrofoam. With that setup the
trough was vput under pretension by inverted trusses. Even
though the trough was pre-loaded in this manner, once the
trough was filled with LN, it sank approximately 2-3 mm. After |

a week or more it stabilized around 3 mm. At this point in
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Figure 7.19: Vanation of laser power as a function of discharge
current for 2 different mass flow rates of Kan and
Whitney's laser. (i) 2 g/sec, (ii) 1 g/sec with a
35% coupler He:CO:N, molar ratio of 950:36:14
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Figure 7.20: Present external purge arrangement
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time stability was exéellent. 'rh'ei lisc;.x: w;s run for ~atl'.'»:].eas't
3 hours a day with a 18% power deviation. After a month or
more the styrofoam box started developing cracks from contact
with liquid oxygen. Liquid ox&ge’n would condense on the cooled
stainless steel trough walls from air gaps around the
styrofoam box and then drip onto the styrofoam causing the
cracks. This caused the optical table to be thermally
unstable.

The present setup, shown in Fig 7.2, has been evolved to
resolve these problems. With this setup, even though there
are cracks in the styrofoam, the optical table has remained
thermally stable. As was mentioned earlier the supporting ribs
for the trough are also now being used to support it. The ribs
were not designed for this and some deflection occurs. The
level of LN, is maintained during operation at about 3-4 cm
above the electrodes. This level is sufficient for cooling and
keeps the deflection to a minimum.

Other problems have been with power attenuation of the

" laser line by absorption of atmospheric H,0, see Table 7.1.

External purges were made out of plastic for the optical path
between the Brevwster windows and the optics and flushed with
dry N, from a bottled supply. When the room humidity level is
high, the line will not even turn on without these external
purges. Care must be taken that the external purge system does
not put any lload on the optical system when thermally

contracting, thereby causing misalignment. The setup that is
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now being used is sh‘owr.n inll;‘ig\l.r.é 720

The gas and discharge conditions used to optimize power
on the v=8-+7 P(11) transition are listed in Tables 7.6 and 7.7. .
Power has been as high as 8 watts without the semi-Littrow
arrangement and 15 watts with it. Fig. 7.21 shows stabilii:y of
the laser with the semi-Littrow arrangement and without it for
the conditions of Table 7.7 Fig.7.22 is a typical spectrum of
the laser with and without the semi-Littrow for the lasing
conditions of Table 7.6.The lines adjacent to the 5214 1line
v=8-+7 P(11) are from the v=9-8 band and are lasing from zeroth
order due to the high gain. These transitions are not present
when operating without the semi-Littrow reflector. Even though
not shown the scans taken with the semi-Littrow are scanned
over a wide spectral range, from 4.1 to 5.4 u to make sure no
other lines are lasing. Scans taken without the semi-Littrow
are from 5.15 to 5.8 u.

Typical single line mode shapes are shown in Figure 7.23.
These were obtained by holding a paper in the beam for a short
‘time. "'One can see that the modes for good power >6 w are
multimode. To date good power has not been achieved unless it

has been multimode.
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Table 7.6: 15 W Single line lasing conditions
for the (8-7) P(1l) transition

{[Date: 3-29-1993 |
Gas Partial |mass flow rate
Pressure |(10° g/min)
(Torr)
e 4.80 95.7
internal
urge
e . 2.33 51.3
N, 2.22 267.9
CO 0.92 141.7
ir 0.08 11.87
Total 10.35 568

lar ratio

He:CO:N,:Air 689:89:214:8

Discharge Conditions

JCurrent maDC 30
Voltage kVDC 15
Laser Power W 8.5
Single Line Semi-Littrow
15.5

Physical 3.78%
Ffticiency

Semi-Littrow
Single Line 6.89%
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Table 7.7: 10 W Single line lasing conditions
for the (8-7) P(1ll) transition

[Date: 5-16-1993 B
|Gas Partial |mass flow rate
Pressure |(10° g/min)
(Torr)

He 3.92 154

A 2.56 341
lco 1.09 193

tal ?7.57 688

He:CO:N, 518:143:339
molar ratio

Discharge Conditions

urrent mADC 30
Voltage kVDC 15

Laser Power W 6.3

Single Line Semi-Littrow

10.0

Physical 2.80%

fficiency

Semi-Littrow
iqg;e Line 4.44%
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Without Semi-Littrow retarn.
Combination of TEM,, and TEM|,
8.9 Warts, 21 Feb. 1993.

$

With Semi-Littrow return.

Two separate resonators,

S-plane is multimode and P-plane
is in the TEM,,.21 Feb. 1993.

%

With Semi-Littrow return adjusted
to output coupler, 13.8 Watts,
21 Feb 1993.

@y

Without Semi-Littrow return.
“Donut" mode is a combination
of the TEM,, and TEM,,.

7.2 Watts, 14 Feb. 1993.

Figure 7.23: Typical single line mode shapes with and
without semi-~Littrow zeroth order return
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7.4. DAILY OPERATING PROCEDURES

Leak Testing
As with the design of the laser, our lab procedure for

running it has evolved over the course of this development
project. It is essential to check the leak rate of the laser
before running. Satisfactory leak rates for the entire systenm
are <l.4 ¢torr/hr: for the laser tube itself, <1.0
torr/hr.

It was noticed if any leak existed, giving rates higher
than this, the pump down pressure before startup was sensitive .
enough to detect any leaks that would cause poor lasing
performance. If the pump down pressure is not indicating a
good vacuum, helium is added and the discharge is struck
without any cooling. The discharge will appear whitish-purple

in all regions of the 1laser tube if the leak rate is

‘acceptable. If there is any sign of an orange discharge, this

indicates air is getting into the system. For example, if
only the output coupler arm has an orangish discharge from the
cathode to the ocutput coupler electrode, then the leak is from
1) the tapered joint or internal purge on this side, 2) a
combination of this and a leak coming from the output coupler

arm gas inlet, or 3) a combination of 1 and 2 with the
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Brewster window assembly also leaking. The possible leak

locations can be systematically and easily checked by using
rubber stoppers to plug the end of the laser tube and the arm
inlet. Such rubber stoppers can be used even for the 1l/4-inch
kovar soals.. In tlu'n event the leak is coming from the taper
seal it will be evident by examining the tapered joint for a
channel forming in the vacuum grease. Suspect glass joints
made on this tube. These can be examined by spraying liquid
acetone onto the joint. Once the acetone enters the discharge

from this leak a bright beautiful purple discharge will occur.

Laser operation

After the vacuum pump has been turned on and the laser
tube has been checked for leaks the N, is turned on for the
external purges. This keeps frost from forming on windows when
the trough is being filled with LN,. The helium discharge is
left on with a low current setting as the trough is filled.
‘The discharge allows one to see the level of the LN, to
prevent overfilling of the trough.

The N, is added, followed by the CO and finally, the air.
The current is increased as each gas is added to prevent
extinguishing t>e discharge. Usually, if the discharge is
quenched, there isn‘'t any trouble restriking the discharge
with all the gases in the laser tube. The current is usually

set at < 20 mAmps (the voltage should be = 11 kV) for
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alignment of the optics for the v=8-7 P(11) line. It is found
that if the current\voltage conditions exceed the above
values, there is a possibility the line will not lase. This
is caused by too little O, in the active medium. By using an
initially low current setting the CO is being prevented from
dissociating. Once lasing action occurs the O, can be
optimized for higher currents.

The color of the discharge can be used as a diagnostic
since it is an indication of the current\voltage conditions.
The proper color is a dull *CO blue® in the arms and a bright
“orangish-pink" in the internal purge area. If the discharge
does not appear as such the line may not even lase. Iméroper
conditions are a "bluish-white" in the arms and "purplish-
white or "pinkish-white" in the cathode electrode internal
purge area. A discussion og the possible cause for this is

found in Recommendations and Conclusions.

Adiustment of the Laser oOptics

Prior to startup the optics and irises are aligned with
two HeNe lasers. The CaF, vindows are 5 mm thick so they
should be in place vhen aligning the optics and irises to the
bore of the laser tube. The first HeNe laser is set up behiﬁd
the grating and is used as a reference for all the optics.
This HeNe laser is a permanent part of the optical arrangement
and has a cage built around it to protect it from

misalignment. The second HeNe laser is temporarily positioned
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in front of the output coupler.

The grating setup is located on the optical table so that
vhen turned to a position parallel to the axis of the laser
tube the HeNe beam just grazes the face of the grating. The
output coupler mount is also centered using this HeNe bean.

The g;ating is tuned so that when aligned, the different
orders of the HeNe coming from the output coupler are in
alignment with the irises. Orders around the B=50 degree
position (Littrow configuration, see Appendix C and Figure 7.3:2
should be especially well aligned since this is the region for
the first order for A=5124 nm. The output coupler is aligned
by using the HeNe laser located behind the grating. The
reflections should align themselves on top of each other. If
patterns such as those shown in Figure 7.24 are seen, they
indicate that the laser or the mirrors are not exactly
aligned. These are standing wave patterns and are indicative
of a beam coming into a stable resonator at an angle.

A 1/3-m Spex spectrometer is used to detect the laser
‘beam as well as emission from our experimental optical cell.

Figure 7.25 shows the optical path layout. The HeNe is used to
align the optics and to calibrate the Spex spectrometer.

The easiest way to tune the optics for the v=8-7 P(11)
line is to first align the output coupler and grating in
zeroth order. This ensures, when the grating is tuned to the
single line position, at least one of the two output coupler

orientations is well aligned. These two orientations can be
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1. Be Neon laser for alignment of optics and spectromener

2. Zeiss grating, $ micron biszed at 48.5 degroes

3. Fest-Axial-Fow Electric-Discharge OO Laser

4 Coupler 20% T at 52 microns, ZaSe 1.0° Dism. R=10m,
Laser Opdcs P/N 105-10070

S. . Gold first sarface 2.0 Diam., =127 mm

6. Semi-Littrow zeroth onder total refiector, 1.5° Diam. R=10 m,
MaxR coating, Laser Opdcs P/N 105-70060

1 Nomamap,mwamm

8 mmmmmmmw

9. Laser Optics P/N 105-10070, 5% T a2 4.7 microas,
ZoSe 15" Diam. R=flat

10. Ociel first surface sitver mirror, f=200mm P/N 44420

1L.'Spex .34 m spoctrometer, model 340E 4 &2 micron blazed gratings

12. Two mizrors 10 lnvert an image that is borizontal 0 the table to be
pecpondicuiss, Le. parallel with spectromeser catrance siit
Oclel $27S snd 300 mam, PYN 44370 and 44450

13. Same a3 12 excopt £300men is & 1.0 m Oclel PAN 43348

14, JuSb IR dotoctor E&G Jedson model J10D-34204-R10M4-60

Figure 7.25: Laser beam detection and optical cell setup
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- defined as the vertical and horizontal directions based on the

output coupler face's normal vector. If the normal vector is
aligned so that it is parallel with the optical table, it is
the horizontal direction, and if aligned so that it points
straight down the laser tube, ii-: is the vertical direction.
By aligning in the zeroth order, the vertical direction will
be well aligned for the output coupler.

The spectrometer is then set to 5214 nm and the laser
grating is turned until power is detected at this wavelength.
The iris on the output coupler side is then closed down and
the grating is tuned so that maximum power is seen.

Fine alignment of the output coupler and grating is not
as easy with the half-symmetric resonator as with the
hemispherical arrangement. Possible fine misalignments of the
optics after the preliminary HeNe alignment are shown 1in
Fiéure 7.25. With the laser discharge operating, some low cw
power should be observed. The optics are then tuned to

another position. If the power increases compared to the

-initial setting, the procedure is repeated until the power

starts to decrease again and the direction of alignment is
reversed.

When the laser has good power the laser line is scanned.
It should appear as in Figure 7.22.If more than one line is
seen to be lasing, as seen ip Figure 7.27, the grating and
output coupler are not properly aligned. This laser scan

indicates in which direction to rotate the grating to turn off
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Figure 7.26 : Possible arrangements of the half-symmetric
resonator prior to fine tuning

28 March 1993

5214 am
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Figure 7.27 : Laser spectrum of misaligned half-symmetric
resonator
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these other lines.

Once the output coupler and grating have been aligned the

'scni.-Littrow configuration is set up. This setup is not very

precise and takes great care. The alignment procedure is to
first align the horizontal direction (defined previously) of
the semi-Littrow reflector by scttipg the reflector anywhere
on the optical table and reflecting back a second HeNe
alignment l:ser beam. The location of the reflector is then
found by running the laser and marking the position of zeroth
order losses.

Location of semi-Littrow reflector gimbal mount can now
be accomplished by placing it where an iris marks the zeroth
order losses. The difficulty with adjusting the present total
reflector is that it has a 10-m curvature; a flat would be
more effective. With the present total reflector, one can see
as the semi-Littrow is adjusted the power at first is very
high and then drops. There is a direct coupling between the

losses on the grating due to the P-plane and the S-plane

‘polarization. The equilibrium situation is a resonator that is

based on the two 10 m curvature mirrors. It is, therefore, very
difficult to tune this setup and some practice is requirdd. Do
not move the grating once the laser is aiready lasing on the
$214 line. This only misaligns the output coupler/grating
optical resonator and it is better to only tune the semi-

Littrow return.
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Einal Notes and Observations on the Optics

Never try to tune the laser with the irises fully open.

There is a possibility that the laser beam will be skewed with
respect to the laser tube. This has happeneci and results in
burning of the Brewster window holder.

In addition, losses from reflections off the Brewvwster
window caused by the P-plane when lasing with the semi-Littrow
configuration have caused burning of the Brewster window
holder in the locaticn indicated in Figure 7.28, For these
reasons aluminum foil shaped as cylinders has been insertead
into the Brewster window holders to protect the nylon. This
has worked quite well.

As is typical with dielectric-coated 2nSe optics, in
aligning the output coupler with the HeNe there are two
reflections, one off the curved surface and the second off the
flat (outer) surface. This was at first ignored, since the
dielectric coating is supposed to be the surface that is
reflecting in the S-u region. It was proposed that the second
surface was actually reflecting some of incident laser
radiation.

To test this idea, the reflector was put in backwards.
The dielectric coated concave surface would now be seen as a
convex surface by the laser beam, and this would be an
unstable .reéonatcr. The only surface that cbuld lase would be
the flat surface. The laser did lase and the power recorded

almost corresponded to the ratio of the intensities that were
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seen with the HeNe beanm.

Further Comments on Laser Operation

The external purges should never be run on heiiuﬁ. Helium
leaks through the Brewster window o-ring seal and if the
discharge conditions are right, it will arc to ground through
this path.

The lasing conditions that have been listed are the
optimized discharge and gas conditions that we have found. A
more detailed parametric investigation will probably give a
more optimum gas condition for lasing on the v=7-8 P(11) line.

Instead of adding ajir (for the oxygen) pure oxygen was
tried. There was no difference in single 1line lasing
performance. The partial pressure of water vapor in the air
was either insignificant or the water froze out on the cooling
tube wall. The latter is probably more plausible since the
operating mass flow rate conditions are very small compared to

the designed mass flow rate of the cooling tube. The amcunt of

' time the gas remains in the cooling tube is probably enough to

remove all the water.
Sone air is added to the internal purges and this added
air keeps the electrodes very clean. The electrodes have not

required cleaning since doing this. It is important not to add

4

L}

too much air to the gas conditions. Too much air is hard to-*¢

detect from power measurements and a very fine metering valve

is required. Ozone will freeze out on the laser walls,
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especially around the cathodes. Solid<ozoné.in the glass laser
tube can be easily detected, as it is dark purple and readily

visiblg. Ir solid ozone has formed, the laser can still be run

but it is important not to restrike the discharge or turn the

vacuum pump off. Our practice is to always leave the vacuum
pump on until the laser tube has come to room temperature. 1f
this is not done there is a great risk (which our group has

experienced) that when the ozone evaporates it will blow the

laser tube up.

Long Term Laser operation

As was mentioned earlier, color spots on the CaF, windows
have been observed which can only be from UV. When the laser
is running, if the lights are turned off fluoresce can be seen
from the Brewster windows. It is possible that the UV damage
is from long term running.of the laser under the discharge
conditions for lasing on the v=8-7 P(11l) line.

The output coupler has also been checked after lasing

" performance decreased inexplicably. The coating has changed

color in the area of the bore of the discharge indicating
possible degradation in the infrared. This discoloration is
probably due to laser infrared flux damage or perhaps UV..
After iong term usage carbon and other deposits form on
the walls of the laser discharge tube. Cleaning for about 2
hours with approximately S.5 torr of air .and with discharge

conditions- of =10 kVDC and =20 mADC, at room temperature,
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cleans off some of the deposits. Using acetone to clean the
tube works best, however, the optics have to be removed for

this procedure so it is rarely done.
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7.5. SINGLE LINE OPERATION TO PUMP NO-AR GAS MIXTURES

In current experiments being performed by our group,
resonance absorption of the v=8=7 P(11), A=5214 nm transition
is used to vibrationally excite NO in an optical cell with a
flowing gas mixture of NO-Ar. The v=8-7 P(11) line has very
close resonance with the NO line v=0-1 1/2R(12.5) with an
energy displacement of only 6-:10% cm™' from the mean of the NO
A~doublet (split by =.01 cm’!). The laser line lies within the
Doppler width of the lower freguency A-component (43].

| The exi:erimental setup used is shown in Figure 7.25.
Fluorescence, in the infrared and in the ultraviolet, is
detected under steady~-state pumping conditions. From

quantitative analysis of the IR overtone spectrum, av=2 (see

Figure 7.29) the experimental vibrational distribution function

of the ground state up to level v=15 is inferred (see Figure

7.30). I. is shown that the mechanism of vibrational excitation

is anharmonic vibration-vibration pumping and in particular
the higher vibrational levels v28 are populated by near
resonant vibration to vibration exchange processes. A detailed
discu;sion of the pumping process in NO will not be discussed

here, and the reader is referred to references (31,43,44].
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The obsérved~N0 molecules in the électronically excited
A’  and the Bl states are shown in the visible/uv spectrum
of Figure 7.311It is s\ ,Jested that these states are producgd
by both resonant vibrational-electronic energy transfer
processes and in energy pooling rea.tions.

Current experiments that our group are conducting with
NO-Ar gas mixtures are state/time-resolved infrared
measurements. From these measurements we are hoping to infer

the NO V-T and V-V rates for low v's, v<10-15.
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7.6. CONCLUSION AND RECOMMENDATIONS

A Fast-Axial-Flow Electric Discharge CO laser has been \
constructed to lase cw on the wv=8-7 P(11), 4i=5214 nmm
transition. By resonant absorption on this 1line a NO-Ar
mixture has been optically pumped and the vibration
distribution function inferred from the second overtone

emission.

Highest power achieved for the v=8-7 P(11) transition has
been 15.5 watts using a semi-Littrow arrangement to return P-
plane losses from a highly efficient S-plane grating. Physical
efficiency with this single line operation has reached 6.9%
and higher efficiencies can be obtained on stronger

transitions. Compared to other EDL's of this type, which give

'single line power of 1-4 watts/meter on the strongest
transitions, this laser gives more than 10 watts/meter on the
Vg7 P(11) transition [21). Higher powers can probably be
> achieved if an optimized output coupler and different gas
conditions are used.
ve Operation of the laser shows that the single line
stability is at least 8% over a j-hour period and has

excellent short-time cw performance with or without the semi-
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Ligtrow zeroth order return, see Figure 7.21,

A parametric study of lasing performance with different
gas discharge' conditions has not been done. The limited
studies made of opcriting the laser under all 1line cw
conditions indicate that with a low percentage output coupler
the v=1-0 can be made to lase, since the v=2~1 wvas laging with
0.8 W and a 20% output coupler. The laser was also shown to
operate at higher powers and 92 watts all line cw has been
achieved at a 30% physical efficiency, low-gas~flow, high-
throttling condition. It should alsc be mentioned for these
conditions the upper 1limit for the gas velocity in the
discharge tube at 120 K was determined to be not more than 1.3
m/s and more likely 0.35 m/s.This indicates that the laser is
operating in the diffusion mode and represents a significant
gain for this regime. The most likely reason for this
imp;r:ovement is the exhaust design which prevents a choking
condition.

Long term operation has shown that the biggest problem
‘has been with thermal instability. This problem is solved by
prbpcrly insulating the optical table from the laser LN,
trough. Another long term operation problem has been a slow
shift in the optimum operating conditions. Part of this
problem has been from a drop in the air flow due to the
metering valve which has become clogged by dust particles over
a period of time. Symptoms of this problems have been CO

dissociation leading to poor lasing and is seen when the
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discharge turns "whitish® (45,46,47]). Another part
of the problem is the output coupler specifications degrading
with time. This can be best explained by noticing that the
discharge conditions have shifted to higher currents and a
lower voltage, characteristic of the optogalvanic effect [48].
Although small, this can be corrected by a new output coupler.
Suggestions for improving the current laser design are to
change the output coupler curvature and increase to a =35%
output coupler. Table 7.2 indicates that an output coupler,
with a 25 m of curvature for the optical resonator, would fill
the grating more resulting in higher resolving power, and the
mode volume would increase by 36%. In such an output
coupler, the substrate should also be biconcave because the
beam is diverging at the output coupler with the half-symetric
resonator. This optic would reguire higher precision gimbal
mounts than those currently being used. The "semi-Littrow"
arrangement can also be improved by using a flat total
reflector and either a true Littrow setup (Figure 7.1l1)o0r a
;cni-hittrow arrangement with a better gimbal mount. Current
oﬁtical alignment uses no active feedback which is probably
not needed since stability has been good without it. The
Brewster angle which is set for no losses on the S-plane
should be changed to 90 degrees. Fig. 7.15 shows that at 35.5
degrees overall efficiency is less for both S and P-plane than

at 90 degrees, therefore, for the semi-Littrow configuration
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which uses b_oth S and P-plane a Brevwster angle of 90 degrees
would be better.

An alternative design for the laser tube is shown in
Figure 7.32.The double jacket and cooling tube arrangement
would allow for uniform thermal expansion. With this type of
cooling, for the gases, the laser would not be as heavy and
would require less support than the present design. Sonic
injectors should also be used. Even more importantly, the
vacuum arrangement would eliminate all thermal instabilities
experienced with the optical table.

The last recommendation is a different gas handling
system. Mass flow controllers are rather expens'ive and not
really needed for one time adjustments. The present setup has
good adjustability, but is still too sensitive to regulator
pressure. Critical flow orificing should be used instead, such
as the type produced by Host Systems. This type includes pre-
manufactured vacuum tested mixing manifolds and the orifices
are actually calibrated valves which can be changed depending
' on the size of flow and allow for controlled gas flow rate
adjustment. This would save a lot of time in setting up the
laser and would give accurate and repeatable mass flow rates.
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) APPENDIX A
SIZING OF VACUUM PUMP AND LASER DISCHARGE TUBE DIAMETER

The sizing of the vacuum pump and the discharge tube
diameter are based on the mass flow rates reported by Kan
and whitney. The largest pump available to the program is
rated at 198 ft’/min (5.61 m'/min). The calculations use
this as the limiting volumetric flow rate.

From Kan and Whitney:

Reported gas mixture ratio of He:CO:N,=950:36:14.
Bore diameter of laser discharge tube=2.Scm.
Mean flow rate 120 m/sec in each arm (2 arm discharge) at a

mass flow rate of 2 g/sec and 27 Torr (3.93.7 Pa).

MWA = Molecular weight average g/mole

V = Volumetric flow rate, m’/sec
P = Pressure, Pa
R = Ideal gas constant, 8.314 N*m/mole/K
T = Temperature, K
o 2 = moles/sec
m = mass flow rate g/sec:
MWA=.95 X 475—(He)+.05 x 28—E~(CO or Nz)=5.2-L- (A.1)
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2 .
v = 2ame120 )= ) )= 1178 (a.2)

80: : .
R n = = = 384 mole/sec (A.3)

and from ideal q}as law:

PV=nRT (A.4)
(3599.7 Pa)(.1178 £2) = (.384828)(8.314-1=)T

T= 132 K; this seems reasonable for the discharge gas
temperature. Now assume that the gas relaxes to 270 K and
using ideal gas law V at the pump will be .239 m’/sec(=507.4
ft/min) .

This volumetric flow rate can be decreased by going to
a smaller tube diameter. The discharge tube diameter
required for the same mass flow rate for a 198 ft’/min pump

will be:

bore diameter =25 mm (mn’ ) =15.6 mm (A.9)

The closest standard tubing size to this value is 15-mm
tubing. This tubing size was unavailable at the time of
construction and 19-mm tubing was substituted. Ideally, ai1s-
mm bore diameter should be used because the optics were °,
chosen so that the TEM,, fills the laser volume,see Appendix
E, and this would have given a higher mass flow rate. >

With this size diameter and using the ideal gas equation,

with an assumed temperature of 130 X, the mass flow rate for
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n the

the 198 ft’ would be 1.6 g/sec. This value falls betwee

two curves of Figure 2.31and this laser should be able to

deliver at least 250 watts.
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Y, _ APPENDIX B,
DESIGN OF LASER DISCHARGE COOLING TUBES

The design of the laser discharge cooling tubes are
based off Kan and Whitney's best lasing conditions. The
relevant data has already been listed in Appendix A but will
be repeated here. The calculation will only be an estimate
of the tube length neccessary for adaquete cooling.

All data for this heat transfer calculation is taken
from reference {49). Assuming a constant temperature surface
condition at the cooling wall the tube length can be found

from:

Te~Taolx) } _ PL
o(52e) {2

Te = liquid nitrogen temperature 77 K

where:

T, .(X) = mean temperature at exit, taken as 78 K
T..; = mean temperature at the entrance, 300 K
P = gurface perimeter; pi*diameter for a round cooling tube
P (tube diameter that will be used is 0.005 meters i.d. and
. 0.007 o0.4.)
c, = specific heat, taken for this case as an ideal gas

from Appendix ‘A the molar ratio of the gases in the

discharge tube are He:CO:N,= 0.95:0.036:0.014 therefore;
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o= [95(2)+05(3)Jenatize =128ty (8.2) .

or from equation A.1
] 5
= mexle =248
m = mass flow rate, taken as 2 g/sec
x = length of cooling tube

U = overall heat transfer coefficient defined as:

U — e (B.3)

wherc-

h, = inner heat trans.er coefficient; from gases to cooling

tube

h, = outer heat transfer coefficient; from cooling tube to
the liquid nitrogen. This is a very complicated term to
calculate and has been estimated to be approxiamately
. 500 W/ (m*K) (This about the value for water on glass).

r, inner tube radius,0.0025m

r, = outer tube radius,0.0035m

k,‘s conductivity of pyrex glass, 1.4 W/ (m*K)

These parameter for U are determined at the log mean
temperature defined as:

AT.‘T" »

AT.=-(%) (B.4)

where:
AT,, = log mean temperature= -41 degrees K.
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Temperature for evaluating gas properties will be about 120

K

AT =Ta~Ta,=T71~78=~-1K
AT =Ta-Tuy=77-300=-223 K

The inner heat transfer coefficient h; can be determined

from the Nussult number given by:

()(re-ioen)er v

= .5
|+xz.1(m)m(n”-n) k (8-3)

Nl.ln=

where:

ID = inside diameter of tube (as given above, 0.005 m)

k = thermal conductivity of gas

valid for Prandtl numbers between 0.5<Pr<2000 anc Reyrold
numbers between 2300<Re<5*10°.

f is the friction factor obtained either from a Moody

diagram or for smooth tubes from the equation:
f=(791nRep-1.64)2 (B.6)

The reynolds number is determined from:

Reps;-‘;.;'-'; (B.7)

where:

M = dynamic viscosity taken for heliuxix since it comprises
most of the mix, (at 120 K 106*107’N*s/m’)
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the other properties of the gases were estimated to-be:

Pr = 0.685
k =78.3*10" W/ /m*K)

Re, is found to be 48000 from equation B.7 for 2 g/sec
and f is, therefore, 21.2*10” from equati~a B.6. Ny, ,
equation B.S, is thus found to be 99.6 and h; is then
estimated to be 1,560 W/ (m*K).

Returning to equation B.3, U, the overall heat transfer

coefficient is approximately 375 wW/(m*K). The 1length of

cooling tube necessary to cool 2 g/sec can now be determined -

from equation B.l1 and is about S meters. This length is only
a rough estimate and should not be ;onsidered as the upper
limit. The length.should be at least multiplied by 2 for

a conservative design estimate, especially since Y (1)
equation B.S is at best 10% accurate, (2) the gas conditions
could be different, i.e. a different gas molar ratio causing
the specific heat to increase, and (3) the constant surface
':qmpcrature condition may not be actually true. The length

used in this tube was thus taken as 11 meters.
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APPENDIX C
GRATING SELECTION

The grating was selected so that first order reflection
would be very efficient at 5214 nm. The number of rulings
determines the angle of reflection according to the grating

equation, see Figure 7.33.

m) = a(sin a + sin B) (C.1)
where:
a = angle of incident rays with respect to a normal to the
grating.

B = angle of diffraction with respect to normal. The plus
sign signifies that P is on the same side of the normal
as & while the minus sign signifies that b is on the
opposite P side of the normal.

a = grating constant or distance between successive grooves.

m = the diffracted order, usually a small integer.

>
i

diffracted wavelength.

In the special but common case, when a=f (Littrow
configuration), the grating equation simplifies to:

mA =2asinf (C.2)

_ -‘The resolving power of a grating is directly proportional to

the number of grooves. Unfortunately, this causes the first
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order to occur at a larger angle of reflection, thereby
requiring a larger ruled surface. The other major drawback
is that as the angle of reflection increases so too must the
blaze angle in order to have high efficiency in first order.
The 1limits of manufacturing thereby determine the groove
density since large Dblaze angles are difficult to
manufacture. Based on information supplied by the
manufacturer, a 48.5 degree blaze angle was chosen. The
ruling was 290 grooves/mm so that from equation C.2 5214 nm
would occur at 49.11 degrees. The required ruled surface was
then based on this angle and the waist of the TEM,, mode,

see Appendix E. The required ruled surface could therefore

be selected as 25x25 mm.
In changing the bore of the laser tube from 15 mm tc

19 mm, Appendix A, the size of the grating and the output
curvature were not changed. If a new output ccupler :s

selected to optimize the volume, Appendix E, & new widsr

' grating would have to be selected.
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APPENDIX D
liESOLVING CO ROVIBRATIONAL TRANSITIONS WITH THE GRATING

It is of great importance that the optical cavity be
able to line select CO rovibrational transitions if the
laser is to operate ;n the single line mode. The usual
method of line selection is to use a grating that has the
proper groove density and is operating in a specific order.
The resolving power of a grating can be found by the

equation:

z’;—=mn (D.1)

where £§ is the resolving power, m is the order, and n is

the number of lines (groove density) of the grating. AA is

based on the Rayleigh criterion shown in Fig.7.34.The peak

of one wavelength occurs at the minimum of the other line.

It should also be pointed out that the a2 is the number of
lincs as seen by the incident beam on the grating. For this
reason it is very important, for resolving transitions, that
the mode waist be as large as possible in the resonator
design, Appendix E.

By using a cavity length that is long enough to. allow

for enough seperation between two different transitions,
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single line operation of a laser can be achieved. >
Due to the grating and the resonator cavity length
(which is constrained by our optical table) line resolution ,
in this laser optical design is limited. To alleviate this
pitfall the bore of the laser tube is used to aperature
other transitions and the resonator design is chosen to
‘reject* other possible close transitions. The optical

resonator design, Appendix E, allows for some "line-tuning"

by being optically unstable on close transitions. Close
transitions will be somewhat skewed to the °®true* optical
axis and since the optical resonator is very sensitive to
alignment these other close lines will not be optically
favorable. Based on a 19-~mm boré an estimate can be made of
what possible wavelengths could lase:
B-ucm(%):Sdcgmcs (D.2)
where B is same as as defined in equation C.1. By using
equation C.2 S214 nm occurs at 49.11 degrees and at 49.61
Jdegrees will be 5253 nm. From equation D.l, and Table7.3for

the waist size n=1139 lines (=2.57 mm *{1/cos(49.11)]1*290
rulings/mm), n=l, Al=4.6 nm. Thus the grating is able to

distinguish between two incident beams that have a 3.5-nm.

L
4

wavelength difference. The CO transitions are 1listed in

Table 7.8. It is important that no other CO P transition
within #4.6 nm have good gain when operating on the 5214 nm » -

line, since this line will also lase.
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Fortunatly, transitions that are close to the s5214-nm
line are completely unfavorable for the higher power lasing
conditions suitablé for the S214-nm line and thus operation
is assured to be single line with this grating. -

It was mentioned that the optical resorator design is
used for “‘rejection® of other lines that could be lasing.
An estimate of the optical resonator misalignment can be
used to find the *rejection® qualities of the half-symmetric
resonator. From experience with the optics and experimental
observations for this cavity, the lasing could be turned off
if the output coupler was rotated by 0.08 degree (rotation
perpendicular to table). This would be the same as rotating

the grating by 0.08 degree which corresponds to lasing on

another line that is at most 6 nm from the 5214-nm line.

Figuré 7.34 : Illustration of the Rayleigh criterion (Feynam)
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4 . ' APPENDIX E
' . LASER OPTICAL RESONATOR DESIGN

Design Criteria:

1) A half-symmetric résonator is selected for the resonator
design for two reasons. The first reason is that the
waist of the beam will be rather large at the grating.
This is neccessary so that the resolving power of the
grating is maximized. Because of this, a hiz:mispherical
resonator design can not be used. The s~cond reason is
that the grating is not quite capable of resolving
adjacent rotational transitions for this particular laser
tube length, and thus the instability of this resonator
design can be used to advantage for "rejecting®” adjacent
rovibrational transitions.

2) The laser bore was 1initially designed for a 15-mm
diameter and later changed to 19 mm. The grating width
was selected for the orginal 15-mm tube. The output
coupler should, therefore be designed to the grating width

and not the new laser tube diameter.

3) Optics to be used should fit the existing gimbal mounts

e which are designed for 1" optics.

4) The mode used for calculations is the TEM,. This should |
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also fill the volume of the laser tube as much as

possible. The dimensions of the cavity are a length of

.2.0 meters and bore size of 15 or 19 mm.

Calculations:

Following Siegmann [41), we define the g parameters:
g,=1-L/R, (E.1)
g=g,=1-L/R, (E.2)

Where:

L = resonator length

R, = grating curvature

R, = output mirror curvature

Letting R;, the grating curvature, be  infinity; and .letting

L=2.0 m, g;,=1. The waists at the output coupler and the

grating will therefore be [41]:

wi=wiz=2 ’l—'_; at the grating (E.3)
wiz=£ T At the output coupler (E.4)

It can be shown that for a Gaussian beam that 99% of
" the beam is within ®w, and to eliminate diffraction effects
apertures should be at least 4.6w,. The curvature of the
output coupler is then limited by the tube diameter for the

15-mm laser tube and by the grating width for the 19-mm °,
laser tube since:

(25 mm)cos(50)=16 mm . . 5.
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k as seen by the mode when operating at the 5124 nm line.The
limit on w, is 3.695 mm and w, is 3.4:78 for the 19 mm tube
and the 15 mm tube respectively.

The volume of the Gaussian beam (gvol) can be

approximated by:
(1)
gvol L2\ 2 (E.6)
and should also be optimized when selecting the curvature.
Table 7.3 lists the important parameters as a function of
curvature.

Table 7.3 shows that the present design (19 mm tube)
should use a 25-m curvature to optimize the volume and to
take advantage of the the resolving power of the grating.

For the 15-mm tube the radius of curvature is optimized at

10 m.
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8. ENERGY TRANSFER IN CO/0CS MIXTURES:

The Possibility of c.w. Lasinq'

“This chapter adapted from O. Shulz,

On the Possibility of Creating

c.w. Lasing in the Carbonyl Sulfide Molecule , M.S. Thesis, Chemical

Physics Program, OSU (1992)
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8.1. LASING WITH THE CARBONYL SULFIDE MOLECULE
A) The carbonyl sulfide mofecule
The carbonyl sulfide molecule (OCS) is a linear triatomic molecule. It has been
investigated widely and its energy levels and other properties are well known / Maki &
Wells 91 /. There are three different modes of vibrational excitation. The vibration

L 43 e

o [ S
2 I ¢
§ c s
% a < s

Fig. 8.1. The normal modes of OCS. Directioas and length of arows
indicate relative motions of the auclei for the three different vibrations.
v is degeacaated, a vibration of the same frequency perpendicular to
the page is also possible. /Townes & Schawlow 55/

corresponding to the symmetric stretch of the oxygen and sulfur atom has an energy of
v,=859.0 cm*, its quantum number will be called n,. The bending mode which is
doubly degencrate carresponds o an energy of vy = 520.4cm™' . The bending quantum

number is named n,. Thereis the possibility of an angular momentum associated with

the bending mode if two bending vibrations perpendicular to each other are excited




simultaneously. Its rotational quantum number I can assume the values oy, 0y-2,..., 1 01 Q,

.....

depending on n,. 1 is for 0dd, 0 for even n, / Kneubuchl & Sigrist 89/. The asymmetric
stretch mode occurs at an energy of vy= 2062.2 cm'™. o, will be used to describe its
quantom number. A schematic of the vibrations is givea in figure 1/ Townes &

3001

o} -3

wogt~1.

"
9

Fig. 8.2. -Vibrational Ievels in OCS. Lines indicate passible interactions
between nearby levels. / Townes & Schawlow S5 /

Schawlow 35 /.

Fig. 8.2 shows the different energy levels /Townes & Schawlow 55 /. In this work the

vibrational exitation of a linear triatomic molecule will thus be described by the set of

numbers (0, n,'n,).

The energy for a linear triatomic molecule in a 'Z electronic state is given by:

i—.\-‘
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E=X(G.,+B.,JU+1)-D,UU+)-LR+H,[JJ+1)-FP+..)  (L1)

DN /Maki & Wells 91/
The sum extends over the different vibrational levels v, G, is the band ceater, B,, D,
and H, are the rotational constants which depend on the state. J is the rotational quanwm
number for rotation about an axis perpendicular to the molecular axis and I the quantum
number associated with the rotation about the molecular axis due to superpositions of
bending modes perpendicular to each other. The constants in formula 1.1 are also given
in the publication by Maki and Wells. The ones that are relevant for this work are

surmmarized in Table 8.1.

Table 8.1. Rovibrational constants (in cm™) for “O"C®S / Maki &Wells 91 /

Vib. G, B, D10 H *10"
State .

(00°0) 0 |0.2028567408(8) {4.34064 (25) -0.329(30)
(01'0) |520.422055(1470 |0.2032098348(21){4.41148(31) -0.260(38)
(10°0) |858.966932(48) 0.2022518316(60)]4.43350(36) 0.045(45)

1 (02°0) |1041.293318(239){0.203559482(89) [4.48328(93) -0.135(80)
(02%) |1047.042048(11) ]0.203480485(12) }4.41964(63) -0.712(73)
(00°1) 12062.241(121)  |.2016415300(477)}4.40980(260) 4.551(470)

o (040) [2084.378 374 2042480319(608)14.5920(296) 0.3

(04%0) |2099.524648(251)] 2040519146(232){4.49489(828) 0.6
2104.827673(87) 1.2039680864(171)|4.30615(970) -32.73(814)
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T usc the carbony! sulfide molecule as a gain medium in a gas laser a populadon ..
inversion has mbeauud.mevuﬂmvibnﬁmalmsmmsmtheOCS that
anbemdfad\upmposelnenmhﬁ.s@hlosbdg&mﬂl The most .
pmuﬁﬁngonemulsﬁnmﬂwﬁnﬂuityofoamm,

Carbon dicxide is used in one of the most powerful gas lasers { Wierman 87, Dax 88/.
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Fig. 8.3. Schematic CO, - N, laser energy transfer
{ Kneubuehl & Sigrist 89/

Oneanamuou the OCS molecule as a CO, molecule where one of the axygen atoms

kz;apheadbyam:mocsm;vibmhadmdemﬁuﬂnmoorﬂﬁs
similarity leads to the idea that OCS could make a laser similar 10 the CO, laser. -

'IhisproposeddCS laser would be very useful because there is a lack of fixed frequency

fasers in the 8.3-micron range.  If this hole is filled, the door would open for o

o
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IMOre EXaCt SPectroscopic measurements in this region. Also the understanding of the

OCS kinefics could bo increased. - - | .

The CO, molecular laser is a gas laser which lases from the (001) state of the asymmetric
stretch mode to the (02°0) state, the twice exited bending vibrational mode (9.6um
band) and to the

first exciteu symmetric stretch state (100) (10.6 micrometer band). However, it should be
mentioned that both the lower laser states mix because they are coupled in a
Fermi-Resonance due to their small separation in energy. A schematic is shown in

Fig. 8.3. In 2 OO, laser the upper laser level is populated by electron impactin a
discharge and by near-resonant energy transfer from vibrationally excited nitrogen. N, is
effective in storing vibrational energy since it surrenders that energy slowly in collisions
and also does not radiate on transitions between vibrational levels of the same electronic
state since it does not have an electric dipole moment . The lower laser levels are
depopulated mainly by collision processes and also by spontaneous radiative decay. CO,
lasers achieve up to 80 kW in the continuous wave mode of operation with a quantum
efficiency of 15 w0 20 % / Kneubuehl & Sigrist 89/.
However, there are differences between the OO, and the OCS, that have to be noted.
First, the Fermi resonance coupling of the (02°0) and (100) levels is not as strong as in
CO,sinccﬂ:isgapislargerd\anin CO,. In CO, this energy difference of the
unpertarbed states is about 7 cm™* (which is split up by the resonance to 102.8 em™ ) /

Witteman 87 / while in OCS the initial gap is already 181.9 cm™ /Maid & Wells 91/.
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More important for the realization of an OCS laser is the fact, that the states (040) , ..
124,2,0, have a close coincidence with the desired apper laser level (001). The band

ceaters formismés&e‘fomﬁ at2104.8, 2099.5 and 20843 cm*, respectively. The Y
(001) level in OCS is centered a2062.2 cm®. So there is a possibillity that the |
asymmetric stretch mode might be depopulated by intramolecular V-V transfer in

collisions with other molecules or atoms in a reaction like:
M+ OCS (001) & M +OCS (04'0) - AE ,1=4,20, (1.2)
in which a collision partner M collides with an OCS in the asymmetric stretch mode

causing it to transfer to one of the beading modes (040). The energy needed for this
transition is a relatively small 41 to 61 cm™ and comes from the kinetic energy of the

collision partners. This V-V transfer alone is associated with a collision number of 170,

while in CO, the total internal V-V transfer from the vs to the 4v3,3v2,Vi+ va,2v; and
v, +2v, modes is described by a collision number of 25000 / Mandich 80-1/. The

collision number gives the average number of collisions necessary to induce a specific
transition. Therefore, this path of depopulation of the upper laser level is 2 o;dérs of
magnitude faster than the comparable one in CO,.

Also it has to be noted that OCS possesses 2 permanent dipole moment of 0.279 ea,/
Iikawa 70 . |
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B)  Observed laser actvity
1. Pulsed laser activity at 8.3 um
In 1966, Thomas Deutsch observed pulsed laser activity az the transition from (001) to

(100) in OCS in different mixtures with other gases / Deutsch 66 /.
The apparatus consisted of a water cooled :32-mm-inner-diameter tube and a resonator
composed of 2 25 m radius gold total reflector and a flat lmm diameter pinhole which

acted as a 1.5 % output coupler; 31 different transitions in that band lased in a pulsed
discharge with pulse leagth of 1 y1s and 70 A peak amplitude in carrent. It was observed
that the outpat increased monotonically with the gas mix sequeace OCS, OCS- N,;, OCS

- He, OCS - CO 2ad OCS - CO - He. The increasing inversion ratio was also indicated
by the presence of R - branch transitions in the last two mixtures. Typical gas mixtures
contained about 0.3 torr OCS and 0.8 to 6.0 torr of He. The current threshold to achieve
8.3-micrometer lasing was 30 A. The partial pressures of the other gases are not given in
the paper. In addition to the OCS laser action, lasing from CO molecules occurred also.
Deutsch fnterprets the OO lasing by the formatioa of vibeationally exited CO doc 1o
decomposidon of OCS. The increase in output by adding OO is explained by near-
resonant V - V transfer from vibrationally exited CO.
Several issues, raised by this paper, still remain unanswered. First, there is the question
regarding the partial pressures of the gases in the lasing mixtures. Then one could
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tavestigate the mixures OCS - N, - He, OCS - CO- N, and OCS - CO - N,-He to e
Wd&eeﬁectoftbemmomadamofmbymmmemlduym
mmmmmmwpa:mmgmmm Alsothm
are Questions remaining conceming the role of He. Why does helium increase the

&+

efficiency? What influence has the temperature on the laser output? To answer these
questions , you need to have some information on the time development of the
laser light for each mixtre. / Deutsch 66 / is an important step towards an OCS
continuous wave laser, without investigating the whole range of possibilities.

In 1975, Kildal and Deutsch / Kildal & Deutsch 75 / investigated two other ways to
excite the OCS 8.3 yum pulsed laser radiation.
First, OO was vibrationally excited by a frequency doubled pulsed CO, TEA laser. The

energy is then stored in the CO molecule and ransferred to OCS * y near resonant V-V
transfer. Lasing occurred with maximum pressures of 115 torr and a maximum

efficiency of 2 %.

The second way of exitation was by direct optical pumping with five different frequency
doubled lines of the CO, 9.6 pm band ( P26), P(28), P(30), P(32) and P(34)). Lasing
occured both near the pumped J values and near the J values corresponding to maximum

thermal population. The maximum pressure and efficiency were 55 torrand 4 % ,

In both cases 200 ns pulses containing up to 26 mJ were used.

These experiments once again demonstrates how important resonant V - V transfer frome &
Q0 10 OCS is for the process of populating the asymmeric stretch mode of OCS and
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also points out the difficulties duetothcclosﬁ resonance of the (001) level to the (04°0$
level. Unfumnamlyminfmﬁonisgimontbegou:poﬁﬁonofﬂxeco-oa
rixture used. Also no experiments have been conducted to investigaté the impact of
other gases such as helium on the performance. Nothing is said about the time
development of the laser pulse.

2. OCS lasing at other wavelengths
In addirion to0 lasing on the 8.3 um band pulsed laser action has been reported in the
bending mode of OCS / Schlossberg & Fetterman 75 /. The (02°0) J=4 state has bec
populated by a pulsed CO, laser operating on the P(22) of the 9.6 um band. Subsequen:
lasing with fairly high power has been observed down to the (010) state of OCS. The
wavelength of the laser transitions were 18.983 um and 19.057 um.

C) Continuous wave lasing at 8.3 um
1. Excitation of the asymmetic stretch level

To achieve lasing it is necessary to create a population inversion. This means that ways

have to be found to populate the higher laser level selectively,i.e., without populating
- the lower laser Jevel or to depopulate the lower level selectively or both. As pointed out
the OCS is supposed to lase from the (001) to the (100) level There are four ways to
v populate the level (001) of OCS. o
- Excitation by electron impact
e The electron impact on OCS has been investigated by Sohn et al. / Sohn 86 /. They
show that the cross section for exitation of the (001) level of OCS reaches its peak at
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clectron energies of 1.15 electror Volts (eV). In this case also the ratio of the cross
sgcﬁonsformewuxiouofthe(OOl)leveltodmfordne(lOO)levdméhesa
maximum. Sohn's results are shown in Table 8.2.

P

Table 8.2. Integral cross sections for ¢ + OCS elastic scattering and
vibrational excitation. All cross sections in 10™¢ cm®. / Sohn 87 /

Energy Total [Elastic Viba- OCS OCS OCS

(cV) “cnal  (100) (001) (010)
04 - 5712 - - - -
06 4605 394 665 - 3 665
115 515 361 15.4 2 38 154
25 17 153 1.7 06 082 1.7

3 209 196 13 04 062 13
35 245 23 1.5 06 063 1.5

- At higher electron energies the cross sections and the ratio decrease. Once again these
results are comparable to the similar results for the CO, laser / Wineman 87 /.

- Excitation by vibration to vibration energy transfer

The asymmetric stretch mode is in close resonance to a numnber of vibrational transidons
in other molecules. So there is the possibility of transferring energy in this mode by near
resonant vibration to vibration V-V energy sransfer. The first candidate for this

mechanism is carbon monoxide in a reaction such as:
OCS (000) + CO (n 2 1) & OCS (001) + CO (n-1) +AE(n) . 1.5)
Probabilities for this reaction have been measured by Handcock and Smith and by M.

A J

Lev- On et al. / Hancock 71, Lev-On 72 /. The number of collisions to transfer a
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. in Table 8.3. ‘muemdts.whxchuedsoconﬁnmd

Table 8.3. Number of collisions required to cause V-V transfer from CO(n)
o OCS, depending on CO vibrational quaatum number a.
afier /Hancock 71, Lev-On 72/

CO (n) Collisions |QO (n) Collisions

77 9 59
9 10 101
7 11 128
7 12 208
11 13 400
27

0 1 O\ U A

by others / Hancock 74 /, show the very fast energy transfer to OCS. The observed
variation with the CO vibrational excitation is due to two factors: the number of
vibrational quanta available and the energy gap. The QO itself can be vibratonally
. exited by electron impact and by V-V transfer from N, which itself is excited by
electron impact / George 90 /. Both molecules reach higher vibrational levels doe to
d Treanor pumping . This effect is favored at low temperatares / Treanor 68 /.

Another possibility is the use of nitrogen. In collisions with vibrationally excited
nitrogen, energy can also be transferred to OCS in the following :reaction:

Nz(n2 1)+ 0CS(000) > Na(n~1)+0CS(001) + AE(n) (1.6)

2an
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collision. This reaction has been observed in the liquid phase / Brueck 78/. Another hint

is that OCS-N, mixtures gave more pulsed laser output than pure OCS / Deutsch 66 /.
- Excitation by optical pumping

With the development of a CO laser operating at low vibrational levels an other
opportunity for pumping the OCS (001) level is given. There is an accidental

coincidence betweea the P,(13) (nomenclature P (J7), quantum numbers for the lower
levels are given) of CO and the R(S) line in the OCS (OQO) =»(001) transition. The
corresponding wavenumbers are 2064.58400(1) cm™ / Schneider 90 / and

2064.58404(13) / Malkd & Wells 91 /, respectively. With the existing cw power of about
100 mW / Saupe 92 / on this CO laserline it might be possible to operate an optically
pumped OCS laser. The optically pumped OCS laser would have the advantage that the
lower laser level would not be populated by a discharge at all. This could simplify the
creation of a population inversion. |

2 Depopulation of the asymmeric stretch level
On the other hand, there are ssveral mechanisms, apart from laser radiation in the 8.3
m band, %o depopulass the asymmetric stretch level of OCS. The spontaneous radiative

Tifetime of this level is 3.1 msec, which can be calculated from the transition moment of
345 Debye / Maki & Wells 91/. Also there are several opportunities for depopulation by
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collisions. Most important is the redistribution of vibrational energy between OCS

molecules with three main types of transfer processes:
oc:s<oo1)+om'(ooo)-»oc>s<odo)+omam+1ss-170cin" a.n
OCS (001) + OCS (000) — OCS (02'0) + OCS (02°0) + AE=41cm”  (1.8)

OCS (001) + M ~ OCS (04°0) + M + AE= 43 cm™ (1.9

M is a collision partner, e.g., OCS, CO or a rare gas. Rates for this processes have
been measured by Hancock et al. / Hancock 74/. Their results are given in Table 8.4.

Table 8.4. Relaxation rates for OCS(001) /Hancock 74, Zitel 88 /

[ Collision process [rate constant Collisions per
(s torr?) deactivation
locs (001) + OCS  |(4.7 +/- 0.6) * 10°

OCS (001) + CO  |(1.05 +/- 0.2)* 10°

OCS (001) + Ar  [(2.6 +/- 0.9)* 10°

3. Population of the symmetric stretch level
The lower laser level will be populated by three different ways. To maintain a
population inversion population of this level should be avoided.
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- Population by laser process. ‘9
-WWWW . o o - .’

The results by Sohn, quoted in Table 8.2, point out that the symmetric stretch level of OCS
is excited by electron impact a- well as the higher asymmetric stetch level. As
mentioned before, one must chose an electron energy that favors the population of the
higher level over that of the lower one. Here 1.15 ¢V would be the appropriate clectron
energy.

-Excitation by internal V-V transfer processes.

The vibrational energy map for OCS by Mandich and Flynn shows that the (100) level of
OCS can be populated by intramolecular energy transfer from the (020) levels / Mandich
80-1 /. From their work a collision number of 560 at 295 K can be calculated for this
process. The (020) levels will be populated because of the mentioned transfer from the
asymmetric stretch mode to the (040) levels. These levels will then relax in subsequentdal

resonant processes such as:
0CS(:m,0) + OCS (0,8.0) — OCSO:mx.0) + OCS U a+x,0) L.10)
The ovenal equilibration of the bending modes is very fast. The rat< “~ranthasbeen "

measured t be k,, .= (800+/-400) * 10° 5" torr'!  Zitte! 88 /. So once one poputates the

[

asymmetric stretch level, one also populates the lower laser level, the symmetric strétch ’
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level, by sabsequent intramolecular loss of vibrational energy. The close resonance of

. the (040) levels with the (001) level consequently has a negative impact on a possible

population inversion in two ways: it depopalates the highes laser level and it populates
the lower laser level. In the successful carbon dioxide laser no such process plays an
important role.

4. Depopulation of the symmetric stretch level
The lower laser level, the symmetric stretch level, will be depopulated by three major
mechanisms.

First there will be relaxation into the rotational and the translational mode (V -T/R
relaxation). The second process is V-V energy transfer to the twice excited bending
mode which is separated by 188 cm™. This process is described by a collision number of
1400 / Mandich 80-1 /. The last process is spontaneous radiative decay. The

corresponding spontaneous lifetime is 1.2 seconds / due to Maki & Wells 91/. The total
decay of the v, state in pure OCS has been observed tobe (*.7 +/- 02 ) 10° s torr™ /
Mandich 80-1 /. Most likely this rate is faster in the presence of lighter gas, at least the

pant of it being associated with a V-T/R process.
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8.2. EXPERIMENTAL SETUP
A)  Schematic Setup

A schematic of the setup is shown inFig. 8.4.The experiments were conducted in 2

« pory 5B

@
NE N0300 N.0C. 4 st 3 mesochromeny

! 'h'-h y happe
O e e P N

soaal reficcwr P P coopler 1aSh /BgQATe
dstoane.
chomrode clocyode
bias circuit
power spply . 1
Fig. 8.4. Schomaticssup chart reconder Yock-iu aemplific:

* glass tobe with a glass jacket 1o provide differont means of cooling. In this glass tobe
v there is an electric discharge which operates in a direct current mode. The glass tube is
sealed by BaF, Brewster windows which are purged. Just inside each purged end region
lhaeis'agasinletmgwmpumpedomofdtembeﬂmughamtamls
shown. The tube is mounted to an optical bench which also holds the resonator optics.
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The resonator is composed of a total reflector and an output coupler and thus is not line ‘v

sclective. Gases entering the tube are mixed ina mixing volume. They can be»
| nwmﬁWﬂowMMbywmsm'Maﬁmmvhgnwmmm be =+’
investigated by means of a monochromator.
B) The Resonator.
The resonator has been calculated to give a relatively large mode volume long length

cavity to obtain a higher gain since one has to expect a small density of molecules in the

upper laser level. The total reflector has a radius of curvature of R =10 m, the output
coupler has a reflectivity of 98 % centered at 8.3 pm and a radius of curvature of R_=
10 m. Consequently the resonator is a symmetric one. The two reflectors are separated

by L=180 cm. One obtains the following resonator parameters, based on / Siegman 76 /:

g.=1- LIR =0.82 @.1)

and simultaneously g =0.82 . The resonator thus fulfills the stability conditon:

0<g.8.51. - (22)

ﬁuummmnmm can thus be calculated to be:
w = ’[M -‘-:a‘_f:‘—;" =2.88 mm ' .3)

)

and with 2 symmetric expression one obtains w, = 2.88 mm. Since the waist inside the
resonator is everywhere inside the cavity smaller than the waist at the mirrors, there is

® »

no imzrferenée with the purges, which were selected to be 16 mm in diameter, at all.
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Both mirrors are mounted to an optical rail supplied by Oriel Co. which is supposed to
beyaystiﬁinenﬂisdfismgedon the optical table by four vibration isolatioa feet.
The table consists ofseeelbarm mdpﬁm.‘lhisefféﬂmuudemvibnﬁouﬂyisoh:o’
the resonator. In order to achieve a better stability of the resonator additional
improvements would be necessary.

The tube is closed by BaF, optical flats w..dch are mounted at the Brewster angle. A

transmission curve for BaF, is given in Fig. 8.5. There are two different thicknesses

available, 3 mm and 6 mm.

BaF, refractive index vs. wavelength
AQm), .0 o AGm) .. a Agm)  a.

026 151" 08 147 800 143
430 150 324 146 860 142
. 036 149 514 145 920 1.41
. 048 148 650 14 980 140
Lo ™. 10.60 138

L

{
/
[

Pk_.AA’

d 2 3432 2 348 7 10 20 304080 76 100
WELENCR( 8¢ LSRN

.Fig. 8.5. OpGeal properties of BaF, /Janos89/

Inside the discharge one has to expect the decompesition of OCS due to the reactions /

. Barker 80/
OCS & CO+S (2.3)
and: 200y & CO,+Cs, 2.4).
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Therefore, one has to expect deposition of sulfur o the walls as observed carlier in
direct current glow discharges / Yamada 87 /. To avoid sulfur deposition on the
windows, they are separated fro the main tube by a 16 mm diameter purge of 10 em .,
length. Helium and nitrogea are used as purge gases. The OCS is added 12 cm down

stream from the helium and nitrogen. The experiments showed tha'tﬂ:ispurges were very

effective. While the main tube was covered with sulfur after a few minutes of discharge

operation, no sulfur deposition ever could be observed in the purged volume.

The location of the decomposition of the carbonyl sulfide was  monitared by the
deposition of sulfur on the walls of the tube because the flow velocity was relatively
small ( about 3.5 my/s). Therefore, the sulfur was deposited in the region where the
decomposit.on of the carbony! sulfide took place. It tured out that at high carbonyl
sulfide partial pressures and high currents most of the depositon occured in the region
directly behind the carbonyl sulfide inlet. The conditions in this case were carbonyl
sulfide partial pressures of about | torr and curreats above 40 mA without any carbon
monoxide added.

In discharges in pure carbonyl sulfide an almost complete decomposition of carbonyl
sul‘ﬁdehellbonmono:ddemdsulfurhas been observed / Clark & De Lucia 80 /. The
suthors of this stady also observed that rotational, translational and vibrational degrees

of freedom reach approximately the same temperature in the discharge, although

different times are needed to achieve this temperature.
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The present experiment differs from a discharge in pure 0Cs by the addition of large
amounts of He and CO. The He has the effect of significantly lowering the translational /
rotational mode temperature by increasing the heat capagity of the gas mixture and by
increasing the heat conduction to the walls, The added OO has the effect of shifting the’ "
equilibrium in equation (2.3), so less deposition of OCS into CO and S takes place. Also
we note that a very small amount of OCS is retained in a large preponderance of CO.
This permits energy to be stored in the QCS / CO vibrational modes without
thermalization from rapid V-T/R relaxation. Thisis similar to the N, storage role in CO, -
N, laser mixture. The observed strong fluorescence from CO vibrational levels of at least
up to v=5 also proves that vibrational temperature in the CO is very much higher than
the translational temperature. Therefore, the conclusions from Clark and De Lucia not
necessarily apply to the discharge under invcsﬁgaﬁon here.

At the conditions used later in the actual experiments (see Section 8.3). The partial pressure
of carbony! sulfide was about 0.01 torr and thus very much smaller than in the case
described above. Also there was carbon monoxide added to about 0.1 torr partial
pressure. Thus the decomposition of carbonyl sulfide was not as rapid as in the case of
higher carbony! partial pressures and lower carbon monoxide partial pressures. This
could be concluded from the observation that the sulfur was deposited more uniformly
on the tube wall. Also, the sulfur was deposited a loc slower in this cases. So there
appears to be carbonyl sulfide in the whole tube and the decrease in carbonyl sulfide

content towards the center of the tube where the exhaust was located seems to be very
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moderate. The windows themselves are mounted on an aylon holder to allow vy

Bt joint fitzing for electrode / purge geses
3 'M‘ .

Jjoint ficting for laser wbe

Jn

\ purge tube

Ly

= O -rdng
O-ring Pyrex lube.

aylon brewsier window holder

Fig. 8.6. Brewster window holder

replacement and cleaning. Fig. 8.6 shows a sketch of the Brewster window setup.

C) Gas Handling System
A sketch of the gas handling system is dispizvec inFig. 8.7.Helium and nicogen are
introduced into the tube through the purges while OCS, N, and CO enter the main tube

just outside the purged areas. The flow is directed towards the center of the tube where

the pump is connected. Pressures are measured at the gas outlet by a mechanical
" Wallance & Tieman pressure gauge, model FA 180. This device allows pressure

measarements with an accuracy of :0.01 torr. ut. The flow of each gas can be regulated
by metering valves and is measured by flowmeters. The gases entering the main tube are |,

mixed in a mixing volume of about 225 ccm.

" AHYVAC 14 pump with a flow rate of 160 Itr / min is used. The flow velocity at 2 ..

typical pressure of 5.00 torr in the laser tube has been measured to be about 3.5 5 .
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-/\[ pressure gauge

i B flow meter

O metering valve

OCS_CO N, He

Fig. 8.7. Gas handling system for OCS laser setup.

D) The discharge

A one arm discharge extending between the purged areas is used to excite the gases. The
electrodes are bullet shaped nickel pieces separated by 140 cm. A BRC ~40-25-OS power
supply by Universal Voltronics Corporation is used. No external ballast resistors are -
nosdsd

There is 3 optimum energy transfer from discharge electrons to the

OCS(001) energy level if these electrons have an average energy of 1.15 ¢V / Sohn 87 /.

With the analogy to the CO, laser this would correspond to an E/N ratio of about 2.5 *
10 V cm? / Witteman 87/. At the pualsed OCS laser by Deutsch { Deutsch 66/, total
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pressures of 1.1 to 6.3 tarr have been used, requiring a voltage of 0.8 t0 4.7 kV in our ‘e

setnp.'l‘thRG-lO-ﬁ-OS opetmindlisuumdupw?okv.

) Cooting. .o
To allow cooling, the glass tube is supplied with an outer jacket of 75 cm diamezer. It
can be filled with a variety of caolants such as water, dry ice or liquid nitrogen. It is
possible to have the coolants flow through this jackets.

F) Radiation detection

To analyze the radiation out of the tube, 2 1/2 m monocromator manufactured by Spex,
model 1870 is used. There are gratings blazed at 4 tm and at § jum available and two
different infrared detectors. To detect the (001) state of OCS a liquid nitrogen cooled

InSb detector by EG&G Judson, model J10D-M204-R01M-60 is used. The actual laser
radiation at 8.3 microns is supposed to be detected by an liquid nitrogen cooled HgCdTe
detector by the same manufacturer, model J15D12-M204-S01M-60. Response curves
and electrical bias circuits for both detectors are given in the Appendix.The signal out of

the detectors is analyzed by a phase-lock amplifier by Stanford Research Systems, model

-SR 510. A mechanical chopper is used to chop the radiation.
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8.3. EXPERIMENTAL RESULTS.

;\) Fluorescence from the upper laser level

1. Procedure
To create 2 population inversion it is necessary to populate the upper laser level. The
first part of this study consequently was to investigate how the different parameters that
could be manipulated influenced this population. These parameters include the
dischugecmnnmeconcenmﬁonofﬁxediﬁ'mtmmdmcmmm
easiest way to obtain information about the asymmetric stretch mode of the OCS is by
monitoring the spontaneous emission to the ground state.
This transition has the strongest transition moment of the OCS transitions given by Maki
and Wells (0.34S Debey / Maki & Wells 91 /, giving a spontaneous lifetime of 3 msec ).
‘The spontaneous lifetimes for the actual laser transition itself is not known but can be
estimated, by the comparison with the OO, molecule, 1 be of the order of seconds. This
transition consequently is a lot weaker, Adding to this is the fact that the infrared
detectors are more sensitive for higher energy photons. Therefore in total the (001) to

(000) transition can be detected a lot better than the (001) to (100) transition.
Nevertheless, this transition overiaps with the lower transitions of the CO Av = 1 band
and can therefore, with our equipment just be detected as a structure underneath the CO
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against the CO background
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parameters two spectra were
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v

were taken observing the fluorescence from the discharge analyzing it with the half-
meter monochromiator and an InSb detector. Typical spectra for the cases with and

without OCS are shown in Figs. 8.8 and s.9.11:euinbodxchamdwinwndtyu4.635_.

4.832 and 4.873 microns corresponding to the CO transitions Ry(3), R,(6) and R,(10),
respectively, was determined. The latter two overlap with the OCS (001) to (000)
transitions. It is assumed that the distribution of intensities among the CO lines does not
significantly change when OCS is added. This might not exactly be true but it gives a
good estimate since the energy transfer rates from the lower three CO vibrational levels,
which are the ones under investigation here, should be in the same order of magnitude.
The harmonic oscillator model / Landau 36 / suggests together with the work of Lev-On
{ Lev-On 72/ that appm#ima:ely 77, 35 and 42 collisions are needed to transfer a
vibrational quantam to OCS from the CO v=1,2,3 level, respectively. At the same time
collisions among CO molecules tend to rapidly redistribute the energy between the
different QO vibrational levels toward a steady state disaibution function. So one can
imagine that the energy lost to the OCS is not lost by single CO vibrational states but by
the QO population a3 a whole. .
“The proceduse was to determine the ratios of the intensities at 4.6345 microns to that
4.832 microns and ¢o that at 4.873 microns in the OCS - free spectrum. In a second step
these ratios and the signal at 4.6345 microns in the OCS-CO spectrum, where there is no
OCS signal, were used to calculate which part of the signal at the two other wavelengths
is due to CO. The rest of that signal has been attributed to 0CS. This procedure
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ceruinly does not give the exact OCS intensities. Nevertheless the possible systematic “
mwwmwmamummumwmmuuy

are more likely to transfer energy to OCS than the reference tansition OO vel —» va0.
However, since all one is interested in is an estimate of the relative population of the

OCS (001) level, this systematic error does not influence the intespretation of the results.
To estimate the amount of the OCS in the (001) level, the average intensity of the two
OCS lines has been divided by the partial pressure of the OCS in the lasertbe. This
value was named R, it can be called the relative population of the (001) level, given in

arbitrary units.
2. .Results
The dependance of the relative populaton of the OCS (001) level on the different
controllsble parameters has been investigated. It turned out that the optimum values
found for each parameter were reproducible if the other parameters were varied within a
reasonable range. In the following section the results of this investigation are presented.
a) Carbonyl sulfide
As'anbeminng. -8.10, the relative intensity valoe R is more than inversely
mmmduomhﬁewlhhumbepdmdmm&kmkm
caused by the division with the partial pressure alone. The total radiation jtself also .
increases with decreasing flow rate. It has also been observed that a high OCS
concentration results in a smaller overall signal from the carbon monoxide population.
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The two curves in Fig. 8.11.

200
point out the remendous
00 impact of the OCS
2 concentration oa the CO
_g‘ <00 fluorescence signal. This
E result can be explained by
tWO processes.

»
8

| First, the smaller the OCS/

6.00 ; QO concentration ratio , the
2000 4000 &0 80. 100.00
OCS portiol pressure, mtorr more likely is 2 V-V energy
Fig. 8.10. Reloti f OCS (001) et :
& “diferent OCS °porﬁel &mzwcs transfer to the OCS by

vibrationally excited CO, because more excited CO molecules are available per OCS
molecule. Since the OCS loses this energy relatively fast into other modes, 2 small OCS

concentration also means that a smaller amount of energy is taken out of the CO

_ molecules which, therefore, can continue to act as an energy reservoir for the OCS. As

shown in Fig. 8.11 & high OCS partial pressure results aimost in a camplete loss of the
Q0 energy reservoir.

On the other hand a higher number of OCS molecules means & higher probability for
collisions among OCS molecules. OCS tends to give up vibrational energy in this
collisions much more rapidly than in collisions with other molecules, as pointed out

above. However the first effect mentioned is probably the dominant one.
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Fig. 8.11. Spectra of CO - OCS mixuure for two different OCS partial pressures

Curve A : patial pressure 125 mtorr
Curve B : partjal pressure 82,7 mtorr

1t has to be noted that for all cases where OCS 2062 cm™ radiation has been observed,

’n”

the OCS partial pressure was below 0.1 torr. Deutsch ran the OCS pulsed laser at typical
pressures of 0.3 torr / Deutsch 66 /. So it can be seen that this laser was not running at
optimum conditions for an OCS cw laser (if such a thing exists).

b) Current
‘The dependence on the current shows a maximum at curreats sround 22 mA as shown in

Fig. 8.12. The voltage in this case was 6.0kV. This gives E/Nmtdoof 1.9¢10%V
cm® at 5.3 torr total pressure. This E/N ratio would cause a rms kinetic energy of
approximately 0.62 eV in 2 CO, laser mix / Witternan 87 /. In a CO mix, which comes
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ratio gives a rms of less
than 128 eV / Nighan
72 /. This result also is

R/arbitrory unita

in good agreement with
the expectation of
maximum excitation of
the asymmetric stretch

mmmm
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Fig. 8.12. Rdohve population of cm(om) curreat, ma ~
t diflerent currents

o
8

average kinetic electron
energy of 1.15 ¢V / Sohn 86 /. This shows that for the excitation of the OCS (001) level
the mechanism of direct electron excitation cannot be neglected.
¢) Carbon monoxide

‘The dependence on the carbon monoxide partial pressure is given in Fig. 8.13. A slight
preference for OO partial pressures around 0.1 toer is observed. Once again two effects
seem t0 cause this. At lower CO concentrations, the OCS - CO ratio shifts towards the
OCS and t.lw'enetgy loss due to OCS  excitation becomes dominant. At higher CO
pressures the number of excited nitrogen molecules decreases. Also the influence of the
CO molecules on the electron energy distribution function increases. Fewer electrons
will have the right energy to excite CO vibratdons. Consequendy less CO molecules with
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the favorable va

vibrational quantum

levels of up to about o’
v = 8 are available.
"There might even be

R, otbitrory unity '

200 so much QO in the
vibrational ground
state that thereis a

Q.00
000 005 010 01S 020 Q25 030 035 considerable gy
€0 portiol pressure, torr

Fig. 8.13. Reloti fopuhﬁo f OCS (001
g 3 otm mtoon:crtiotpr(‘auac

transfer from OCS to
Q0. Nevertheless it
seems that the CO concentration is not as cridcal as the parameters investigated
previously.

d) Nitrogen
The nitrogen concentration was the least critical parameter. Fig. 8.14 shows thatonce a
critical threshold is passed, there is no significant influence of the nitrogen partial
pressure observed. This threshold is located at 0.07 m.'l'his‘mybembythefwt
that OCS-N, collisions play only a minor role due to a larger energy gap. Presumably,

the influence of nitrogen on OCS is mare indirect and occurs via CO excitation.
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ig. 8.14. Relotive population of OCS (001)
Fig. 8.1 at different nitrogen portiol pressures

Helium is used to support

the discharge and is an

;‘t effective coolant for the
'§ 0 gases because it has a high
: % thermal conductivity. The
-
helium concentration is
' limited by the role it plays
(I TR T U S O WU TN S as 2 V-T/R relaxer for the
o . [] 30 o)
. VIBRATIONAL QUANTUM NUMBER ()
. e e . OCS as well as for the CO.
Fig. 8.15. QO-He vibrational-rotational energy transfer rates.
{ Vecter 76 /
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As shown inFig. 8.15 the V-T/R rate constant for carbon monoxide and helium

Yincreases with temperature as well as with quantum number. This can be explained by

the fact that the higher vibrational quanta are smaller than the lower ones due to the
anharmonicity of the CO potential / Rich 82 /. One can infer from Fig. 8.15 that for the

low QO vibrational levels ( approximately v < 8 ) which are needed for the energy

transfer to carbonyl sulfide the temperature is not very important for the range accessible
in this work (200 - 400 K) and the rates are very small. The V-T/R rates for helium

and asymmetric stretch mode of carbony! sulfide have been measured to be 8 * 10™ cm’

meolecule st at 295 K / Zittel 88 / which is about 5 orders of magnitude higher than the

3.00 comparable rates for CO - He.
No temperature dependence
a 250
€ of this rate has been
2
£ ¥ measured. The reason for this
]
€ ;¢ reladvely high rate once again
is the possibility of
100
intramolecular transfer of
cs0 vibrational energy mainly to
0.00 the fourfold excited bending
2.00 3.00 X $.00 €6.00 7.00
Hefium particl pressure, torr mode. Since this reaction
Fig. 8.16. Relotive jon of OCS (001) ot
ot srent hellum partial pressures .
requires only a small energy

of 43 cm™, one can expect the change of this rate with temperature to be very modest
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because this energy will be available in almost all collisions occurring at the accessible
temperatures. A temperature of 200 K already equals 139 cm™. But even with this high
V-T/R rates helium is, among the possible gases to support the discharge (He, Ar, Kr)
the oncwiﬁd\emncnmdszevamdmmeheﬁmm is nota very

critical parameter. Fig. 8.16 displays a slight maximum at pressures around 5.5 torr.

f) Temperature
Fig. 8.17 displays th
5.00 ig splays the
influence of the temperature.
4.00 Measurements have been
made using liquid nitrogen
300,
- % (77 K), dry ice ( frozen CO,,
i 2.00 194 K) in acetone, and ice in
o
55 4}. water as coolants. As
& 1.00
expected, OCS froze out as a
0.00 white crystal at the LN,
~100.00-80.00-60.00~40.00~20.00 Q.00 20.00 40.00
Temperoture, in Ceisivs temperatures, and no OCS
Fig. 8.17. Relglive populction of OCS (001) ot
ffereat temperstures radiation could be observed at
these temperatures. A strong

dependence on the temperature could not be observed.
This is another clue for the important role of intramolecular V - V processes in the

depopulation of the asymmetric stretch level. Typically, near resonant V-V encrgy
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transfer shows an inverse temperature behavior while the V - T/R processes increase with *3

tising temperatures / Rich 82 /. The negligible influence of the temperanure on the OCS
(001) population can be explained as follows. At low temperatures the V-V governed

depopulation of the (001) level into the (04%) level is more effective than at higher
temperatures. This effect is compensated by the decreasing role of the V-T/R relaxation
at lower temperatures. This decrease though should not be very steep as esumated above.
The net effect is the very weak dependence on the temperature as observed.

3. Interpretation
The investigations show that the population of the asymmetric stretch level of OCS is

influenced by all the parameters under investigation. For each parameter an optimum

value could be determined. This optimum value is reproducible .in every case for

different sets of the other parameters if these are varied within a reasonable range. To
wMe the above results one can recornmend an current of 22 mA, a very low OCS

partial pressure of about 17 mtorr, a Helium concentration of about 5.5 torr, a nitrogen
concentration of about 0.1 torr and a carbon monoxide concentration of 0.1 torr also.

Evea if 2 popalation inversion can be achieved for an OCS partial pressure of 17 mtorr,
hWW&W%MWdO&mmanM

signal gain. The pulsed OCS laser realized previously operated with typical OCS .,
pressures of 300 mtorr.

The results seem to confirm the expectations for the excitation of the OCS asymmetric s

stretch level. There is a dominant vibration to vibration energy wansfer from
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latter

vibrationally excited OO to OCS. This is shown nicely by the facts that the OCS signal
decreases whea the OO reservoir is reduced 2s shown in the Fig. 8.11and by the cumrent
whichmduisopﬁmumvduea:pointwbaemadmionis favored.iiom.
dhae;duﬁmofmocsml)kvdbywmﬁmmmmbemm
One can almast think of the proposed gas mixuare as a carbon monoxide laser containing
small amounts of carbonyl sulfide.

The loss of the CO reservoir when the OCS concentration is increased above very slight
amounts indicates how fast the OCS (001) level itself loses its energy. If the OCS would
stay in the asymmetric stretch level for a time comparnable to the time the CO remains
vibrationaly excited, the overall energy stored in the two molecules would remain the
same even at higher OCS concentrations. An equilibrium at a higher total energy would
be established. The experimental result indicates that the contrary is true. The OCS acts
like an energy sink for the CO populadion. This could be caused either by the OCS being
a fast vibration to ranslation (V-T) relaxer for the CO or by a fast internal redistribution
of the energy inside the OCS or both. Information from the literature indicates that the
is true as discussed in Section 8.1. The energy is lost by internal conversion from the
wmhlevdm&efomfoldaciedbendjngmdewhichisindm
resonance.

Somewhat similar considerations apply to the CO,- N, laser. In a CO,-N, laser also the
carbon dioxide partial pressure is limited by the amount of aitrogen available for

optimum performance.
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Unformunately 2 good excitation of the higher laser level alone does not guarantee laser

operation by itself if this level is depopulased very fast
B)heUumnmusmhmm

Efforts have also been made to observe the radiation from the asymmetric to the

symmetric stretch mode at 8.3 tm in spontaneous emission. For that purpose the grating

in the monochromator has been changed from one blazed at 4 micrometers to one blazed

at 8 micrometers. Also the InSb detector has been replaced by a HgCdTe detector. These

efforts failed. The reason was that for this transition the spontancous lifetime is about
3 orders of magnitude longer than for the direct transition to the ground state if the
OCS behaves similar to CO,. In CO, one has to compare 3 msec with 5 sec / Witteman

87/. Also, the HgCdTe detector is about 1 order of magnitude less sensitive to the
8.3 yum radiation than the InSb is to the radiation around 5 um / EG&G 91 /.

C) Attempts to achieve lasing
To observe laser action the following procedure was applied. First, the resonator was
adjusted. Two methods were used for this purpose. The first one was to adjust the
resonator with a HeNe laser beam shone into the cavity through the output coupler which
is pardally transmitting in the visible and subsequent aligning of the mirrors so that the
laser beam was reflected through the tube several times. The second method was to set
updle_haeruam,hxr.mwnl!eﬂeaorhu a reflectivity of 95 % for the 9.6
micrometer band and only 13 % for the 10.6 micrometer band. The BaF, windows were -
replaced by NaCl ones ( CO, lasing with the BaF, windows resulted in their destruction.

The absorption of the high intra cavity powers by the BaF, is too strong as seen from ' *
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Fig. 8.5. The window absarbs 10 % of the intra cavity radiation and breaks duc 10

‘. thermal shock / Janos 89 /. ) With a standard OO, laser mixture of 4.8 torr helium, 0.6
torr nitrogen and 0.5 ¢corr carbon dioxide and a current of 40 mA an output power of 122
Warts could be achieved essily.

Thea the barium fluoride windows were put back in place and it was tried to start the
OCS laser with the so adjusted resonator. Gas mixture and other parameters found to be
optimum for the population of the asymmetric stretch level were used to start with. From
this point on all the parameters were varied within reasonable range. Also the adjustment
of the resonator was checked each time. This experiments were very time consuming and
disappointing because after the “readjustment” of the resonator at least the HeNe
adjustment method was needed to realign the mirrors. Radiation was to be detected with
a HgCdTe detector placed direcdy in front of the output coupler. No lasing could be
detected at all.

Similar experiments using a mechanical chopper intracavity failed also.
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Fig. 8.18. Schematic of the pathways included in the code for the case of
discharge and V-V aansfer from CO. '
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Using the rates given in the literature, a simple kinetic model of the low lying vibrational
states of carbony! sulfide has been developed. The model describes the ground state, the
lowest four states in the bending mode and the two projected laser levels, the first excited
states of the symmetric and the asymmetric stresch mode. Equations (4.1) o (4.8) give
the differential equations describing the time developmeat of the populasions for the-
different states as functions of the total number of OCS molecules. Fig. 8.18 shows the

states and transitions inciuded in the model:

£ = (k% Noo+ K Nn,-i'k‘Nc}G (e + ko + Ziy Ky gNi}A
‘-{k@N‘Cg + kOGN;Jz}A +k3..MN334 (4.1)

The asymmetric stretch state (001) fractional population (A)is wpdawd by excitation

from the ground state(000) (G) by V-V eaergy transfer from vibrational excited carbon
monoxide molecules , described by the term k25°NcoG. On this term, the first factor is
the rate, the second factor is the partial pressure of vibrationally excited CO molecules.

Similar excitation occurs by vibrationally excited nitrogen molecules, the Ico“-‘SNN2 &
2

mmmmmmmwmmm&mm
" kA peiN oA , models the reverse process of the third, the deactivation of A by electron

collisions. mmunmmmkmwummm
sum in the sixth term describes the encrgy transfer to the (040) states (B) duewo
collisions with the four different molecules present in the laser medium, Le. carbonyl
sulfide, carbon monoxide, nitrogen and helium. The two loss terms represent the
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nnsfaofvibnﬁondqmnmmandmoml‘hehamdugibadwwufa .y
from the (040) states to the A state, using the abbreviation kpuN;. Here N, stands for
the waal aumber of molecules in the mixtmre: ,

St =—kNocsB+ Xk Ky gNiA—ks,aNBa | (42

Equation (4.2) models the behavior of the (040) states (B,). In addition to the terms
already appearing in (4.1), this state is depopulated by relaxation into the third state of
the bending mode. This is described by the term ksNocsB 4 where k, describes the
relaxation rate of the bending mode and N is the OCS partial pressure

22 = kNocsB4 = ksNocsBs | “3)

The third state of the beading mode (03'0) B, is populated by relaxation from B, and

depopulated by relaxaton to B,:
£ = kyNocsB3 - ksNocsB2 — ks-ssNocsGB2 + ksssNocsGS  (4.4)
The (020) states B, have in addition to the mechanisms similar to the ones in the third

state of the bending mode a coupling to the symmegic stretch mode (S). This is givea by
the last two terms in equation (4.4) which describe the forward and the reverse processes:
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!5" = keNocsBz — ksNocsB1 + kNG — ki N oB) @.5)

The Jowest state in the beading mode B, once again undergoes the two typical processes
for the bending mode. In addition to these processes electron excitation from the ground
state is also possible as well as the reverse process

£ =k \sNocsGB2 + kiN G — ks1aNocsGS — K yS = ypN S ~ kS e N S
4.6)

The symmetric stretch state is populated by V-V processes from the second state of the
bending mode as well as.by electron excitadon from the ground state. Depopulating
mechanisms are the reverse process to the V-V coupling term in (4-.4). spontancous
radiative decay and V-T relaxation to the ground state. Also there is relaxation induced

by electron collision as described by the last term

L =Gk + k5 + k2N ~ (k2T Nco — KT Nw, }G + keNocsBy + Ky S+
+lr‘WN,S+{k$&N'w+kz&Nﬂ,z +kad}A @7

The ground state G finally shows the reverse rates to all the rates connecting it to the

The conservation of particles demands:
G+A + S + B1+ By+ Bs+ Ba= 1 (4.8)
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Additional processes that are not included in the model are, for example, various “~

coupling processes becween the asymmetric streach mode and the (12'0) and (200) states
tswnsducocpﬁnzofdte(zooﬁmmd\e(ow)mBmdmeptmm
characterized by fairly large energy mismatches so that they are probably less likely than
the included ones. In any case there are no data available for these processes. Mare

important is the neglect of the excitation of higher molecular energy states by electrons.
No data are available for such processes, so electronic excitations had to be restricted to
the lowest states of each vibrational mode. The neglect of processes invoking any states
above the (040) states also is a major simplification that can only be justified as an
approximation. Finally interaction of particles with the walls is not included in the
calculations. Nevertheless, this simple model gives some insight into the intemal
processes in the carbonyl sulfide molecule, as it includes the dominant paths among the

lower states.

The above equations were solved using the fact that the time derivatives vanish for the

steady-state case. Solving the remaining homogeneous set of linear equations gave the

following populations for the excited levels in terms of the ground state population:

B o W+ TN M E iy £t
4= -
Kot by 4 ) Ky NN ot

ko X4 1 Eh
*[kaNocs + kasaN, ~ —— ] 4.9)
reNorkoart Tiny LA R B .
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B; = <B4

ENocsBG+ KN ks Nocs! (ksaNocst Koy + KypNocs + Ko Nes)

B=G
2 EpusNocs + kNocs = kaguustsa, Nocy! s aNocr+ ey + BNocs + Kmee Ne-)

£5No + kgf‘N~1+ KN+ kg \uNocsBalG

A=
oot brag T &g Nrt SN,

s - t%’zﬁ*gnc G
T kgagNocs + K5+ EorNocs + BN,

@10

@11

(4.12)

(4.13)

“4.14

A problem occurs since not all the rates needed in this model have been measured. Sdll,

itis possible to obtain some insight with the measured rates and other estimations. The

following is a short discussion of the values used and their importance:

All the known rates have been measured at room temperature and no temperature

dependence is available for any rate.

k35’ = 257 % 10% s~'torr™! -/ Hancock 74/ This very fast rate describes the

dominant pracess for the population of the A level.

KiN. = 25.7%10°s* torr". This rate was obtained in a more complicated way out of
Sohn’s result (Table 8.2)  and the assumption that the electrons show a Maxwellian velocity

distribution. Detailed theory and measurement show that the actual electron velocity

diswibution departs from Maxwellian because the electrons are interacting with the gases
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and are prefereatially losing energy at cemm velocities / nghan 72 /. On the other hand
Sohn only gives cross sections at selected energies and the average kinetic energy is only
approximately kfiown as discussed above. Therefore, the inclusion of the refinement of
mmehwoawmdism’buﬁmk@kﬁa%ov«:ﬂms section for
exciting the different states was computed from the velocity distribution and the
energy-resolved cross section with the total electron density determined from the current
and the tube dimensions giving informations about the total elecron density. The
absolute value of this rate is not as important as the comparison with the electron

excitation rates for the two other low lying states.
I5-N~=9%10° s* torr* and K2-N~ = 50.4*10°s" torr’. The reverse rates were
calculated by the demand for a detailed balance with an electron temperature given by

the mean electron kinetic energy of 1.28 ¢V = 14848 K.
kroz =322 . This is the inverse of the spontaneous lifetime given in Section 8.1.
The bending mode relaxes with the already quoted overall bending relaxation rate

constant k,=(800 +/- 400)*10° s™* torr” / Zitte] 88 /. Once again this rate is just an
overall rate including V-T/R and V-V processes in the bending mode. It has also been
only measured in pure OCS. The influence of other gases on this rate is not known.
Since the bending relaxation is in part atwo-body process and it depends on the amount
of OCS in the bending modes as far as the V-V part of this overall rate is concemned,
there is considerable uncertainty in this rate. Therefore we multiply this rate by the OCS

partial pressure, because one can assume that the major fraction of the OCS molecules
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_remains in the ground state. In the numerical modeling these uncertainties must be

investigated also.
The filling of the S state by the B, state is described by ks, =225 5 torr™ for OCS as
a collision partner. Helium gives a rate of 108 5™ torr . The reverse rate is determined by

the denailed balance requirement / Mandich 80 - 2/. This rate actally describes a - two-

body process:
OCS (B;) + OCS (G) -*-;i:‘—_;-'n OCS (5) + OCS (G) 4.15)

In order to kcep the equations linear, I make the assumption, which is justified by the
calculations, that most of the OCS population remains in the ground state. Also one has
to test the possibility that the OCS (G) molecule can be replaced by another collision
partner. No rates are known except for the ones menationed above with helium as
collision partner.

I neglect the other possible relaxation channels, e.g. a possible coupling of the S and B,
state, in this first model as well as the very slow radiadve decay of the S state, which is
described by k = 0.83 5™ /after Maki & Wells 91/,

- The S state is coupled to the ground state by electron induced collisions only.

“The most critical points are the rates of exchange betweea the A and the B, staes. Here
oaly net rates are measured (see Table 8.4).Since in the final formula describing the
population of the A state the ratio, and not the difference between the forward and the

reverse rates is used, further adjustments of the model have to be made.
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There are two equations describing these two rates: The first onc is the detailed balance -
requirement:
Ak ;
kasslkson =€ 7 = 0.82 . ' A (4.16) ,
The result is given for room temperature. The second equatioa is the known dxﬁ'mnce
between the forward and reverse rates:

A {kas8A —ks-+4Bi¥Nocs = Koverat “.17)
Therate K, consists of a sum of the measured rates for the different collision parmers

times their partial pressures in the gas mixture. With these two equations it is possible to

determine the two desired rates, which will depend on the gas mixture used if A and B,

are known. But A and B, depend on these rates. So an iteration process had to be used.

The mode! was calculated as described above with some input parameters fulfilling

equation (4.16). Then the relative populations A and B, wcrc calculated with the
complete model; with these values the two rates were recalculated according to (4.16)

and (4.17). These new rates were used as the next input to the code.

Thic iteration process gave the following resuits:

First, the exchange of energy between the asymmetic stretch mode and the fourfold
.exciedbendh;imdeisvayﬁnmaﬂywid:dﬁswamﬁonnoconvameould

be noted
memanporwummisdutdwnﬁoofdwpopuhdonsofdwasymmicm . )
mode and the (040) states is governed by the Boltzmann factor:
BilA = ¥ =082 . | @1 ..
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This conclusion results in a modification to the code. The A and B, states will be geated
as one single state A’ consisting of S5 % A and 45 % B,. Sinceﬁ:en&m’dx which both
“sub states” transfer energy to other states is by far slower than the intemal transfer
inside the new A" state, the ratio (4.18) will be obeyed at all times.

The modified inodel also includes a weak coupling of the B, and the S state which is
discussed by Mandich / Mandich 80-2 /. This coupling is mainly inroduced by helium,
but other gases like carbonyl sulfide can also cause it. The rates for the ransfer from the
S to the B, state are given to be 29 s™ torr” for OCS and 47 5 worr" for He. The reverse
rate is determined by detailed balance.

The modified code incorporates the simplifications discussed above. It is described by

the following equations:
4
L = {(kZNco+KRTNN, +kEN)G -

-0.55 {kA  + k&, o N. +kSZN o +k§}3N;42 JA'-0.45 kpNocsA!  (4.19)

L3 -0.45 kyNocsA' — ksNocsB3 (4.20)

da

95‘ = kyNocsBs = keNocsBa = ks-usNocsB2 + ks—eNocsS 421)

2L = kyNocsBa ~ ksNocsBi +kENG ~ k oNB1+
: + ki gN:S — Kp_N:B; | (4.22)
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£ = kausNocsBa + KSN,G - ks:asNocsS — ki pelN S+ |
+Kp NiB1 ~ K yN:S (423)

'? =-{.kg§ Nw+kﬂ?N~,+[[c¢+k{+kﬂN¢}G+ 55{keaa+ ki e JA'+

Also, equation (4.8) holds.
Solving the above equations yielded for the individual excited-state populations in terms

of the ground state population:
Al = £5°Neo +@N,{d~.

= G (4.25)
055{k s+ Koo ANy HGE N}, ) + 045k Nocs

A =0554 (426)
B, =0.454' 427
B3 = B, 4.2%)

S =
(Woa(;;.ﬁ;)u’,...xwoa + KN | (Nocs el 48 NocHi e,
(429)
B, = .—t—(kuB3 + ks3 ) 430)

ky +kys
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Yo (Wergt ksksaNocs 1 thy + keat)} S1G+ KN+ ENog Kia + ks5)3/G
By = gt biksaNocsIthy +Ees}SIC+INA B NLT A 00 G (431
1 st Coios By aocs “31)

Using the preceding model results, calculations for different means of excitation are
discussed:

- Excitation in pure OCS in a discharge.

“The excitation of pure OCS in a discharge has been modeled by neglecting all terms
describing interactions between OCS molecules and other types of molecules such as

helium and carbon monoxide. Therefore, this run of the code does not include any

4%/7—15—

2%,1 1 44

0% 0 ofox om 42%0 ocma(m Y
Gal presswrc Qory)

) Ratio A/S  SrHr b) Population of S s@te
2% T T

4% -

4% :

[} ——r

O%b 4 e(m Y. 3%0 ofo: YY)
OCS panial prammns (ow)

OCS parial prasme (o)
d) Population of B sate.

¢) Population of A state
Fig. 8.19. Purc OCS discharge. Populations in % of the total OCS popalaton.
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pumping doe 00 V-V transfer from CO. Fig. 8.19 showssomofdxem_suhs.‘l‘hcﬁm
‘Mtkw&aekmm'mouinoadxmm«dﬁﬁmua
matter of fact the population of the S state is more than 20 times higher than that of the

A state. There are several reasons for this. At first the rate for deactivation of the A state
due to electron collision is higher than that for the two other states coupled to the ground
state by the electron interaction because of the higher gap in energy. The second reason
is that bath the A and B, state are depleted due to the fast relaxation in the bending
mode. The S state, on the other hand, is just weakly coupled to the bending mode and
thus reaches the highest steady state population of the excited states. Fig. 8.19 gives the
percentage of OCS molecules in the A, S and B, states as well as the ratio A/S.

- Excitation in pure OCS by optical pumping

The next sitzation under investigation is pure OCS that is optically pumped. Fig. 8.20
shows the population of the key states and the A/S rate, plotted against OCS partial
pressure. No population inversion is predicted for this case also. However, the ratio of
A/S is more favorable here than in the discharge case discussed above. It reaches values
wmﬂﬁwh.wofﬁehmﬁtyofﬂwmndhﬁmhkmbe
readily explained becanse intensity of the pumping radiation oaly determines the
population of the A state direcdy. Then the energy will redistribute inside the molecule.
But all these redistributions are determined only by ratios of rates, not by the total
amount of energy available. Once again the S state is the excited state with the highest
populadon, because of the way it is coupled to the bending mode: About 90 % of this
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Fig. 8.20. OCS optically pumpéd. Populations in % of the total OCS population.

coupling in OCS is to the B, level, the rest to the B, level. So in a first approximation the
S and the B, state get into an equilibrium that favours the S populaton because this state
has the Jower energy. But the B, state has almost the same population as the B, state
becanse all the enesgy relaxing through the beading mode also has to pass this state. The
B, state on the othier hand contains 82 % the population of the A state. Therefore the S
state will obtain a higher steady-state population than the A state. Thus, 00 inversion
occurs. The weaker coupling to the B, mduenlowasﬂusdxffmbeuuscmcs
state has a higher ~nergy than the B, state. This change is not strong enough to change

the overall picture, however.
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in rapid decay through the bending mode. But since the bending mode is coupled to the S -

;fh_

state this state will be populited also. Due to the nature of this intecaction the S state will -
obtain a higher population than the B states and thus than the A stase. These procssses
are independent of both the
0% o intensity of the pump
35%} radiation as well as the
/"\ OCS concentration.
30$° e Sinoetheeonpiing of the S
Bla pastial prassure o)
Fig. 8.21. Ratio A/S depending on the He partisl pressure.  grare with the B, state
OCS optically pumped.
increases in the presence of

helium, as Mandich points out / Mandich 80-2/, the influence of helium has been

investigated also. Fig. 8.21 shows that helium tends even to decrease the ratio A/S. The

reason for that is that He also increases the coupling to B, state.

40 %( T - - Excitation by V-V energy
] transfer from CO

] i The next situation under

L investigation is the pumping .
0%g s 10

e pordprom 9 of OCS by vibrationally

Fig. 8.22. Ratio A/S depending on the He partial pressure. .
OCS excitation by CO V-V transfer. excited CO. The CO
excitation might be due to
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does not depend on the partial pressure of OCS. No inversion could be observed. For the
case of 5.5 torr of helium and 0.1 torr of CO (10 % of which are vibrationally excited),
the relative populations for the A, S, B, states are 5.5, 18, 4.5 %, respectively. The

dependence of the ratio A/S is shown inFig. 8.22for varying He partial pressure and in

100% T

50%

| { 1
0% ¢ Q2 00< 006

Fig. 8.23. Ratio A/S depending on the partial pressure
of vitrationaly excited CO (tom)

Fig. 8.23 for varying CO partial pressure.

- Excitation in an OCS - QO - N, - He mixture in a discharge
m'k&MdMngdﬁnzMWpafmmdcuhdom
once again do not show a population inversion. The ratio A/S is displayed in Fig. 8.24
depending on Mmems of helium, carbon monoxide and carbonyl sulfide. The
influence of the OCS partial pressure on differeat key states is shown in Fig. 8.2S.
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Fig. 8.25. Experimental situation. Populations in % of the total OCS population.
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Fig. 8.26. Refative A , state population dcpcndmg on the different gases in the
experin situadon,

Fig. 8.25 b)musuiumepobmﬁmofﬂkaAmmdcpeadenccond:cOCSparﬁal
pressure. These figures can be compared directly with the experimental results. They
show, at least qualitatively, the same behavior. As shown inFig. 8.10 the relative
population of the A state decreases with maeasmgOCS partial pressure. But the
experimental decay is a lot faster than the calculated one. In the experiment the OCS
depleted the CO reservoir which is shown to be the major source of A state excitation. In

the calculation the CO excitation is fixed at 10 % of the also fixed CO partial pressure.

One should, therefgre, take alook at the A state population depending on the CO

available. Fig. 8.26 8) shows a shatp drop in the A state population with decreasing CO
conteirt. The calculations therefore, seem to be in qualitative agreement with the
Whﬁsmmuﬂmmmmwmkmhmz
with the measured dependence on the CO partial pressure, The reason for this is

' probably the fact that in the calculations a fixed 10 % of the CO is excited and able to

transfer energy to OCS. In the experimental situation, however, though thc fa:in that
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decreases also, as discussed earfier, ‘

The influence of the helium pardal pressure as given in figure 16 can be compared with

pt

Fig. 8.26 b). The initial rise of the OCS A state is also observed in the experiment. But at
higher pressure the model predicts a saturation while the experiments indicate a slight
decay. The reason for this might be the influence of the helium on the vibrational
distributon in carbon monoxide as well as on the elecoron energy distribution function.
Such dependence on processes external to the OCS molecule is  only included in the
code as outside parameters. The experimental evidence for a decay is fairly weak. One
can conclude that the model reproduces the most important feature of t.he. influence of
the helium on the A state population.

-Limitations of the model

There are twé classes of weak points in the model. The first class consists of inaccurate
measured rates, experimental uncertainties in rates or unknown rates. The most
important uncertainty in this direction is the influence of the OO on the intramolecular
nates of OCS. The model just assumes this to be the same as that of OCS itself. The same
had to be done with nitrogen since no rates for OCS and nitrogen have been measured at
all. But still a variation of this influence did not change the qualitative results of the code
unlssm%uldbenerysubsunﬁaldiffmcebemthemesfordiffmm e

OCS-OCS transitions. A population inversion could just be achieved if there would be a
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ﬁth this cransition.

The second class of weak points consists of ignoring interactions. For example, there are
just seven states included in the model although there are reasons and evidence that
more states are populated in OCS. The first state neglected is the second vibration in the
symmedic stretch mode, but there are several other states, such as (120), that could be
included also. The interaction of the electrons with higher levels is also neglected
although these interactions have been measured in part / Sohn 87 /, and the observation
of visible radiation from OCS proves their existence. But once again no sufficient data
are available and the amount of OCS in higher states can probably be néglcctcd. Also,

mast of the excitation would end up in the lower levels of the bending mode and "

therefore,not improve the situation for a population inversion.

The next parameter which was ignored was the temperature. It was fixed to 295 K in the

. calculations. A temperature dependence has not been measured for any of the rates. Sall,

kkﬁklyunlikelydmachanaeinunpmmwnldgiveapopﬂaﬁon inversion,

becanse the detailed balance requirement would favor the S state over the A state at

every temperature. Once again it would make a difference if helium would increase the

S w0 B, coupling at lower temperature. But this is also unlikely because this transition /
requires a fairly large amount of energy. Also, the experiments did not show a significant /

influence of the temperature on the A state population.
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- Pulsed lasing in OCS

Ald\oughmmdepamntalcdmonshavebmuude.oncmexphmpubedlnu
mmmOCSm&dnmsmedmA:wbefmdmmstmaﬂm:hodsm '
popuhtetheAmofOCS mduhxghermemmeSm’nwnmdsmdude
optical pumping, V-V energy transfer and electron excitation. At very short times after

populating the A state by one of these methods in a pulsed mode, the S state will not be
populated at all or, in the case of electron excitation, populated much less than the A
state. A population inversion can clearly be obtained. But as the A state relaxes through
the bending mode,-the S state will slowly fill up until equilibrium with the bending mode
is reached. In the course of this relaxation the population inversion will vanish. So the
OCS molecular laser appears to be a typical candidate forapulsed laser.

- Comparison to CO,

In carbon dioxide the situation is very different. Here the S state is coupled strongly to

the fast relaxing bending mode in Fermi resonance. The A state, on the other hand, is not
_coupled to the bending mode at all. Therefore, the situadon is much beter. The upper

state has a relatively long lifetime while the lower laser level is coupled to the fastest

relaxing mode in the molecule. This configuration guarantees the superior performance

of the CO, laser.

- Conclusion

The model calculation seems to be in qualitative agreement with the experimental results

and gives some insight in the intramolecular energy transfer mechanisms in carbonyl
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sulfide. Various ways of excitation have been modeled and in no case could a population
{nvasion be modeled. |

This s explained by the strong coupling of the asymmetric stresch stae 10 the beading
modewhichhud\cfascstovu:anmhnﬁonmbymmamagnimdc;m
conclusion is that near-equilibrium exists among the four lowest levels in the bending
mode and the asymmetric sretch state. The symmetric stretch state is coupled weakly to
the second bending mode and therefore becomes populated, too. Due to the equilibration
process between the latter two states the symmetric stretch obtains a higher populadon
than the asymmetric stretch mode. Therefore no population inversion can be achieved in
the steady-state regime.

These conclusions are not totally definitive. We cannot say that no OCS cw laser will

ever be possible, since the code has several limitations. But one can cerainly say thatan

OCS cw laser is very unlikely to exist.
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8.5. CONCLUSION AND RECOMMENDATIONS
The energy transfer processes in carbonyl sulfide have been investigated both
experimentally and with a kinetic model. A resonator has been set up to achieve
amplification of the (001) to (100) transition in OCS. The theoretical as well as the
experimental results suggest that no population inversion can be obtained. The reason
for this is the fast energy transfer out of the asymmetric stretch mode through the
bending mode. The coupling of the second level in the bending mode with the first level
in the symmetric stretch mode results in a high population of the lanter level. Therefore
no population inversion can be achieved in the steady-state regime.
Sdll it would be interesting to do further experiments to obtain additional rates to
improve the model. The coupling of the symmetric streich mode with the bending mode
in collisions with CO and N, has not been investigated yet. Also, the code introduces the

possibility of a population inversion in OCS onanother transition. In case of a very fast

optical or V-V pumping of the asymmetric stretch mode with a rate comparabie to the
relaxation rate of the bending mode, the four lowest levels in the bending mode, the

ground state and the (001) state could equilibrate. Then a population inversion of the
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symmetic strewch level with the ground state would be achieved. Further investigations i

in this direction might be interesting.
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Anpendix
Bias circuits and response curves for the infrared detectors used.
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9. MODELING STUDIES 1I:

Strong Vibrational Nonequilibrium In Supersonic Nozzle Flows

* Contents of this Chapter adapted from A. Roany, C. Flament, J. W. Rich, V. V. Subramaniam, and W.W. [

Jr., "Strong Vibrational Nonequilibrium in Supersonic Nozzie Flows*, AIAA J., 31,119-128 (1993).
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Introduction

Chemically reactive flows of compressible gases are extensively studied, with interest renewed
by current hypersonic flight problems1'3. nonequilibrium molecular electric discharge reactors4,
and investigations of new gas lasersS. In each of these applications, it is recognized that, in addition to
chemical nonequilibrium, nonequilibrium of the molecular vibrational modes can often be a major
influence. This is particularly the case in thermodynamic environments in which the transiational and
rotational molecular energy modes are maintained in equilibrium at a relatively low temperature,
while the vibrational molecular mode(s) have high specific energies. Such environments are commonly
realized in supersonic expansions of gases at high stagnation enthalpies, in molecular electric glow
discharge plasmas, and in optically pumped molecular gases. In these cases, inelastic collisions
exchanging vibrational energy can create extreme non-Boltzmann populations of vibrational energy
states; these are so-called ‘“vibration-vibration pumped" environments 6.7. Historically,
vibrationally nonequilibrium flow environments have been the subject of detailed modeling for certain
gas and gas-dynamic laser species 8-10. Such studies have, however, been largely confined to
investigations of relatively low-lying vibrational states, and, in the case of chemical laser flows, to
chemical processes directly relevant to pumping a vibrational population inversion.

The present study addresses the processes influencing the populations of very high vibrational
quantum states of diatomic gas molecules in nonequilibrium gas dynamic flows. Specifically, while it is
well-known that vibration-vibration pumping processes can populate high vibrational levels, the
mechanisms which limit such up-pumping, which include chemical reaction and vibration-to-
electronic mode energy transfer, are only beginning to be understood 11-14. We report here detailed
modeling studies of supersonic expansion flows of CO and Na, with energy transfer into low-lying
excited electronic states. We discuss the nozzle conditions which create extreme upper vibrational state
disequilibrium. A critical survey of recent theoretical and experimental vibration-state-specific
energy transfer data for these species has been conducted, and relevant rate data incorporated into the
kinetic model. Three major applications of the model are discussed :

1) Isotopic separation of 13¢ by V-V pumping; related separation processes can occur in other
molecules.

2) Possible vibration-to-electronic (V-E) energy transfer lasers, such as CO to NO, or N2 to NO, and

other systems.
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3) Possible electronic-to-electronic (E-E) energy transfer lasers.

A computer modeling code has been deveioped and applied to these problems. The code inciudes
kinetic equations for vibrational level populations of up to five diatomic molecular species, including
excited electronic states of some of these species. The kinetic equations are fully coupled to the gas .
dynamic conservation equations.

The deta.ils of the model are outlined, including the governing equations, the specific kinetic rate
modeis, and the method of computer integration used. We discuss gas dynamic nozzle design to maximiz’e‘
populations on very high vibrational levels. Then, we present computed results, and give a brief

summary and review of model extensions currently in progress. An appendix gives the detailed analytic

rate expressions used.

Model
Assumptions:

The rapid expansion through a two-dimensional planar nozzle is modeled with a quasi one-
dimensional approach. The flow is assumed to be inviscid and compressible, and we are only interested
in the steady state solution. The translational and rotational energy modes are supposed to be in full
equilibrium along the nozzle, so that a single temperature can be defined for these modes. This
approximation neglects the extremely short relaxation times for rotational and translational
equilibration (brocesses typically requiring a few molecular collisions).

The vibrational energy modes can foliow a non-Boltzmann distribution, and take into account the
anharmonicity of the molecules. The diatomic molecules are electronically active and each electronic
state is counted as a separate species. The monatomic species are treated as simple diluents that

participate only in vibration-transiation processes and chemistry.

The balance equations:
The mass conservation equation for quasi-one-dimensional flows is:
(1) puA=constant
where u is the streamwise gas velocity component along the nozzle, p the density of the gas, and A =

A(x) is the cross sectional area of the nozzle.
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The conservation equation governing the population of the vth vibrational state of the diatomic species i

p“ lev v v v v v v
28) ;l_i._d.x_=vvi + VT + VE{ + EE; +SRD; + CHM,

where m; is the molecular mass of species i, Y, =p, ,/ p is the mass fraction of the vibrational state

v of the species i and P, , is the density of the species i in the vibrational state v.

The right-hand side of this equation is the sum of various inelastic collision processes which
change the vibration state or the chemical species. “VV" represents the sum of the rate processes
changing vibrational state by molecular collisions which exchange vibrational mode energy (vibration-
vibration exchange). VT and VE, represent changes of vibrational state by exchange of energy between
vibrational modes and translational/rotational modes, and between vibrational and electronic modes
respectively. “EE" represents the exchange of energy between two electronically excited molecules by
nonradiative collisional processes. "SRD" represents the change of vibrational state by spontaneous
radiative decay processes. Finally, "CHM" represents changes of state and species by chemical
reactions. The details of these expressions are given in the Appendix.

The conservation equation goveming the population of a monatomic species m is:

pu dY, _
(2b) l—n-;ﬁ = CHMm

The momentum and energy equations, where p is the pressure, and h the enthalpy per unit mass of the

mixture, are given by:

(3) %E+pu%x‘5=0

@ Ln+iut)e-q,

| where (. is the energy sink due to radiative transitions which are expected to be optically thin.

1 ynami tions:

The average mass and pressure of the mixture, respectively, are:
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where k is the Boltzmann constant.
The average enthalpy per unit mass of the mixture is: .
[
) =2£+ -Y-i—"-(kT'bE- +hd)+ ZY (Te, +h)
2 p. o m‘ Wy 1 - m m m

where Ei.v is the internal energy of molecule i in vibrational level v for a given electronic state, Te;j is

the electronic energy and h: is the heat of formation per unit mass of species i. E; |, is given by:

2
@® Ei,=Te;j+ o)ei(v + -%) - meixei(v + %)
We; and X,; are the spectroscopic constants (fundamental vibrational frequency and anharmonicity,

respectively) for the molecule i.

System of O.D.E, solved;

Additional assumptions include constant average mass M (which is justifiable for the reactions
under consideration here), there is only one monatomic species m, the radiation energy sink is
negligible, the effect of the enthalpy of formation on the mixture total energy is negligible (the
products are assumed to be in very small quantity).

With these assumptions, the previous equations can be written in terms of the derivatives of the molar

fractions, X; =Y, .t/ m, of the velocity u, and of the transiational/rotational temperature 1:

(9a) puA=constant
@) Xo=1-2X,

(9¢) gﬁa’-:-“-(vv; + VT, + VE} +EE; +SRD; + CHM})
dx pu

du ____u dA
(od) ‘& (1-M’){ ekl
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where M is the Mach number based on the frozen speed of sound and ¢ is a function which couples the

equations of gas dynamics to the kinetics:

u
(10a) =a

(10b) a’=

1 Ei.v dxi.v
(10c) ¢~_§+ xi.v ['Zv (—k—f',-l) dx ]

The nozzle consists of .wo linear profiles for the subsonic and supersonic expansions. The zone
near the throat has a parabolic shape. Immediately downstream of the throat, the supersonic expansion
is straight-walled, with a specified expansion half-angle. The influence of an additional constant area
channel, downstream of the expansion, is also studied; the location of this channel extension is varied
parametrically. In our calculations, the stagnation conditions are chosen to be those generated by a
shock tunnel, typically : Tg=2000 K and Pg=100 atm. The gas is chemically, vibrationally, and
electronically active. The set of the fully coupled equations is solved using a “stiff" equation integrator :
LSODE 15.16,

For the cases studied, which include several vibrationally active species, this system
represents between 100 and 200 stiff equations. They have been integrated from the subsonic section
through to the supersonic-hypersonic expansion. The integration through the throat represents a
singularity; in some previous calculations, this has been avoided by assuming that the gas is in
Boltzmann equilibrium at the throat. Our calculations show that the flow through the subsonic channel
creates an out-of-equilibrium vibrational distribution of the molecules at the throat. The vibrational

distribution of CO is plotted for a 15° half-angle expansion nozzle at two locations : at the nozzle inlet
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where CO is at equilibrium, and at the throat (fig.9.1 and fig.9.2). Other run parameters are specified

on the figure.

Since there is clearly a small, but not necessarily negligible nonequilibrium effect at the throat, we

have chosen to integrate the system from the subsonic section to the supersonic expansion. An initial' R

Mach number is caiculated at the inlet of the nozzle; it is determined by considering the isentropic

expansion of a non active gas (y=1.4). This inlet Mach number is changed each time the Mach number
;.

decreases during the expansion. An iterative scheme is then set up, using a halving method for

calcuiating the new inlet Mach number.

Design for high V-V _up-pumping
Effect of the mixture:

When expanding pure CO through a 15° half-angle nozzle, the vibrational distribution of CO

begins to show strong non-Boltzmann populations downstream of the throat. For example, as shown in
fig.9.1, there is a considerable up-pumping of populations for levels lying between v=8 and v=26 at
the nozzle outlet. As shown in {ig.9.1 and fig.9.2, V-T relaxation is active downstream in the nozzle, and
is increased if the stagnation temperature is raised from 2000 K to 3000 K. Argon is added to CO in
order to decrease the V-T relaxation; this is possibie because the V-T rate for Ar-CO is less than the V-
T rate for CO-CO. Ar acts as a coclant in the mixture, and allows CO to be more strongly pumped on its
vibrational fevels below v=25, as shown on fig.9.3. It may be noted that partial vibrational population
inversions of the type shown, produced in supersonic expansions of CO-Ar mixtures, constitute the
typical "gas dynamic” CO laser environment7, which was first studisd both theoretically and
experimentally by McKenzie®.

in order to study the effect of the V-T relaxation and to assess the effect of possible impurities

present in the mixture, we have calculated the CO vibrational distribution when the mixture consists of

L
CO, Ar, and Ha. Fig.9.4 shows the vibrational distribution of CO expanding in an optimized nozzle for
several percentages o‘”f"i;lg in the mixture. The CO-+5 V-T relaxation is very fast, and as the percentage
of Ho increases CO is less excited on its high vibrational levels. It appears that, for less than 1% Hz,’

CO remains highly excited. We are presently reviewing CO-H rate constants in order to investigate the

relaxation of CO by atomic hydrogen during the expansion; H relaxes CO even more efficiently than Hp

does. Such studies are necessary since possible water vapor or hydrocarbon impurities can partially
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dissociate under some nozzle plenum conditions, providing H, and H which weaken the influence of V-V

up pumping.

Dramatic nonequilibrium vibrational energy partition has been observed when expanding a
mixture CO-Ns-Ar. The average energy per particle is plotted on fig.9.7.1 for CO and No expanding
along the nozzle. The energy is significantly transfered from No to CO during the supersonic expansion,
which enhances. the excitation of the high energy levels in CO (fig.9.5 and fig.9.6). This energy
partition is a consequence of the well-known preferential transfer of vibrational energy from the more

widely spaced vibrational quantum levels to the more closely-spaced vibrational quantum levels in V-V

pumped systemss. In this example, the higher the frequency, more widely spaced Ny levels transfer
energy to the CO. It shouid be noted that the No distribution of {ig.9.5, which now contains relatively

low energy, displays the total population inversion over some states which characterizes so-calied

"weak pumping" cases46. in most subsequent calculations we use mixtures of CO-Na-Ar to provide

highly pumped CO vibrational distributions.

Effect of the nozzle geometry:

In most numerical simulations, with a mixture providing pumped distributions of CO, the first
few vibrational levels have a high density compared to levels of about v=25-30. In order to drain
vibrational quanta from the low levels up to the high lying levels, one has to flow the mixture through a
constant area channel, thus stopping the expansion in the supersonic section. The combination of the
nozzle and the additional straight channel is referred to here as the “optimized nozzle". The location of
the straight channel is found by considering the energy transfer curves (fig.9.7.1 to fig.9.7.3). For the
mixture CO-Na-Ar which we have considered above, the energy transfer curve (fig.9.7.1) shows a
saturation in the transfer 20 cm after the throat; we choose this location for stopping the supersonic
expansion with a straight channel. Fig,9.5 and {ig.9.6 show the vibrational distribution of CO expanding
in a nozzle without a straight channe! (regular nozzle), and in an optimized nozzie respectively. The
improvement is obvious; with the optimized nozzle, although the low leveis are less populated. the
distribution is pumped up to level v=38 instead of v=30 with the regular nozzle. The effect of the
straight channel is also demonstrated on fig.9.3 with a CO-Ar mixture.

Clearly, the present inviscid, shock-free caiculations represent an optimum which can only be

approached experimentally by a carefully contoured nozzle design with due allowance for boundary-
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layer displacement. We note, however, that CO gas laser experiments in a relatively low density,

planar 15° half-angle nozzle produce a supersonic near-isentropic core which approximates the
velocity/temperature distribution given by the model18.
Besuits

The following diatomic molecules are investigated. Unless indicated otherwise, molecules are in‘ '
their electronic ground state :12C160, 13¢160, co(a3m), No, NO(X2m), NO(B21T). Simplified energy
level diagrams for the CO and NO species are given in fig.9,12. Ar is added in most mixtures. C and COE )

appear as reaction products; they can relax active molecules by V-T transfer.

Both isotope separation and energy transfer laser applications involving excited electronic

states (V-E, E-E, chemical reactions) require that relatively high vibrational levels of CC be

populated. in most cases, we require a density of about 10'5No for vibrational levels of CO from v=20
to v=35, Ng being the number density of the vibrational ground state v=0. Our “optimized" nozzle
expansion will cause energy transfer processes to give such high populations on the upper vibrational

levels.

Isotope separation:

The basic mechanism of the separation of 13C is the following: a vibrational energy transfer
occurs from 12C0 to 13CO; {ig.9.7.2 and fig.9.7.3 show the evolution of the average energy per
particle along the nozzle for the two isotopes. The energy is clearly transfered from 12CO to 13CO. This
is again an example of preferential transfer of vibrational energy favoring the lower-frequency, more
closely spaced quantum leveis of the 13¢c0o 6.7. The vibrational distributions of the two isotopes are
plotted in fig.9.8 and fig.9.9, for the case when Np and Ar are added to the mixture. The vibrational
distribution of 13CO is pumped more efficiently than the 12CO distribution. The natural abundance of
13C0 is 1.1%; the percentage of 13CO in CO versus the vibrational state is plotted in fig.9.10. There is

" a preterential excitation in 13CO for some states occuring in the mixture; the maximum is at v=1 o’
13co representing about 8% of CO in the state v=10. The best case is obtained by using an optimized
nozzle; the straight channel is located 20 cm after the throat. re

An enrichment product can be obtained by considering the following reactions29, which take

place ali along the expansion :
CO(X'E, v)+CO »CO0, +C
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CO(a’l, w) + CO —»CO, +C
The reactants are either 12CO or 13CO, and the products are 12C, 13C, 12C0,, or 13C0,. From

earlier experiments!9, the channel forming 13CO5 seems to be the most probable. We are presently

introducing these chemical reactions and energy transfer into the first excited electronic state,
CO(a’l1), in the code (see the following subsections). The model can be compared with experiments in
which the CO2 produced during the expansion is removed with a liquid nitrogen trap, and the actual
enrichment in 13C05 is analysed20.21,

The effective activation energy of the preceding reactions is about 6 eV, which represents a vibrational
level of about v=25 for CO(X'Z), or a low lying vibrational level of CO(a’IT) Thus, it is necessary
to transfer as much energy as possible to 13CO in order to provide the required activation energy. It
seems that if we can provide a fair density of 13CO(v>20). a high enrichment can be reached.

The limit v>20 is somewhat uncertain since the rate constants of the chemical reaction, and of the
electronic transfer from CO(X'E) to CO(a’Il), are not well known. Further experiments presently
underway, when compared with the resuits of this study, should enable assessment of an efficient

separation of 13C.

Monitoring the amount of C and CO, produced, we have observed that only a small amount of
these products are formed during the expansion. if we calculate the ratio of the density of CO, produced

to the total density of CO we find CO,/CO between 10-3 and 106, depending on the conditions we have

considered. The yield of the chemical reactions is therefore very low; since the pressure of CO does not
generally exceed 200 torr at the end of the expansion, it is unlikely that such a process could be
practically used for isotope separation, unless one can use a very long straight channel and operate the
supersonic expansion for several seconds. Nevertheless, short duration supersonic expansion
experiments have been conducted, and substantial 13C enrichment fractions reported20:21, but yields

are presumably small.

V-E energy transfer:

Processes similar to the ones discussed above occur when considering V-E transfer lasers. In
such lasers, a highly vibrationally excited donor molecule transfers its energy in collisions to the
electronic mode of a second, "acceptor® species22:23, The electronic configuration of the acceptor

species is selected to obtain possible population inversion and subsequent laser gain on a visible or
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near-ultraviolet radiative transition. In order to achieve the energy transfer from CO(v) to an

acceptor electronic state lying above 6 eV, CO(v>25) has to be significantly populated. This constraint
is not required when designing a CO gas dynamic laser since, in this case, one looks for a partial
population inversion on lower vibrational levels. .

At present, CO is chosen as a possible donor species, and the code is being run including the low-
lying electronic energy states of CO. The details of the V-E transfer rate model used to couple the
electronic states are given in the Appendix. Rates for transfer between CO(X'Z) and both CO(a’l'I); ‘
and CO(A"11) have been developed, and compared with data from available experiments?3.24,

As previously discussed, a mixture of CO, No, and Ar is used in order to enhance the V-E
transfer from CO(X1 ¥ to CO(aan). An optimized nozzle is used in the calculations, estimating the
shape of the effective nozzle. The length of the 15° half-angle expansion is 15 cm, measured from the
throat. A straight channel of 85 cm length follows the expansion. Higher electronic states are not
considered in this model since it has been shown that the vibrational levels of the ground state
CO(X‘z"‘) above v=35 are not excited, and therefore only CO(asn) is energetically accessible.

Calculations were made for a 10%CO - 10%N5 - 80%Ar mixture, with stagnation conditions

To=2000 K and Pg=100 atm. Since state-resolved data for the V-V and V-T rates for the excited

h

electronic state asl'l in CO are unknown, the rate for the vt vibrational level of the excited state is

presently assumed to be equal to the rate for the corresponding v level of the CO ground state.

As described in the Appendix, the rate constant for the V-E transfer is a function of a resonance

parameter CVE and a pre-exponential factor SVEO. We have chosen Cyg=13.58 x1 02 in order to get

the optimum of the transfer at resonance, where the energy defect between the two states is minimum.

SVEO. the amplitude of the transfer, is adjusted from 10711 emSss {gas kinetic) to 10°14 em3ys.
At the same time, the formation of C and 002 is studied (see reactions above); the specific rate constant

for these chemical reactions is kg (see Appendix), which varies between 10°15 ¢m3/s and 10717
',
cm3/s. We have neglected back reaction rate processes; for the relatively small amounts of CO reacted,

however, we can realistically study the amount of CO dissociated and the influence of the chemistry on

L 4

the V-E transfer.

Fig.9.11 shows the vibrational state populations calculated with this model, for a 15° half-

angle expansion of 15 cm length, followed by an 85 cm straight section, to A/A*=16.5, M=5.5,

P=151.2 torr and T=197 K. We have chosen the V-E coupling parameter of SVEO=5 x10"13 em3ss,
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and sVEO/koswo. This implies a V-E transfer rate approximately equai to the gas-kinetic collision

rate, and a chemical reaction approximately 100 times slower than the V-E transfer. This choice of
parameters approximately reproduces previously observed coupling between the two electronic
states?4.38_ Fig.9.11 shows the influence on the X'=* vibrational population distribution of the V-E
transfer into the a3n state. The large “dimple” beginning near v=28 is due to this coupling; states near
v=28 are close to resonance for the V-E transter from X'z* to a%m. Qualitatively similar effects on V-

V pumped CO(X1 2"‘.v) distributions have been measured experimentally in electric discharges by

Farrenq et al.14. The coupling becomes very weak as SVEO is decreased below 5 x1 0'14 cmSss.

E-E energy transfer;

In order to model a CO-NO energy transfer laser, we have to study the transfer occuring
between the electronic states of CO and NO (E-E transfer). A strong UV emission was reported in a
previous study33, while CO was excited in a CO-NO mixture. The simplified model we have used in our

calculations is as follows :
CO(X1xz+,v>27)+NO(X2M)-->CO(X 1 £+,0)+NO(B21,0)

CcO(a3m,w)+NO(X2m) --> CO(X1z+,0)+NO(B21,0)

The two first electronic levels of CO transfer their energy to an excited electronic state of NO. This
process is shown on the potential curves, on {ig.9.12.

A related transfer is likely to occur from vibrationally excited levels of the electronic ground
state of NO itself to NO(A2Z*) and to NO(B2M)12. The band emission from these excited NO electronic
states is the well-known y band for the system NO(A22+)~NO(X2rI), and the p band for the system
NO(BZH)-NO(in). We will only consider the B band in the following calculations. It is necessary to
achieve a high density of CO()(1 T+ v>27) and CO(a3n) if one wants to excite a fair amount of NO(Ban)

in order to create a population inversion between NO(BZn) and NO(erI).
The mixture is: 10%CO - 10%Ny - 80%Ar. The stagnation conditions are: Tp=2000 K and

Po=100 atm. The length of the 15° haif-angle expansion is 15 cm; the straight channel is 85 cm long.

At 80 cm from the throat, in the constant area channel, NO is injected in the mixture; the mixing is
assumed to be instantaneous. Such an assumption implies that we have the maximum amount of NO in

the mixture as soon as the gas reaches the mixing zone; this can be considered as the worst case since
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NO is a very effective quencher. The mixing zone is 20 cm ilong; the population of each component of the
mixture is monitored at the end of the mixing zone.

The detailed mechanism and rate constants for the reactions producing NO(B211) are not known.

The global parameter Ppg (see Appendix) is therefore varied from 10"1 t0 10"6. The amount of NO
‘s
injected is 10% of the CO density. in order to study the possibility of a laser effect the small signal gain

is calculated for the transition NO(an.v=0,J) -> NO(X2n,v=8.J+1) which corresponds to the

4
largest Franck-Condon factor, or the most probable radiative transition. Standard expressions fo’r
Doppler-broadened gain38 are used. The calculations show a population inversion between NO(BZH)

and NO(XZH); the temperature achieved in the gas is 200 K. The gain (in cm“) is plotted versus the

rotational quantum number J, for several values of the transition probability Pgg on fig.13. The gain
curves remain about the same for PEE>1O'3, showing the maximum gain that can be obtained under

these conditions. it is likely that the gain is about 10°3 for Pgg greater than 10°4. The wavelength of

the transition is 0.323 um, in the UV range.

Concilusion

A new vibrationally nonequilibrium code has been developed, which includes vibrational-state-
specific population balances, the influence of excited electronic states, and some chemical reaction
channels, for compressible flows of mixtures of diatomic gases. Recent theoretical and experimental
rate data on vibration-to-vibration, vibration-to-electronic and electronic-to-electronic energy
transfer processes have been reviewed and used in the model. Calculations for isotopic mixtures of CO
molecules, V-E and E-E energy transfer in CO and NO are discussed in detail.

The code has been successtfully applied to the design of a CO-NO energy transfer laser, and can be
used with other donor-acceptor pairs such as NF-IF, No-NO, or other systems. Uncertainties remain
in the model regarding some of the mechanisms involved and some of the transfer rate constants.
Although the theoretical calculations show the feasibility of such lasers, validation by experiment is
necessary; new processes and unexpected mechanisms can arise, due to the complexity of the electronic

structures of the systems we are studying.
Appendix

We introduce n; , =p; , /m, the number density of the primary species i, in vibrational state v. in

part/cc; I, =P, / m; e number density of the secondary species j in vibrational state w. in
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part/cc; Ny = §nx.v the total number density of species i, in part/cc; and n; = Zn, the total number
1

density of the mixture. Remark: we have p=Zp,, +Zp, =pun; and X, =n,, /n;

The VT term of equation (2) is written as:

an P"’ v[ni.vﬂ - exp(-AE;/ /kT)ni_,]

- l’i,-"""[nhv —exp(-AE}™ / kT)nLV_,] }
where P;"'"! is the rate constant (in cm3/s) of the V-T transition:
Xi{(v)+X; = X(v-1)+X,

Xi(v) refers to species i in vibrational state v. The rate constant can be expressed as follows13.41:
Pi}/.v-l - P-O (T) . Fv V=1 (lv v-l)

Xei

F is a function given by42:
-2 -2
F(l):-zL.[3_c 31'].6 32:

Avv-l 2'% . 91!. IA.El
Y T k6
AE is the energy difference between the products and the reactants in the V-T transition;
©; = hcw,; / k is the vibrational characteristic temperature of species i;
9; = 1614 (T 20%12 /k is in Kelvin25.41 where |L; is the reduced mass, c is the speed of light and
1=0.2A is the range parameter. The ratio ©j;/ ©;2 is given in table 1.

In the rate constant expression, P;’(T) is a coefficient which allows fitting to experimental relaxation

time data. It is expressed as :
(1-xg)kT

P(T)=

Here, the Boltzmann constant k is in erg/K. T;P is the vibrational relaxation time in atm.us and is

given by:
In(t,p)= A, +B,T +C,T?

Aij» Bij- Cij are chosen in order to fit the experimental data (see table 9.1).

Yibration-vibration term: 361




The VV term, including only the single quantum transitions, is written as:

rta
w
VVi" = 2 ﬂ Qﬁ;*bzl[ni,v.,,nj.w - exp(-AEZi"" / kT)ni'vnj,wl]
o M ’

- -l‘
Q,."7., is the rate constant (in cm3/s) of the V-V transition:

X(v)+X(w-1)—> Xi(v-1)+X;(w) y

The rate constant is the sum of two terms, the first be - the contribution of the short-range
interactions, and the second the contributions of the long-range forces due to dipole-dipole

interaction41,43-45_ The rate constant has the following expression!3:
AE

w-1,w ~1,w w-1,w

qu =1 Z [S v,v=1 +L.:Yv- -1 ]e 2kT

where Z, is the collision number and %0,’ is the cross section.

The short-range contribution is given by41:

S..Vv-1 _SQT M w E.vv-l (A..V,V‘l )

‘Jw-l W Yy l - xeiv 1- xejw ‘J\V—I.W uW.W—l

F()A), A.and AE have the same definitions as above.

The long-range contribution is given by44.45:

1w )2
L -L° g z B ") exp| - 2E2
Jw-1,w 8. 8) b"’r

s, L‘},, and b, are empirical parameters matched to experimental data (see table 9.1). by is in erg2/K

and:
(§iv_';_l_]2=|: a;+1 ]2[v(ai+2-2v)(ai+4—2v)]
g}’ a; +3-2v a; (3 +3-v)
(Ej"_""_"]z_[' aj+1 ]’[w(aj+2-2w)(aj+4—2w)] ‘ 3
\ g}'o - a;+3-2w aj(a;+3~-w)

where a, =1/ x, and a; =1/x.; are the reciprocals of the anharmonicity factors.

Vibration-electronic term:
The collision-induced V-E terms are retained only here:

VE/ =0, 2 Sl'j-"{n jw + 0, exp[~(E} —E})/ kT]}

joi  ws0
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where S;'"' is the rate constant (in cm3/s) for the collision induced vibration-to-electronic

transition:

xi(v)+x->x,.(w)+x
Xj(v) and Xj(w) are two electronic manifolds of the same species. Their vibrational states are v and w
respectively. It is assumed that collisions can induce the transition from X;(v) to Xj(w) when the
energies of these molecules are very close. Such resonance occurs between CO(X'Z) and CO(a’r)
when the vibrational states of each electronic manifold are respectively v=27 and w=0. The rate
constant is modeled with a Gaussian function of the energy defect; the width and the maximum of the

Gaussian rate are empirical parameters38:

Sy" =Sw ‘eXP(-( 2,

AE 2)-e (-
Coo, ) CPU T

The vibrational spectroscopic constant, 0., is taken to be the larger of the constants for the two
electronic states involved. The adjustable parameters are S%E and CVE. In the case of
CO(X'T) -CO(A'I) and NO(X’IT) »NO(B’IT) transfers, values of these parameters were
obtained by fitting kinetic rate models to V-V up-pumping experiments in optical cells12.13.24_ For
the case of CO(X'E) »CO(a%M), there are no comparable data, although indication of the coupling
has been seen in the experiments of Farrenq, et al.14. The range of validity of the resonance model
above remains to be determihed, in detailed state-resolved experiments. In table 9.2 the value of these

parameters are indicated.

Electronic-el ic 1 .
The E-E transfer terms are written as:

EECO(a’n.w) = ’kmnco(a’n.w)nm(x’n)

EE o x5+ 0) = Kee[Repair ey * Beocx's vers) Prooem)
EECO(x'r.vm) = —kE-‘-nco(x'r.vzzs)nNO(x*n)
EE om0y = ~EEwnooen) = EEcoxiz- 0)

The rate constant for the electronic-electronic processes, kgg, is expressed as follows38:

kege =Pz ' Zeo_no

Peg is the probability of transfer and Zo.NQ is the collision number. This number represents the
number of collisions between CO and NO during one second in one cubic centimeter. Pgg is then the

363




percentage of collisions needed for the reaction to proceed. Pgg is treated as a parameter in the

caiculations, as discussed in the text. One can calculate Zoo.no (in om3/s):

T
= 3. 1 -0

‘¢,

The spontaneous radiative transfer term is written as:

SRD:' = z [Aiv’u.vni.w‘u - A:‘v-“ni.v]

The rates for the spontaneous radiative decay A have been calculated with the Einstein coefficients for
radiative transitions between vibrational levels within the same electronic state, and with the Franck-

Condon factors for the radiative transitions between vibrational leveis of different electronic states26.

Chemical reactions Rate model:
We consider the reaction of CO during the expansion in the nozzle. The reactants can be CO isotopes in

the two first electronic states, CO(X'E) or CO(a®[1). The reaction is the following :
CO(v)+ CO(w) »CO,+C

The activation energy of this reaction is Eg=6 eV.
The chemical terms are written as:

CHM¢ =CHMco, = Ykyhco,vicow

v,W

CHMco,y =CHMco,w =-kwhco,vRcow

The rate modei27 is the following :

2
krv =k0 _T_[l..___Ea _)
300\ Ecov+Ecow

where Ec(,y is the energy of CO(v) and kg is an adjustable parameter. ko=0 when Ew.+Eo. SE..

’.

The value of ko is presently being inferred from experiments28:29, In the present calculation, the

value kg=5x10-15 cm3/s is used.

Seectroscopic conatants30:
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m

All the spectroscopic constants are expressed in em'l. The spectroscopic constants have been

determined by mass scaling of the constants of 12CO for 13C0.

p I {in t I .
The parameters used in the expression of the V-T and V-V rates are indicated in table 9.1. The rate
constants involving 13CO are taken to be the same as tor 12CO. For studying the effect of Ho in the
mixture, the V-T rate No-Hj is assumed to be the same as for Hp-CO; Ha is considered as a diluent and

is not vibrationally active. We take n-Hy in the model (the normal mixture ratio of o-Hp and p-Hj).
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relative populations Nv/NO

Figure 9.1: Normalized Vibrational Populations

vs. Vibrational Quantum Number.

Pure CO, Pg=100 atm, Tp=2000 K o
outlet: P=17.5 torr, T=199 K, M=7.1, A/A*=110.
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Figure 9.2: Normalized Vibrational Populations
vs. Vibrational Quantum Number.

Pure CO, Pp=100 atm, T(=3000 K

outiet: P=17.7 torr, T=327 K, M=6.9, A/A*=110.
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relative populations Nv/NO

0 4 8 12 16 20 24 28 32 3%

Figure 9.3: Normalized Vibrational Populations

vs. Vibrational Quantum Number.

20%CO0-80%Ar Po=100 atm T¢=2000 K

reg. noz. outlet: P=5.7 torr, T=59 K, M=11.5, A/A*=111
opt. noz. outlet: P=31.4 torr, T=116 K, M=7.8, A/A*=41.
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Figure 9.4: Vibrational Populations

vs. Vibrational Quantum Number. '

Ho impurity influence. CO-Ar-Hy, optimized nozzle. T
X
\ |
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Nv({m3)

Figure 9.5: Vibrational Populations

vs. Vibrational Quantum Number.
20%C0-20%No-60%Ar; reg. nozzle.

outiet: P=8.7 torr, T=90.9 K, M=9.1, A/A*=111.
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Figure 9.6: Vibrational Populations
vs. Vibrational Quantum Number.
20%C0-20%N2-60%Ar; opt. nozzle.

P=103 torr, T=209 K, M=5.8, A/A*=22,
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Figure 9.7-1: Average Vibrational Mode Energy
vs. Nozzle Position. Mixture CO-Ny-Ar.
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Figure 9.7-2: Average Vibrational Mode Energy vs.
Nozzle Position. Mixture 12C0-13CO-Ar.
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Figure 9.7-3: Average Vibrational Mode Energy vs.
Nozzle Position. Mixture 12CO-13CO-No-Ar.
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relative population Nv/NO

Figure 9.8: Normalized Vibrational Populations
vs. Vibrational Quantum Number.
25%C0-25%N2-50%Ar.

outiet: P=8.2 torr, T=109 K, M=8.4, A/A*=111.

380




Nv (m-3)

Figure 9.9: Vibrational Populations
vs. Vibrational Quantum Number.
25%C0-25%N2-50%Ar.

outiet: P=8.2 torr, T=109 K, M=8.4, A/A*=111.
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Figure 9.10: 13C isotopic Enrichment vs.Vibrational
Quantum Number. Natural abundance: 1.1%.
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- Figure 9.11: Vibrational Populations vs. Vibrational Quantum Number.
Influence of Excited Electronic States. 10%CO-10%N2-80%Ar.

Sye%=5x10"13 cm3/s and Syg0/ky=100.
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Figure 9.13: CO/NO V-E/E-E Transfer Laser.
Small Signal Gain for NO-f at 200 K.

NO(B21,v=0,J)->NO(X2I1
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10. MODELING STUDIES II:
Nonequilibrium Dissociation Rates Behind Strong Shock Vaves

(classical .odel).

*This chapter adapted from S.0. Macheret and J.W. Rich, Chem. Phys. 174,

25 (1993)
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10.1. INTRODUCTION

Prediction of chemical reaction rates in high temperature gases
where the vibrational mode is not in equilibrium with
translational/rotational modes remains a persistent problem in chemical
physics. With renewed interest in hypersonic gas dynamic phenomena [8-
11, 42], such prediction is especially important for dissociation rates
of gases behind strong shock waves.

Specifically, gas temperature T behind bow shocks accompanying
reentry spacecraft can reach tens of thousands Kelvins, while
vibrational temperature Tv is considerably (up to an order of magnitude)
lower. Under these conditions, nonequilibrium dissociation coupled with
vibrational relaxation 1is crucially important for determining
temperature, pressure, chemical composition, and heat fluxes. This has
prompted many researchers to construct theoretical models for the
dissociation rate coefficient as a function of the
translational/rotational and vibrational temperatures.

A major feature of dissociation at T>Tv and very high T which
makes 1t qualitatively different from that at low or moderate T and
Tv>'r, and complicates theoretical analysis, 1ls that at very high gas
temperatures even molecules in low vibrational levels can dissociate in
a single collision, due to the avallability of large collision energies.
In addition, vibration- vibration (VV) and vibration-translation (VT)
energy exchange at such high temperatures are incompletely understood.
Common predictive theories of VV and VI rates based on the gdiabatic
approximation (such as SSH theory [1]}) fail at such temperatures.

Early nonequilibrium dissoclation models of Hammerling et. al. [2]

and Treanor and Marrone [3] were based on several assumptions: (a)
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dissociating molecules were modeled by a truncated harmonic oscillator;
(b) the vibrational distribution function was assumed to be quasi-
Boltzmann with vibrational temperature Tv; (c) rotation of molecules was
neglected; (d) the dissociation probability was considered to become
non-zero as soon as the sum of vibrational (Ev) and translational (Et)
energles exceeded the dissociation (chemical bond) energy D; and (e)
dissociation from each vibrational level was assumed to proceed with
equal probability provided the translational energy was sufficient.

It was apparent almost immediately, however, that these models
were not totally satisfactory and provided an inadequate description of
experimental data. For this reason, Marrone and Treanor [4] relaxed
assumption (e): to account for preferential dissociation of higher
vibrational levels, they suggested that the probability of dissocliation
of a molecule with vibrational energy Ev (again, provided translational
energy is enough) be proportional to exp(-(D—Ev)/U). where U is an
empirical adjustable parameter. After averaging over vibrational and
translaiional energy distributions, Marrone and Treanor obtained a
formula for the rate coefficient k(T v'T) which was found to describe
satisfactorily experimental data available at that time, provided that
the parameter U was taken about 1/6 to /3 of dissociation energy D.

Later, Kuznetsov (5, 6, 7) developed a model retaining the
abovementiocned assumptions (a)-(d), but assuming that the probability of
dissociation is zero for molecules below some vibrational level N, and
the probabilities for all levels above N are equal (in a sufficiently
energetic collision). The numerical value of N was an adjustable
parameter. One can note that, since Marrone-Treanor factor
exp(-(D-Ev)/‘I') is small at E <D-U and close to.unity at E >D-U,

Kuznetsov's model is almost the same as that of Marrone and Treanor.

388




The Marrone-Treanor model has been widely adopted over many years.

However, since it sometimes ylelded results appreciably deviating from
new experimental data, Park (8, 9, 10, 42] suggested an empirical
formula for the rate coefficient of nonequilibrium dissociation in the

form:

T

l:('l'v.'l')-A'l’:l exp[- D ] R (1)

where A, n are parameters of the Arrhenius expression for thermal

(equilibrium) rate constant, and ‘l‘. is the "average" temperature:
T (2)

Initially (8, 9], Park suggested s=0.5. Later, he found that a better
fit to computer modeling of vibrational relaxation and dissociation
using SSH rates would be provided by using s=0.7 [10].

Since SSH theory, being essentially a near-adiabatic perturbation
model and neglecting rotational effects, can not be correctly applied to
multiple-jump vibrational transitions at high collision energies and
temperatures, then the dissociation modelling in Ref.[10] as well as in
f{11] is not adequate. In addition, as pointed out in Ref.[11], chosing
parameters of the interaction potential slightly different from those
used in Ref.[10]) can dramatically change the results. (For example, the
"bottleneck” effect observed in [10) disappears.) - Therefore, Park’'s
model 1is not based on any microscopic dynamical theory and should be
considered as a convenient empirical correlation formula.

In parallel with these simple analytical rate expressions, an
extensive literature exists on computer modeling of collision-induced

dissociation (CID). Classical [12]), quasiclassical {13, 14], and various
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quantum calculations [(15-33] have been performed to determine
dissociation cross-sections for a given vibrational energy of a diatoaic
molecule and a given kinetic energy of an incident atom. With rare
exceptions, these calculations have been specifically for the Hz
molecule colliding with either H or rare gas atoms. Those studies reveal
sometimes Iinteresting features in dependence of cross-sections on
energles, but their accuracy 1is still considerably limited by
uncertainties of potential energy surfaces other than those performed
for the H-H-H potential surface.

With development of computational techniques and hardware, it
became possible, in some cases, to perform almost complete modelling of
dissociation of a given molecule at a given temperature. Such a study
was done, for example, in Ref. (14], where steady-state dissociation of
hydrogen in Ar atmosphere was examined for thermal equilibrium
conditions at 4500 K. First, several cross-sections for energy transfer
and CID were calculated by the quasiclassical trajectory method. Then
these cross sections were extrapolated by the information- theory
approach [43] for other vibrational and rotational levels and other
collision energies. Finally, a master equation was scived with a
complete matrix of cross sections, and vibrational populations and
dissociation rate were calculated to within a factor of 6.

Although such studies provide important information about high-
temperature dissociation phenomena, they can not embrace all possible
temperatures  and gases. Therefore, there 1s a need for simple analytical
formulae determining rate coefficients and average energy removed per
dissociation act as functions of Tv, T, and some easily-determined
molecular parameters.

We have seen that existing formulae for the rate coefficient are
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either semiempirical (Marrone-Treanor (4]) or empirical (Park [8-10,

42]). In this paper, we present an analytical formula for the rate
coefficient based on a very simplified but realistic model of energy
transfer in elementary collisions. Several features make this problem
solvable.

First, due to the exponential cut-of f provided by
translational/rotational and vibrational distribution functions, the
most important - exponential - part of rate coefficient dependence on Tv
and T is determined by the threshold energy, i.e., the minimum
translational energy above which the dissociation can occur at a given
vibrational energy. Second, at higher temperatures (above the
characteristic temperature of vibration) and for medium-mass atoms,
collision dynamics can be well described by classical mechanics. Third,
at the high collision energies which are necessary to dissociate a
molecule from low vibrational levels, the collision time is considerably
less than the period of vibration, making such a collision close to the

impulsive limit.

10.2. THRESHOLD LINE CONCEPT

It is well known that the exponential temperature dependence in
the Arrhenius formula for thermal reaction rates stems from two simple
model assumptions: (1) the reaction cross section ¢ is zero when the
reagent energy E is below certain threshold Eo and non-zero when E>E°;
(2) energy distribution is Maxwell-Boltzmann with temperature T. Then,
integrating the product of o and relative velocity with that

distribution, we get:

391




k, = A ™ exp[- EO/T] (3)

where factors A and n are determined by the cross section behavior above
the threshold. Temperature T in this equation and in all subsequent
equations throughout this paper is expressed in units of energy.

Suppose now that vibrational and translational/rotational modes
are in disequilibrium. For example, one could simply consider the
vibrational distribution to be quasi-Boltzmann with some temperature Tv
different from translational (gas) temperature T, and neglect rotation.
What then would be the generalization of the Arrhenius formula (1)?

For each vibrational energy, Ev' the reaction cross section

becomes non-zero when kinetic (translational) energy exceeds a certain

minimum (threshold) value, E , the latter depending on E,:

t'
Et'F(Ev) , ‘(4)

where the function F(Ev) is determined by particular details of
collision dynamics. We will refer to the function (4) as a threshold
function, or threshold line.

Integrating the product of the cross section c(EV,Et) and relative
velocity weighted by distribution functions gives the rate coefficient:

172

k(T;,T)-(SuI/t) T

v

o
E‘ E /T, Ev
¢(Ev,Et) Et exp(-Et/T) d—=| e dTr (5)
F(E )
v
where u 1s the collision reduced mass.
Due to the exponential cut-off provided by the factor exp(-Et/T).
the internal integral in eqn (5) is determined by the vicinity of the

lower integration limit:
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E
v
IO(EV.Et) E‘ cxp(—Et/'r) d'T = g(Ev,T) exp(-F(Ev)/T] (6)
rE)
v
where:
g(Ev.T) = ¢(Ev. F(Ev)+e1T] (F(Ev)+c2T) . (7)

£,. €, being numerical fa~tors of the order of 1.

Ingerting (6) into (5), we get:

D
-1/2 E.'v F(Ev)
k(l‘v.'r) = (8uT/x) g(Ev.T) exp|- T; ~ —7 d(Ev/Tv) (8)
[+

Again, since the function g(Evﬁr) is less steep than the exponential
»
function in the eqn (8), we can substitute g by its value g at the

point contributing the most to the integral, to get:

D
E F(Ev)
k('l'v.'l') = ko exp|- T; - =7 d(Ev/Tv) (9)
)

where the preexponential factor:

. ~i72
ko =g (8ul/n)

depends on Tv and T, but this dependence is less steep than exponential.

The integral (9) can be evaluated by the method of steepest
descent. Namely, we must find a point E: maximizing the exponent in the
integrand. For a monotonically decreasing convex threshold function (4)
whose derivative F'(Ev) takes any negative value, the maximum of the

integrand corresponds to the solution of equation:

’ T
F (Ev) =-T (10)

v
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If from analysis of collision dynamics we determine the threshold
function (4), then solution of equation (10) will give us E:. the
vibrational energy contributing the most to dissociation rate, or,
roughly, the mean vibrational energy removed per dissociation act. Then

the rate coefficient would be:

E, F(E,)
K(T,.T) o oxp|- 1 - —— (11)

The concept of the threshold line and the procedure of calculating
rate coefficients by eqns (1)-(11) have been first suggested by Macheret
et.al. [34, 35] for endoergic exchange reactions AB+C—>A+BC. Using a
classical collinear model at the impulsive limit, Macheret et al.,
obtained simple tormulae for energy consumption as a function of the
ratlo T/Tv. and for the rate coefficient k(Tv,T). From the previous
considerations, howaver, it is clear that the threshold line concept and
eqns(4)-(11) are quite general and valid for nonequilibrium reactions of
any kind, including collision-induced dissociation AB+C—>A+B+C or
AB+CD—>A+B+CD.

Before proceeding with particular dynamic calculations, we make
two comments:

Dissoclation is possible in principle if the reacting system has
enough energy, that is, Ev+EtzD. That does not mean, however, that the
threshold line is simply Et=D—Ev. Due to dynamic restrictions (such as
the simple rebound effect, as we will see later), the true threshold
line must lie, at least in part, above the straight line Et=D_Ev' of
course, this is strictly true in a ~lassical-mechanical model; a real
quantum- mechanical system can react as soon as it has enough energy.
However, as we move closer to the classical 1limit (higher energies,

heavier masses), the reaction cross section in the region D-Ev<EtSF(Ev)
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must become smaller and smaller, thereby shifting the effective

threshold closer to its classical value EtsF(Ev).

Another comment concerns generalization of eqns (4)-(11). First,
it may happen, as we will see later, that the absolute value of the
derivative F’(Ev) is limited, and eqn (10) has no solutions at certain
T/Tv. This is due to the oscillator phase effect (see eqns (13)-(17) and
the discussion immediately following them). In that case, the integral
(5) would be determined mainly by the vicinity of EV=D. Second,
generalization of the threshold line concept and eqns (8)-(11) to non-
Boltzmann vibrational distributions and to including participation of
the rotational mode would be simple and straightforward. In fact, we

will do exactly this in following sections.

10.3. DIATOM-ATOM COLLINEAR IMPULSIVE COLLISIONS

To calculate the rate coefficient and energy consumption, we need
to consider some reasonable model of collision dynamics and determine
for it the threshold function.

Let us consider first a collinear collision of a homonuclear
diatomic molecule, modelled as a classical oscillator, with a
structureless particle (atom). We chose the collinear geometry not only
because of its simplicity. It is well known that rotational energy is
not as effective as vibrational in promoting dissociation due to the
effect of the centrifugal barrier [7, 36]. For this reason, we can, in
the first approximation, disregard the rotation of the dissociating
molecule. For the same reason, in non collinear collisions the
component of incident velocity normal to the molecule axis could be

used only to excite "inefficient" rotation. In other words, the maximum
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efficiency of collisional energy transfer into internal (vibrational)
energy, which is exactly what we need to determine the threshold
function, corresponds to a head-on, collinear collision.

We next make the very important assumption that the collision is
impulsive, that is, instantaneous. To be more specific, the ratio of the
characteristic collision time to the period of vibration, that is, the
Massey parameter, is considered to be small. This is the opposite to the
near-adiabatic approximation commonly used in Landau-Teller or SSH
theories of vibrational relaxation. Qualitatively, it is obvious that
the Massey parameter should be small for high collision energies.
Indeed, if we consider, for example, collision of two nitrogen
molecules, then for the relative kinetic energies of the order of 10 eV
(which is necessary to dissoclate a molecule from low vibrational levels
vwhere, as we will see, the threshold function is nontrivial), and
characteristic radius of repulsive intermolect:.r forces r°=0.1-0.2 :,
the colligsion time, as can be easily verifis, is about 0.1 of the
vibrational period. Note that the validity of the impulsive
approximation at or above 10-eV translational energy does not mean that
gas temperature should be around 10 eV (110000 K). Even at much lower
temperatures T (but T>Tv), the translational energy contributing the
most to the dissociation (E:, see eqn (22)) is of the order of the bond
energy D. Of course, the impulsive approximation is violated for
dissociation from very high vibrational levels. However, in that case we
will obtain the correct result (see eqn (28) below) coinciding with that
of the “ladder" model. Summarizing, we can state that the impulsive
approximation should work satisfactorily even at temperatures well below
several eV. Thus, the most essential temperature limitation is imposed

on our model by the classical approximation: temperatures T and Tv must
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exceed the characteristic temperature, that is, the vibrational quantum

expressed in temperature units (i.e., a few thousand Kelvin or a few
tenths of eV).

A classical collinear model at the impulsive (hard-sphere) 1limit
for an atom-diatom collision has been first suggested and extensively
studied by Benson et al. [37]. However, Benson et al. were interested
mainly in applying this model to the problem of VT relaxation, and they
did not try to obtain a formula for dissociation rate at Tv<‘r. Later,
Fan [12] did apply Benson’s hard-sphere model, among other models, to

calculations of collision~induced dissociation. But since Fan was trying

only to explain experiments by Tully et. al. [38] on dissociation of

CsBr bombarded by a high-energy Xe molecular beam, he also did not
attempt to derive a general formula for k(Tv,‘l‘). Here, we combine
Benson's model of energy exchange with our threshold line concept to
derive a formula for the nonequilibrium rate ccefficient.

The collinear diatom-atom collision is shown in Fig. 10.1. If we
denote the mass of each of two atoms constituting the molecule as m, the
mass of an incident atom as M, the relative kinetic energy in the
center-of -mass system as Et’ and initial vibrational energy as F..v, then
the atom initial velocity u, the molecule initial velocity v, and the

amplitude vibrational velocity vo of each atom are:
”n HEt /2 MEt 1/2 12
us —n m] H v= m K Vo= (EV/M] (12)
Here the center-of-mass velocities u, v are determined by the obvious
momentum and energy relations: 2mv = Mu; Et = 2mve/2 + Mu/2.
In the center-of-mass system velocities of two atoms constituting

the molecule are: v-v, cosp ("left" atom in Fig. 10.1) and V+v coSp
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(*right" atom in Fig. 10.1). Here ¢ denotes the phase of molecule
oscillations at the moment of collision. Of course, cosyp changes from -1
to +1, cosp=tl corresponding to the equilibrium distance and maximum
velocities of oscillations.

Calculations of the energy transferred in diatom-atom impulsive
collision can be done similarly to Benson's derivations [(37). The
incident atom collides with the nearest atom of the molecule (“right"
atom in Fig. 10.1). Applying conservation of energy and momentum
equations, one can determine velocities after collision. Considering
then velocities relative to the center of mass of the receding molecule,
the final internal (vibrational) energy of the molecule - E", - can be

calculated, to give:

'y ll(uw)2 __Ma

E’'=E + 3
(M+m) (M+m)

v v

2 [2-(u+v)vocosp + (H+2n)v§coszp) (13)

Dissociation occurs if E", is equal to or greater than D - the
chemical bond energy. Hence, for given masses M and m and initial
vibrational energy Ev (i.e., amplitude vibrational velocity vo) we must
find the minimum kinetic energy Et’ or the minimum relative velocity
(u+v) for the right-hand side of eqn (13) to be equal to D. The most
convenient way to do this is to notice that the maximum E"I , 1.e, the
maximum efficiency of kinetic-to-vibrational energy transfer for given
masses and initial energies Ev and Et' corresponds to the minimum value
of the expression in square brackets in eqn (13). This bracketed
expression, y, 1s simply a quadratic function of x=cosp with local
minimum at the point:

m (u+v)

X, = - ZM+2.Fv° (14)
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{8 xqav-l. Yoin corresponds to x=x_ . However, since x=cospxz-1 always,

o

then in the case x°<-1 Yy

in will correspond to the point xmcosps-1.

Therefore, the optimum value of the oscillator phase is:

(M+2m)v
- M a e * !
cos’opt (M+2m)v ( 15 )
- 2o luev) if 221
!ﬂ+§;ivo * m (u+v)

Substituting this formula into eqn (13), setting E;-D and solving for

Et. we obtain the desired threshold function:

(Vﬁ-VEE:)z/(l-a) . if E saD

Et'F(Ev) (16)
D-Ev , if Ev>aD
where:
2
m .
[ [ﬁ (17)

The threshold line (16) is shown in Fig. 10.2. The behavior of
this line is remarkable. When the initial vibrational energy of the
molecule is high enough, collision-induced dissociation can occur as
soon as the minimum energy requirement is satisfied: Et+Esz. There
exists an optimum phase of molecule oscillations at the moment of
collision, which ensures the minimum threshold. As the vibrational
energy is lowered, the cosineb of the optimum phase shifts toward -1
according to eqn (15). However, when the initial vibrational energy Ev
falls below certain value, i.e., Ev<aD. the cosine of the optimum phase
can no longer decrease and ensure the energetically minimum threshold.

So, the cosine stays at -1 (eqn (15)), and the threshold kinetic energy
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E, must be higher then (D-Ev).

t
In fact, the effect we have just obtained can be called the
“preferential dissociation" from the higher vibrational levels. This
“preferential dissociation" was intuitively felt by Marrone and Treanor
(4) and Kuznetsov [5,6] and reflected in their semiempirical models (see
Introduction). In our model, however, this effect naturally emerges as a
consequence of a realistic, although simplified, microscopic dynamics.

The parameter « explicitly depends on the ratio m/M (formula
(17)), and it increases with this ratio. Thus, for collision-induced
dissociation in the atmosphere of a light gas (large m/M), threshold
kinetic energy is substantially larger than (D-Ev) for almost all
vibrational levels except very high ones. The physical meaning of this
behavior is clear. A light incident particle can transfer only a small
fraction of its energy into vibrational mode of a target molecule.
Therefore, single-collision dissociation from low vibrational states is
inhibited, and the dissociation will occur mainly from high levels with
only small collisional energy transfer. This mass effect will be also
discussed in later sections in connection with formulae for the rate
coefficient.

On the other hand, if wM is veryv small, then the translational
energy threshold for almost all vibrational levels except very low ones
coincides with the energetically minimum (D-Ev) values. We will see ,
however, that it is exactly the region below the “cut-off" energy oD
that determines the dissociation rate coefficient a>t suff iciently high

T/Tv.
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10.4. DISSOCIATION RATE COEFFICIENT AND ENERGY CONSURMPTION

FOR DIATOM~ATOM COLLISIONS .

As we now have an explicit expression (16), (17) for the threshold
function, we need an analytical form for the vibrational distribution
function in order to get the dissociation rate.

It is well known that in the quasi-steady-state region of
vibrational relaxation behind a shock wave, the population of low
vibrational levels can be characterized by a vibrational temperature TV
different from the gas temperature T [7, 42]. The maln process
responsible for forming the vibrational distribution function (VDF) at
low levels 1is quasi-resonant vibration-vibration (VV) energy exchange
which results in a Treanor VDF [39). At high temperatures, however, the
deviation of the Treanor VDF from a quasi-Boltzmann one is small, and,
therefore, the VDF at low vibrational energies is quasi-Boltzmann. With
increasing vibrational energy the rate of vibration-translation (VT)
relaxation grows, and above a certain energy En it prevails over VV
exchange, thus establishing Boltzmann-like VDF with the slope
characterized by the gas temperature T. At still higher energies, the
VDF is depleted by rapid dissociation from the highest levels. Such a
behavior of the VDF has been known for a long time; most recently, it
was observed in computer modeling (10, 11]).

From what has been just said, an analytical form for the VDF is:

E
~1 v
’l.'v exp(— T—v , if E:stIl
f(E ) E E -E (18)
v -1 1 v 1
Tvexp-T:’...__f_ , if EV>E1

401




Of course, this formula does not take into account the depletion of very
high levels mentioned above. However, even in the “ladder" model
consldering dissociation from the highest vibrational level, the effect
of the depletion decreases the dissoclation rate by only a factor of
about 3 (7, 14]. Since, as we will show later, it is the VDF at low
levels that influences dissociation at sufficiently high T/'rv. then the
depletion effect must be even less important in our model, and the
distribution function (18) is a physically sound approximation.

The energy E:’ separating the regions of quasi-Boltzmann
distributions with temperatures Tv and T, is a very important parameter
of the VDF (18). To calculate El, a knowledge of VV and VT rates is
required. If one knows the dependence of these rates on vibrational
energy, then, making VV and VT rates equal to each other and solving the
equation thus obtained, one could calculate El. Kuznetsov {7,40] has
evaluated E1 using SSH formulae for VV and VT rates and obtained a very
interesting result: within the range of validity of the SSH theory, i.e.
at gas temperatures T from room temperature up to a few thousand Kelvin,
the ratilo El/D depends only weakly on temperature and molecular
paraneters, staying close to 0.5. For higher temperatures, there is no
analytical theory of VV and VT rates, and the energy Ez should be
determined by quantum-mechanical or quasiclassical computation of these
rates for a given molecule. In the present paper, we will consider the
ratio Elll) as a parameter which, most probably, is about 0.5.

Now, having both the threshold function (16) and VDF (18), we can
derive the desired formula for the dissociation rate coefficient. The
derivations are performed in exactly the way we obtained eqn (9) from
eqn (5), with one generalization: instead of Boltzmann VDF used in the

eqn (S) we now take the VDF from eqn (18). Taking also the explicit
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' ewjiression for the threshold fumction F(E') from eqn (16), we arrive at

the formula:

. (E, (/D)
K(T,,T)=k T - r - dE,, +
0

i e i it et
ww \ Vv
D
E E-E D-E
1 vV 1 v
“Jexp-—?-——r-'—r- dEV (19)

Here ko is a preexponential factor, similar to that in eqn (9), whose
dependence on T and Tv is less steep than exponential.

An important assumption has been made in deriving formula (19),
namely, we assumed:

E1/D >a (20)
As was said above, the ratio Etlb is about 0.S5. The mass parameter « is
determined by formula (17) and simply depends on the mass ratio M/m. If
m=M, then a=0.2S. As can be easily verified from formula (17), a can
exceed 0.5 only for the case of dissociation in an atmosphere of light
atoms or molecules: M/m<v2-120.4. Hence, with the exception of
dissociation in a helium or hydrogen environment, condition (20) should
be valid. We will return to the case when (20) is violated later, but
now we proceed with ~nalysis of the formula (19).

The three integrals in (19) have a very clear physical meaning:
they correspond to dissociation from low, intermediate, and high
vibrational levels, respectively. Therefore, it is convenient to write
the rate coefficient k(Tv.T) as the sum of rate coefficients

corresponding to dissociation from low (kx)' intermediate (k‘). and high
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(k.) levels:

k(‘l‘v.‘l') - kl(l'v.'l') + k‘(Tv.T) + kh(Tv.T) (21)

Dissociation from low vibrational levels

The first integral in (19) can be evaluated by the simplest

version of the steepest descent method. Maximum value of the integrand
-

corresponds to the following vibrational (Ev) and translational

[ »
(Et-F(Ev) ) energies:

. aD . (1-a)D
E = s E = (22)

v, 1 P t,1 2
[a + (l-a)'l'/‘l'v) [u‘l‘v/‘l‘ + (l-a)]

Evaluation of the integral itseif yields:

D
kl('!'v.'l‘)- ko v exp[— ——-(—Tfa'l'vi' 1o ] . (23)
where:
172
noe(1~x)TT D
¥ = | M 5 (24)
[a‘rv*»(l-a)‘r)

The rate coefficient (23) has a simple form. The "effective"
temperature in the denominator of the exponent is a weighted average of
vibrational and translational temperatures, the ‘“weights" being
determined by mass ratio of colliding particles (see formula (17)). For
example, when M=m, the contribution of Tv is a=0.25, and the
contribution of T is 1-a=0.75. With increasing mass M of a collision

partner, the 'I'v contribution decreases while the T contribution grows.
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One might note that formula (23) is somewhat similar to Park's

formulae (1), (2). Indeed, both contain some combination of T, and T.
However, there are several basic differences. First, the temperature
combinations are different. Second, our formula (23) has been derived
from a physical model, and the key parameter a is a specifically
identifiable as a simple mass ratio, while Park's model is purely
empirical. Finally, formula (23) represents only one limiting case in
our theory (dissociation from low vibrational levels), and we will
discuss when it can be applied.

One might note that the evaluation of the integral by the steepest
descent method introduces a simplification additional to the assumptions
already made. However, the integral can be evaluated exactly and

expressed through the well-known functioen:

X
2 2
erf(x) = by J exp[-t ] dt (25)
0

This would give again formula (23) with more exact expression for the V¥

factor:

(1-a)T aT D a(1-a)D(T-T )?
¥ 'ET::TTZEET eXp |- T-a)TlaT +(1-a)TT| ~ exp|- T TTaT _+(1-a)TT *

v

172
ne(1-a)TT D oT D 1s2 a(l-a)D(T-Tv)z 172
* (aT +(1-a)T]3 erf (T-a)TTaT_+{T-a)T] verf T TlaT _+(1-a)T

v

(26)

Later we will check the accuracy of the steepest descent evaluation of
the integral by comparing rate coefficients calculated with eqn (24) or

(26) for the ¥ factor.
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Dissoclation from intermediate and q&;g_vlbrational levels

Evaluation of the second and third integrals in eqn (19) is

trivial, and it yields:

k (T,.T) = k, 2’1-‘3;2%”—3 exp[— D [.}- - ,}]} - exp[- E, [%- - %]] 27)

v

D-E1 E1 D-Ex
kh('l'v.‘l') = ko —T-v—- expi- T-; - T- (28)

It is worth noting that kh in the form (28) is very similar to the
rate coefficient obtained by Kuznetsov [7, 40] for the “ladder” model of

dissociation.

Evaluation of the preexponential factor k and numerical estimates

Exact evaluation of the preexponential factor ko requires more
detaliled investigation of collision dynamics, particularly post-
threshold behavior of reaction cross-sections. This is beyond the scope
of the present paper. However, at this point we can impose a condition
which ko must satisfy. Namely, for thermal equilibrium at TV=T. the rate
coefficient, that is, the sum (21) of k. k and k.. must coincide with
the Arrhenius rate constant (3) with experimentally measured parameters
A and n, and E =D.

Note that eqn (27) for kl formally gives an uncertainty 0/0 at
TviT. However, calculating the 1limit of k‘ as 1;—->T gives a finite

value. With this comment, demanding that the sum (21) be equal to the
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Arrhenius rate comstant (3) at 1;-T gives an expression for ko at this

limit:
AT
%o = =0 + Vaa(T=aIBT ~ (29)

if the ¥ factor is evaluated by the eqn (24), and:

nel
k = : AT _. (30

t!a.D 12 ¢D 172 aD
(1-e) D*T[[ Ta 'r] erf [rr:m] "°"P(' '(T—‘&)‘T‘]‘ 1

if the ¥ factor is evaluated by the eqn (26).

The formulae just obtained give a value of ko only at TV=T.
However, since the main dependence of the rate coefficient k(TV,T) on '1‘v
is due to the exponential factor, we can, in the first approximation,
disregard the ko dependence on Tv and use eqn (29) or (30) to estimate
the preexponentlal factor for all Tv at a given T.

We have made numerical calculations of the dissociation rate
coefficient of nitrogen at a fixed translational temperature T=10000 K
and for different vibrational temperatures. The parameters were set to
a=0.25 (i.e., m=M) and EI/D=0.5; the Arrhenius rate parameters A and n
were .taken from Ref.[10]. Calculations were made both by "“exact”
evaluation of ¥ and ko (eqns (26),(30)) and by using the steepest
descent method (eqns (24),(29)). Fig. 10.3 depicts the rate coefficient
calculated by the present model; for comparison, rate coefficients given
by the Park and the Marrone-Treanor empirical models are also shown.
Fig. 10.4 shows the contribution of dissociation from low, intermediate
and high vibrational levels to the overall dissociation rate, expressed

as:
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X = kl/k I A kx/k o N kh/k (31)

Fig. 10.4 is illustrative of the physical processes of dissociation. It
is clear that at sufficiently low vibrational temperatures there are
very few molecules having energies close to the dissociation energy D.
Therefore, tﬁe only dissociation processes that can occur under such
conditions are those with large collisional energy transfer from the
"hot" translational energy reservoir. Increasing vibrational temperature
produces more molecules on high vibrational levels and enhances the role
of dissociation from these levels with relatively small collisional
energy required. Exactly this behavior is reflected in Fig. 10.4. When
vibrational temperature is less than about one-half of the translational
temperature, dissociation occurs predominantly from low vibrational
levels tﬁd}>hx'kn)’ At higher Tv, the contribution of kl continuously
falls, while the contrioution of kh and kl grows. At equilibrium, TV=T.
the proportion between the three contributions well reflects the widths
of the energy intervals which we called low, intermediate, and high
levels: klzk‘:kh o (aD):(El-aD):(D-El) = 0.25:0.25:0.5. In other words,
at thermal equilibrium each vibrational level contributes almost equally
to the overall dissocliation rate.

We can now better understand Fig. 10.3. At sufficiently high
vibrational temperatures dissociation from high levels is dominant, and
the slope of the curve logk(Tv) is dictated by the parameter Ex/D=°'5'
At the same time, the slope of the curve calculated with Park’s formula
is determined at sufficiently high '1'v by the parameter 1-s. Therefore,
making s equal to 0.5 should give a good agreement between Park’s model
and ours at high vibrational temperatures, which is indeed clearly seen
in Fig. 10.3. Lowering vibrational temperature leads to predominant role

of the dissociation from low vibrational leve.s, where the slope of the
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curve lo‘k(Tv) is determined by the mass parameter a (see eqn (23)).

Since for the case of equal masses a=0.25 (see eqn (17)), then making
the Park’'s empirical parameter s equal to 0.7, so that 1-s=0.3, should
give a good enough agreement with our model, which is again clearly seen

in Fig. 10.3.

Vibrational energy removed in dissociation

Analysis of nonequilibrium shock flows requires not only rate
coefficients, but also the mean energy removed from the vibrational mode
in each dissociation act. The present model allows this energy, E , to

rem

be calculated:

. E (VD-vaE)?
E =kT E expl- = - S| dE_ +
rem o'v v Tv (1-0)T v
0

'Ex ( Ev D-E,
* EvexP-T——T]dEv+
) \ v
nP (
+| E, exp -E%-Elii—n ;:"l dE, k(T ,T) (32)
- {

The second and third integrals in (32) can be evaluated exactly, and the

first one - by the method of steepest descent, to give:
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ko T, Y} m(l-a)‘!"l'vD 1s2 D
Eren ™ k(T T) oD of +TT-a)T| |oT +(1-a)T °"p[' o +(1-a ] *

/

[ven(gt - )| o] enfet - -5, [ - §|ol- =, (e - )]

+ o x
1_Y
T T
v
E D-E .
1],.2 2 1 1
xexp[-D/T]+-D-E expl— s~ — —=—— (33)
2 1 Tv T

vhere ko and k(‘rv,‘l') are the preexponential factor and the overall rate
coefficient calculated earlier.

The mean energy removed per dissociation act as a fraction of the
dissociation energy D 1is plotted in Fig. 10.5 vs. vibrational
temperature at different constant gas temperatures. In accordance with
the previous discussion, the contribution of high vibrational levels to
the overall dissociation rate grows with increasing 'I‘v. This naturally
leads to a continuously increasing E"./D, as seen in Fig. 10.5. Since,
as pointed out in the previous subsection, at thermal equilibrium (TV=T)
all vibrational levels contribute almost equally to the dissociation
rate, then the value of E"_/D should be close to 1/2 at TV=T, which is

indeed seen in Fig. 10.5.

Extension to the case ‘E/Dk“' Mass effect

Now we will briefly show how the results just obtained can be
extended to the case (Ei/D)<a, that is, when condition (20) is violated.

The general expression for the rate coefficient in this case 1s similar
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- to eqn (19, only with different limits of integration:

- 1 E, (Vﬁ-VE!;)z
k(T,, TI=k T, expi— T, - Tt | %
0

D (B E-E  (BvaEDR

+ exp|- 1 - v 1 - v dE +
T T ) v
E \ v J
1
3

D ( El EV-E X D—Ev
+ exp - T-v- - —T— - T dEV (34)

o A

These integrals can be evaluated in a way similar to the integrals
evaluated before for eqn (19). Instead of doing this, we will discuss
qualitatively results that would be obtained.

The third and second integrals together give the rate coefficient
for dissociation from high and intermediate levels in about the same
form as eqns (27), (28), with slightly different preexponential factors.
As to the first 1ntégra1 (dissociation from low levels), it can again
yield the rate coefficient in the form (23) provided the energy E.

v,1
lies within the limits of integration, that is, when:

T VEE7E: -a
T; > —_— (35)

In order for dissociation from low levels to play any significant role,
the temperatures must at least satisfy the inequality (35), which may be
a strict limitation. This reflects the mass effect.

As was mentioned above, the mass parameter a can be greater than
Ex/D for dissociation in collisions with light species. It is obvious

that a light incident particle can lose only a small part of its kinetic
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energy in a collision with a molecule. In other words, if initial
vibrational energy is low, then, in order to produce dissociation,
kinetic energy of the light particle must be substantially higher than
that in the case of equal masses, thereby diminishing the probability of
such a dissociation. If, however, the molecule already has large
vibrational energy, then the required additional kinetic energy is small
and can be delivered in a single collision. Thus, diminishing the mass M
of a collision partner and hence increasing the parameter o would favor
dissociation from higher vibrational levels.

This effect is clearly confirmed by the threshold line (16), (17)
(see also Fig. 10.2), where the "cut-off" parameter a«D shifts toward
higher energies with decreasing M. It would be also confirmed by
calculations of the rate coefficlient in the case a>(E1/D). Indeed, 1in
this case, for low-level dissoclation to prevail, the ratio T/‘l‘v must
satisfy the inequality (35). For example, for nitrogen dissociation in
collisions with hydrogen atoms, when M/m=1/14, so «a=0.87, then with
51/0-0,5 the 1inequality (35) gives: T/Tv>3'5' At higher TV' the
dissociation from low levels can play only a minor role. In addition, as
can be seen from eqn (23) for kl. increasing parameter « enhances the Tv
contribution to the rate-determining combination aTv+(1-a)T, which
results 1n sharper decrease of kl with decreasing Tv and widens the
temperature range of prevailing dissociation from high vibrational

levels.

10.5. DISSOCIATION IN DIATOM~DIATOM COLLISIONS

So far we considered dissocliation only in diatom-atom collisions.

However, in a real gas which is not largely dissociated, molecules
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collide mainly with molecules. In this gection, we extend our theory to

dissociation in dlatom-diatom collisions.

Let us consider first a collinear collision of two diatomic
homonuclear molecules, one consisting of atoms of mass m each and
initially having vibrational energy Ev‘ and the other consisting of
atoms of mass M each and non-vibrating. This collision is shown in Flg.
10.6a. The reason for considering a collision partner with zero initial
vibrational energy is that when vibrational relaxation 1is not yet
completed, so that Tv<‘r, collisions with non-excited molecules are by
far more probable than collisions with excited ones. More exact
Justification will be provided later in this section.

The same procedure as was used in analysis of diatom-atom
collisions now results in a formula for the final internal energy E"’ of
the “"left" molecule exactly coinciding with the eqn (13) for diatom-atom

case. Only velocities u and v are different from (12), namely:
. MEt 172 MEt /72
YN | =) »VE R em) (36)

Now we are able to obtain the desired threshold function, but due to the
difference between (12) and (36), it is somewhat different from the

function (16):

(VB-VEE;)2/(1-¢E) . Af E saD
E,=F(E,) : (37)

(1+¢E)(D-Ev) » if E >aD

This threshold line is depicted in Fig. 10.7. One can see that, In

contrast to the threshold line for the diatom-atom case (Fig. 10.2),
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this line lies entirely above the energetically minimum line Et+£v-D.

The physical reason for this behavior is simple. Since (at least,
in the impulsive limit considered) the collision actually occurs only
between the two atoms closest to each other, kinetic energy of the “far"
atom of the incident molecule can not be used for the desired excitation
and dissociation. Hence, to produce dissoclation, a higher translational
energy Et is required as compared to the diatom-atom case.

Is it possible to suggest some other mechanism that would yield a
lower threshold line coinciding in some part with the energetically
minimum line Et+Ev-D? To do this, the atom of an incident molecule
immediately hitting the dissoclating molecule must be supplied with
additional energy from a source other than translational motion. And
such a source does exist: rotational motion.

Obviously, the rotational energy will be used with maximum
efficiency if rotational velocity of the atom hitting the dissociating
molecule 1is added 1o its velocity in translational motion. In this
sense, the collinear configuration is the worst, because there is no
component of rotational velocity along the dissociating molecule axis.

Therefore, we need to abandon the collinear model and consider
possible non collinear geometry. Again, since we are looking for the
lowest possible threshold and therefore need to have the maximum
possible rotational velocity component along the axis of dissociating
nolecﬁle, it is clear that the best configuration is when the incident
molecule axis is perpendicular to the axis of the dissociating molecule,
as shown in Fig. 10-6b. |

Repeating derivations that led to eqns (16), (37), but with
additional rotational velocity vr-ﬁ;ﬁl— of the incident atom, we obtain

a generalized threshold function, that is, the minimum translational
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energy necessary to produce dissoclation, as a function of inltial
vibrational energy of the dissoclating molecule and rotational energy

(Er) of its collision partner:

2
[N-M;-V(ﬁw)sr] /(1-va) , if E,saD

Et-F(EV) (38)

2
[\/(m/&)w-sv) - Wa E. ) » if E >aD

Naturally, at Er-o this formula reduces to (37), but at Er>0 the
threshold value of Et is lower than that given by eqn (37), as was
expected.

Now we proceed with calculations of the rate coefficient. For
convenience, we will show intermediate results for microscopic rate
coefficients, that is, averaged only over translational and rotational
energy distributions, but not averaged yet over vibrational one.

As before, we neglect dependence of preexponential factors on
energy and/or temperature, and use the method of steepest descent to
evaluate integrals.

Integration over translational energy with the threshold function

(38) gives:
( 2
[vovaz, voe-are |
kgexP|- (IvVa)T » if E SaD
\
k(E,.E_, T)= (39)

'_ [Vu»’&) (D-Etv) - Wa Er]z

koexp , if Ev>aD

\
\

Now we integrate over rotational energy, assuming the rotational

distribution function to be quasi-Maxwellian with some temperature Tr:
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¢ ¢
Kk’ exp|- y if E_saD
(] &xp (] ("} r : v
k(Ev.Tr.T)ﬂ ; : (40)
(1045)(D—Ev)
N
ko eXp|l~— mr , if Ev>¢D
\
\ 4

Here k; and k;' are preexponsntial factors similar to ko.
For comparison, we show what the amicroscopic rate coefficient

looks like in the case of diatom-atom collisions (threshold function

(16)):
r ¢ 2
D-vaE
koxp {- == » if E saD
k(Ev.Tr.T)-< : (41)
D-Ev
LKOQXP -7 , if Ev>¢D
L

Rotational relaxation in gases is very fast. To establish an
equilibrium between rotational and translational energy distributions
requires only a few collisions. Therefore, in virtually all practically
important situations Tr-T. But then eqn (40) becomes exactly the same as
(41).

Thus, absolutely all results previously obtained for dissociation
rates in diatom-atom collislions are valid for diatom-diatom collisions,
with M meaning the mass of each of the incident molecule atoms. Only,
instead of translational energy consumption in dissociation, we have now
consumption of translational-rotational energy combined.

An important qualitative conclusion we can draw is that the actual

mechanism of collision-induced dissociation in diatomic gases at T;<T

necessarily implies non-collinear collisions with large rotational
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linrly of a collision partner and relative translational energy
simultaneously transferred to the dissociating molecule’s vibrational
mode.

If, for some reason, rotational temperature is less than
translational, then from comparison of eqn (40) with (41) one can notice
that the diatom-diatom rate coefficient would reduce to the diatom-atom
one 1f we introduce an effective "kinetic" temperature T, as a weighted

k
average of translational and rotational temperatures:

T+VaT
T T Ve (42)

Substituting the Tk defined above for T in all equations for the diatom-
atom case, formulae for the diatom-diatom case can be obtained.

Now we are able to Justify the previously made assumption about
zero vibrational energy of the collision partner of the dissociating
molecule. Considering a collinear collision with the collision partner
having vibrational energy distributed with temperature T; , one can get
the microscopic rate coefficient in the form (40), but with T; instead
of Tr' In. other words, such dissocliation would proceed with an
"effective” temperature:

T + Va T,
Teff = T+ Vo (43)

which should be substituted for T in the diatom-atom formulae.
Consequently, during the entire period of nonequilibrium dissociation,
when T;<T. and rr-r, the "effective" temperature determined by eqn (43)
will be 1less then Tk-T given by eqn (42), and the corresponding
"collinear” rate coefficlent will be negligible compared with that of

“"rotational" mechanism.

417




However, at thermal equilibrium, when TV-T;sTrsT, both "effective"
temperatures are equal to each other and to the gas temperature T.
Therefore, at high-temperature thermal equilibrium, collision-induced
dissoclation proceeds via both near-collinear collisions, with large
vibrational energy of a collision partner and translational energy
transferred to the vibrational mode of the dissociating molecule, and
non-collinear collisions, with large rotational and translational energy

transferred to the dissociating bond.

10.6. CONCLUSIONS

In this report, we suggest a theoretical model for analytical
calculations of dissociation rates behind shock waves where the
vibrational temperature is less than the gas temperature. The key role
in our theory belongs to a threshold function - the minimum
translational energy needed for collision-induced dissociation as a
function of initial vibrational and rotational energy. This function has
been shown to determine the most important, exponential, part of the
rate coefficient. temperature dependence. Then the threshold function
method was combined with a simple dynamical model of energy transfer -
the classical impulsive 1limit - to obtain formulae for the rate
coefficient.

These explicit formulae for k(Tv.T) and for the mean vibrational
energy removed in dissociation constitute the main result of this work.

The theory agrees in its qualitative aspects and in some
particular cases with major earlier work. For example, we have shown
that for sufficiently high vibrational energy Ev the threshold

translational energy 1is simply (D-Ev), while for low Ev the
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translational threshold actually exceeds (D-Ev). Thus, the model

provides a theoretical basis for the qualitative idea of “"preferential
dissociation” from higher vibrational levels put forward by Marrone and
Treanor (4].

In one particular case, when dissociation proceeds mainly via low
vibrational levels, our formula for k(Tv,T) contains a weighted average
of the temperatures Tv and T (eqn (11)). This is similar to the model of
Park (eqns (1), (2)), although the present formula has a different kind
of average and it is derived theoretically rather than empirically.

In the opposite case, when dissociation from high vibrational
level is dominant, the present result coincides with two-temperature
dissociation rate obtained by Kuznetsov [7, 40] in a "ladder"
approximation with dissociation occuring only from the highest
vibrational level.

Since the theory is analytical,it gives an opportunity to analyze
results easily, and to examine dependence on parameters and limiting
cases. Several qualitative results are worth mentioning:

It has been shown that during vibrational relaxation behind strong
shock waves the mechanism of dissociation changes: from prevailing
dissociation from low vibrational levels at high temperature ratio T/’l'v
to almost equiprobable dissociation from all levels at T/Tv approaching
1. Accordingly, the functional dependence on T and Tv of the rate
coefficient and of the mean vibrational energy removgd also changes.

The formulae exhibit an explicit dependence of dissociation rates
on the mass ratio of the dissociating molecule and its collision
partner. In particular, we have shown that decreasing the mass of the
collision partner makes dissociation from high vibrational levels more

favorable.
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Finally, it has been demonstrated that dissoclation in a molecular
gas at 'l'>‘l'v occurs predoninantly via non collinear collisions with
simultaneous transfer of large rotational and translational energy to
the vibrational mode of the dissocliating molecule.

The theory contains several simplifying assumptions, such as
neglecting quantum effects, using the impulsive collision 1limit, and
disregarding the energy (and/or temperature) dependence of
preexponential factors. These assumptions are reasonable approximations
over a large range of temperatures encountered behind strong shock
waves, as discussed in earlier sections. We can qualitatively indicate
the temperature range of validity of our theory. For the classical
description to be correct, vibrational and translational temperatures
must exceed the characteristic vibrational temperature (i.e., a few
thousand Kelvin, or 0.2-0.3 eV). On the other hand, neglecting the
energy dependence of preexponential factors and evaluating integrals by
the steepest descent method is correct if both temperatures Tv and T are
substantially less than the dissociation energy D (i.e. 5-10 eV).

Immediate improvement of the present theory would be made by
accurate derivations of preexponential factors. Thls work is currently

underway.
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FIGURE CAPTIONS

Fig. 10.1. Collinear diatom-atom collision. Arrows indicate velocities of

atoms.

Fig. 10.2. Threshold line Et'F(Ev) for dissociation in diatom-atom

collisions.

Fig. 10.3. Dissociation rate coefficient for NZ-N2 or Nz-N collisions versus
vibrational temperature at constant translational temperature
T=10000 K. 1, 1’ - Park model ([8]-[10] with s=0.5 (1) and s=0.7
(1’); 2, 2’ ~ Marrone-Treanor model [4] with U=D/6 (2) and U=D/3
(2°); 3, 3° ~ present theory with "exact" evaluation of ¥ and ko

(3) and using the steepest descent method (37).

Fig. 10.4. Relative contribution of dissociation from low (1), intermediate
(2), and high (3) levels to the overall nitrogen dissociation rate
at constant T=10000 K. Solid lines - "exact" evaluation of ¥ and

ko. dashed lines -~ calculations using the steepest descent method.

Fig. 10.5. Average energy removed from vibrational mode in a single
dissoclation act as a fraction of dissociation energy versus

vibrational temperature at different gas temperatures.

Fig. 10.6a. Diatom~diatom collision in collinear geometry.
Fig. 10.6b. Diatom~diatom collision in perpendicular geometry.

Fig. 10.7. Threshold 1line for dissocliation in collinear diatom-diatom

collisions.
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Fig. 10.3. Dissoeiatiop rate coefficient for Nz-N , or Nz-N collisions versus
vibrational temperature at constant translational temperature
T=10000 K. 1, 1’ - Park model [8]-(10] with s=0.5 (1) and s=0.7
(1'); 2, 2’ - Marrone-Treanor model [4] with U=D/6 (2) and Us=D/3
(2’); 3, 3’ - present theory with "exact" evaluation of ¥ and k,

(3) and using the steepest descent method (3’).
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Fig. 10.4. Relative contribution of dissociation from low (1), intermediate
(2), and h*gh (3) levels to the overall nitrogen dissociation rate
at constant T=10000 K. Solid lines - "exact” evaluation of ¥ and

kb’ dagshed lines - calculations using the steepest descent method.
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Fig. 10.5. Average energy removed from vibrational mode in a single
P

dissociation act as a fraction of dissociation energy versus

vibrational temperature at different gas temperatures.
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