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ABSTRACT

The work presented in this thesis was undertaken to explain the
differences in output powers and small-signal gain coefficients observed
in cw NZO and C0, lasers. To isolate the factors 1imiting small-signal
gain, the dynamics of conventional cw N0 Taser discharges were
investigated wusing a tunable diode 1laser (TDL) operating in the
2120-2350 cm~! frequency region. Absorption measurements were made with
the TDL on more than 10 different vibrational bands, allowing
vibrational population distributions in the three normal modes of
vibration of N20 to be determined. The vibrational populations follow a
Boltzmann distribution, and the V1 and vy mode temperatures are found to
be strongly coupled, and to maintain equilibrium with the background gas
temperature under all discharge conditions. It is observed that the v3
mode temperature saturates at high discharge currents. This saturation,
which is attributed to electron de-excitation, is determined to be the
primary factor limiting smail-signal 10-ym gain in the N20 laser and is
much more important than N,0 dissociation. The maximum small-signal
gain coefficients achievable in cw N,0 lasers are calculated, and the
results of the work indicates the measures that must be taken to

optimize small-signal gain in the NZU laser.
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CHAPTER 1
INTRODUCTION

For many years, the N20 laser has been secondary to the COZ
laser as a source of coherent radiation in the 10-ym region. Although
N20 has twice as many laser lines as does CO,, spanning a comparable
wavelength range, the N20 laser 1is generally used only when the
frequency coverage of the CO2 laser is inadequate. Applications have
been primarily as a secondary frequency s’candard,l’2 and in areas of
spectroscopy.3’4 This situation has arisen because N20 lasers have much
Tower small-signal gain and output powers than CO2 lTasers, despite
similarities in molecular spectroscopy, laser design, and net line
strength., Relatively speaking, the NZO system has received little
attention. Since the first observation of pulsed laser action in pure
N20 in late 1964,5 and the first achievement of continuous (cw) lasing
in NZO’NZ in eariy 1965,6 most investigations have been concerned with
observing new lines’s8 or making accurate frequency measurements?s10 of
the (00°1-1090) transitions. In 1977, 1lasing on the (0092-10°1)
sequence lines of NoO was obtainedll using an in-cavity hot cell to
suppress tlasing on the regular 10-pum transitions. Few attempts to
examine gain dynamics have been made,12 but it has been observed that,
under similar conditions, the small signal gain of the C02 laser exceeds

that of the N20 taser by roughly a factor of four.13 This situation is



responsible for the lower efficiency and output power of the NZO laser.
Hitherto, the difference in the gains for the two systems has been
attributed to dissociation of the N20 molecule,ll’14 which occurs more
readily than for CO,. Although the mechanisms governing gain in the two
molecules are similar, no systematic study of gain in NZO exists to
date.

To conclusively determine the factors 1limiting small-signal
gain, and hence power, in the NZO laser, a tunable diode laser (TDL) has
been used to investigate the dynamics of cw NZO discharges. The TDL
possesses a distinct advantage over other 1laser sources in that it can
be tuned to any vibrational transition in NZO; investigations are no
longer limited to transitions that will Tlase 1in a separate NZO
oscillator. Whereas in the past, information concerning only the
difference in the populations of the two 1laser levels was avaﬂab]e,15
with this technique one can monitor the populations in all three normal
vibrational modes of NoO and determine the vibrational temperature
associated with each mode. This thesis discusses the wuse of a TDL to
study cw electric discharges in flowing gas mixtures of NZO, N, and He.
The measurements are similar to those of Dang et 31,16 in their
comprehensive examination of the gain dynamics of 602, but the present
investigation 1is particularly concerned with determining the factors
which Timit small-signal 10-um gain in the NZO laser.

The results indicate that the mode-temperature model of Gordietz
et 31.17 and Moore et 31,18 provides a good description of the
vibrational populations in an NZO discharge. The model assumes

independent vibrational modes whose populations follow a Boltzmann



distribution characterized by a vibrational temperature for each mode.
The vy and v, modes are found to be strongly coupled and to have the
same vibrational temperature. The V3 vibrational temperature is the
most important factor influencing gain insofar as it governs the
population 1in the wupper laser Tlevel. Results clearly show that
saturation of the V3 mode excitation is the primary factor limiting gain
in N,0 discharges. A similar saturation has been observed in CO,
discharges,15’16’19 but the effect is much more severe in N,0. This
factor results in significantly lower gain coefficients in N20 lasers
which, in turn, account for the poor performance of the NZO laser
relative to the C()2 laser. In contrast to previous investigations of
N,0 1asers,11’13 dissociation of N0 is not found to be a major problem.

The next chapter presents theoretical background concerning the
spectroscopy of NZO, and energy transfer mechanisms within the system.
The conventional mode-temperature model is reviewed, and the vibrational
level populations are related to the absorption coefficients measured
with the TDL. Chapter 3 outlines the experimental and analytical
techniques for determining vibrational temperatures, while N20
dissociation is examined in Chapter 4. In Chapters 5 and 6, results of
temperature measurements as a function of discharge current and gas
mixture are discussed with regard to the limitations on 10-um gain in

NZO lasers. Conclusions are presented in the final section.



CHAPTER 2

THEORY

2.1 Introduction

This chapter briefly introduces the theory of small-signal gain
and absorption on the regular 10-um laser transitions and the 4.5-um
absorption transitions of the Ny0:N,:He system in an electric discharge.
These concepts are necessary to an understanding of the methods of
investigation and analysis used in this work. A discussion of the
structure and spectroscopy of the N20 molecule is followed by an outliine
of the principal mechanisms involved 1in the excitation of Tlaser gas
molecules, and in the establishment of population inversion.
Subsequently, the theoretical mode-temperature model is presented, and
is used in calculating the vibrational energy level populations in NZO.
These populations determine the magnitude of the gain or absorption on a
transition. Once the theoretical results of the model have been shown
to be 1in good agreement with experimental measurements, the model
becomes a powerful tool in the study of factors governing small-signal
gain in the N>0 laser.

Due to the similarities between the N,0 and CO, molecules, the
following pages include occasional references to the CO2 system, for

which considerably more published material exists.



2.2 Spectroscopy of N0

The spectroscopy of a molecular gas is determined by the
structure of the molecules and their normal mode vibrations. These
factors, in combination with quantum mechanical selection rules, govern
the frequency and 1intensity of electro-magnetic radiation absorbed or
emitted by the gas.

N20 is a linear, asymmetric triatomic molecule with an axis of
symmetry C_. There are four fundamental modes of vibration, two of
which are degenerate. Figure 2.1 shows the three distinct modes of
vibration and their frequencies. The vy and vy modes involve atom
movement parallel to the axis, while v, represents a doubly degenerate
bend in two equivalent planes perpendicular to the molecular axis that
connects the nuclei at rest. Energy stored in a molecule in the form of
these vibrations can have only certain quantized values denoted by
“ijzk". The three vibrational quantum numbers i, j and k take on
integer values designating the number of quanta of vibrational energy
excited in each of the three vibrational modes. The 2 quantum number
specifies the vibrational angular momentum associated with the Vo
bending mode.

The purely vibrational energy of a particular state ijﬁk is

calculated as:20

3 33
G(13%) = = v (vp*dpn/2) + T T ypn (Vptd,/2) (vy+d, /2)
m=1 m=1 nym
303
I L gndnns (1)

m=1 nym



FIGURE 2.1 The normal modes of vibration of the N20 molecule. The
vibrational frequencies and symmetry types (species) are

also indicated.
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where vm(m=1—3) are the quantum numbers i, j and k. The xmn represent a
small amount of coupling between the fundamental modes due to
anharmonicity. This arises because the vibrational displacements of the
molecules are not infinitesimal, and leads to a slight decrease in the
energy spacings of the modes with increasing quantum number. The Imn
are on the same order as x,,, and for non-degenerate vibrations g.,,=0,

2 0, d =1, A doubly degenerate vibration has dm=2. The

m,n_ m

experimentally observed values of the vibrational energy G are shown in
the energy level diagram in Fig. 2.2.

In addition to molecular vibration, simultaneous rotation can
also occur producing a rotational angular momentum designated by the
quantum number J. This Tleads to an additional contribution to the
energy of the molecule and causes a sub-structure of rotational levels
to be superimposed on each vibrational level., The statistical weight of
a rotational level 1is given by gJ=2J+1, the number of possible
projections of J along a space-fixed axis. The rotational structure is
further influenced by the g-value mentioned above. A classical
visualization of the vibrational contribution to the angular momentum of
the molecule by the degenerate bending mode considers the two components
of the v, mode to be excited simultaneously, but out of phase with each
other. As a result, each atom describes an ellipse (or circle) about
the internuclear axis and since all the atoms do not move in phase, the
molecule appears to be rotating in a slightly bent position. This
produces a constant vibrational angular momentum quantized by %, where

2=J, J-2, «e. =J. The zig! values arise from the possibility of either



FIGURE 2.2

Partial vibrational energy level diagram for NZO showing the
three  fundamental modes  with their associated mode
temperatures. Also shown are some typical transitions in

the 2200 cm~1 region that are probed with the tunable diode

laser.
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clockwise or anti-clockwise rotation. Normally, the absolute value of g
is given in the notation ij%*k. The g value determines the symmetry type
or species of a vibrational mode, where ¢<0,1,2,3... corresponds to
species I,lI,A,%... . Consider the state 020, for which ¢ = 2, 0. The
effects of vibrational anharmonicity 1lead to a splitting of the 0220
Tevel from the 02°0 1level, and a coupling of vibration to rotation by
the Coriolis force causes levels for which & 1is non-zero to be split
into two new levels per J value. This is called g2-type doubling. Each
rotational level is assigned a parity '+' or '-' depending upon whether
or not the total eigenfunction of the molecule, including contributions
from the electronic, vibrational and rotational eigenfunctions, changes
sign when all particles are reflected at the origin (inversion).

Furthermore, the two levels arising from g-type doubling are labelled

e' or 'f' according to the parity of the Tlevel and the J value.2l an
increase in Coriolis force with increasing rotational energy causes the
separation of the e and f levels to grow as the J number rises. These
characteristics of the rotational structure of vibrational levels are
depicted in Fig. 2.3.

The net energy of a rotational-vibrational level is given by the

sum of the vibrational energy G(ij*k) and the rotational energy F(J):
E = G(ij*k) + F(J) (2)

F(J) = B[J(J+1)-22] - D[J(J+1)-¢23% + H[U(J+1)-¢233 + ... (
3)

In all cases, J » g, which accounts for the absence of the J=0 level for

species j in Fig. 2.3. The dominant influence on the rotational energy



FIGURE 2.3 The rotational sub-structure superimposed upon the
vibrational energy levels is shown for two different
vibrational symmetry species, e.g., the 0000 (Z) and 0110

() modes.
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is the rotational constant B, which varies inversely as the moment of
inertia I of the molecule. B decreases slightly for each vibrational
level of increasing energy, due to the corresponding increase in I. D
represents the influence of centrifugal stretching introduced by the
interaction of vibration and rotation, and both D and H are several
orders of magnitude smaller than B. The spectroscopy of N20 in the
4,5-pym region has been studied in considerable detai],22'26 and
molecular constants for most of the levels of interest in this work are
available in the literature. The frequency of a transition between two
levels is simply given by the energy difference in cm-! between the
levels in question. Consequently, the majority of absorption lines
observed with the TDL can easily be identified. Al1l constants used in
the frequency calculations are recorded in Table 2.1.

The selection rules influencing infrared transitions between

rotational-vibrational levels are as follows:

1. Vibrational Transitions

by =0, *1; it -

2. Rotational Transitions (4)
Ad = 0, 1 (J=0 « J=0); R
where « and <>  mean ‘allowed’ and ‘not allowed'. A

rotational-vibrational spectrum typically consists of an R branch
(Ad = +1) and a P branch (AJ = -1), as shown in Fig. 2.4. A spectral
line is 1labelled by the J value of its lower level. The Q branch

(AJ = 0) does not exist for transitions in which %=0 in both the upper



TABLE 2.1

Molecular Constants Used for N,0 Transition Frequency Calculations

Vib. Level G(cm'l) B(cm‘l) D(cm‘l) H(cm'l) Iso-  Ref.
x10-7 x10-14 tope

000 0 0.4190110  1.7618 0 446 24
" 0 0.4048586  1.637 0 546 23
u 0 0.4189825  1.7632 0 456 23
0001 2223.757  0.415560 1.7585 3.8 446 24
" 2201.605 0.4014979  1.633 0 546 23
" 2177.658 0.4156541  1.7566 2.2 456 23
0002 4417.382  0.4121007  1.7090 0 446 24
0003 6580.856  0.4086376  1.754 0 25
0094 8714.146  0.4051866  1.788 0 25
0110e 588.768  0.4191775  1.7852 0 24
"of 588.768  0.4199695  1.7922 0 24
0ll1e 2798.293  0.4157703  1.7771 0 24
nof 2798.293  0.4165475  1.7868 1.4 24
01l2e 4977.695  0.4123583  1.785 117 22
nof 4977.695 0.4131183  1.785 117 22
0290 1168.134  0.4199193  2.445 117 22
0291 3363.974  0.4165443  2.445 117 22
0220e 1177.750  0.4201253  1.165 117 22
i 1177.750  0.4201253  1.795 117 22
0221e 3373.137  0.4167523  1.195 117 22
g 3373.137  0.4167523  1.795 117 22
031oe 1749.058 0.4196063  2.195 117 22
nof 1749.058  0.4210883  2.195 117 22
03l1e 3931.258  0.4162253  1.915 117 22
"of 3931.258 0.4176843  1.925 117 22
0330e 1766.958  0.420674 1.805 14 26
nof 1766.958  0.420674 1.805 220 26
0331e 3948.344  0.417327 1.815 14 26
nof 3948.344  0.417327 1.815 220 26
1090 1284.907  0.4172563  1.775 117 22
1001 3480.821  0.4137843  1.745 117 22
1110e 1880.268 0.4174673  1.765 117 22
nof 1880.268  0.4183803  1.775 117 22
1111e 4061.979  0.4140513  1.775 117 22
"of 4061.979  0.4149343  1.735 117 v 22




FIGURE 2.4 Typical rotational-vibrational spectrum showing the P and R
branches of the fundamental band (00°1-00°0). Transitions
between vibrational levels also involve a change in
rotational quantum number J. The spectral transitions are
labelled by the J value of the lower level, e.g., 00°0 J=4 +

0001 J=5 produces the R(4) line.
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and lower states, and is weak for transitions in which ag = 0, but
2 # 0. Both cases are called parallel band transitions, and in this
thesis absorption measurements are made on particular rotational lines
of these parallel bands. Perpendicular bands correspond to A% = %1,

In passing, it should be mentioned that the similarities in the
structures of CO, and N,0 cause their spectra to closely resemble one
another, with the exception that for C02 alternate J lines are missing.
This difference accounts for the interest in N20 for more complete

spectral coverage of the 10-um region.

2.3 Excitation and Energy Transfer Mechanisms

The simplest and most popular technique conventionally used for
the excitation of N,0 Tlaser gases employs a continuous (cw) electric
discharge. As this thesis is concerned with the gain behaviour in cw
lasers, the following paragraphs review the mechanisms operating in a
discharge to populate the upper laser level and empty the lower. For
successful laser action, a population inversion between the laser levels
must be maintained. The magnitude of the inversion is governed by the
energy exchange rates between the various levels. Furthermore, the
assumptions incorporated into the theoretical model that is presented in
Section 2.4 are justified by the following picture of energy transfer
within the N-O:Ny:He system. Note that, for this study, it is primarily
the relative rates for intramode and intermode energy exchange that are

of interest.
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2.3.1 Excitation of N,0(00°1)

In a laser-gas discharge, electron energy is transferred by
means of collisions into translational, vibrational and rotational
motion of the gas components. Electronic excitation of the molecules
and atoms, as well as iJjonization and dissociation, also occur,. A
detailed theoretical calculation of the transfer of input power to the
vibrational modes of the constituent gas molecules requires knowledge of
such quantities as the electron density and energy distribution, and
collision cross-sections between all components. Although calculations
have been done for the 002 1aser,27’28 many of the necessary rate
constants and collision cross-sections have not been measured for N,0.
However, the similarities between the NZO and €0, molecular systems
suggest that many of the mechanisms operating in 002 will also apply to
N,0.

Excitation of the upper laser level (00°1) of N,0 is
accomplished by two processes:

(1) Direct electron excitation of N,0
N,0(00%0) + e <> N,0(00°1) + e, (5)

where e indicates an energetic electron.
(2) Direct excitation of the nitrogen and subsequent

vibrational-to-vibrational (V-V) energy transfer from the first excited

state of Ny at 2330.7 cm™! to N,0 at 2223.7 cm-l

Ny(v=1) + N,0(00°0) <> Ny(v = 0) + N,0(00°1) + 107 cm-1, (6)

Nitrogen molecules have been shown to have a large cross-section for
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vibrational excitation by direct electron impact.29 Furthermore, the
vibrational energy difference between the N2 and N)0 levels is less than
kT,30 and thus the probability of vibrational energy transfer is high.
Fast coupling rates between excited nitrogen and N20(00°1), on the order
of 5.6 x 103 s~1Torr-1, ensure that the vy mode of N,0 and the excited
N, are 1in equilibrium with one another.31-33 A similar equilibrium
between CO2 and N2 has been observed in C02 mixtures, where the v4-mode
excitation is very dependent upon the relative proportions of N2 and C0,
in a laser gas.lg’34 Since the 1090 1lower laser level of N20 at 1285
em~l is  removed by 1046 cm=l  from the N2(v=1) level, 1little energy
transfer occurs between these two levels. Consequently, selective

excitation of the upper laser level is achieved.

2.3.2 Relaxation Processes

In the cw NZO laser, discharge excitation establishes a
population in the upper laser level, as well as in the low-lying vy and
2 vibrational modes of N20. During lasing, population is transferred
from the 00°1 to the 10°0 level, and the return to ground state proceeds
via the 020 and 010 levels. Simultaneously, other mechanisms may act to
remove molecules from the upper laser level. 1In order that population
inversion be maintained, energy transfer rates must be such that a
'bottle-neck' of population does not occur 1in any of the relevant
levels. The processes by which energy is re-distributed in the system
are outlined below.

In cw electric discharges, there are four principal routes by

which population can be removed from excited levels to the ground state.
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Collisional relaxation processes, which are dominant in the discharges
of this study, will be discussed in detail. Conversely, diffusion to
the walls becomes significant only at very 1low pressures, and
spontaneous emission rates, which are on the order of seconds to
milliseconds,32533535 are negligible 1in comparison to other processes.
Electron de-excitation of vibrationally excited molecules has been shown
to have a profound effect upon CO2 discharges, and to dominate other
relaxation processes for high electric discharge currents.3®  The
effects of electron de-excitation in N,0 have been observed in this work
and are presented in Chapter 5.

0f the possible collisional relaxation processes, rotational
relaxation is the fastest. Measurements3/-40 show that rotational
coupling in the NZO molecule is practically identical to that for COZ,
which has a relaxation rate on the order of 107 s-1Torr-l.
Corresponding rates for N, and He are kp(Ny) = 1.2 x 107 s-1Torr-l and
kp(He) = 0.6 x 107 s~1Torr-1.39 These rates ensure that the rotational
sub-levels of a vibrational level will be thermalized.

Resonant V-V exchange processes during N,0-N,0 collisions
account for the distribution of energy throughout a single mode. In
C0,, the intramode exchange rates are much faster than the intermode and
vibrational-translational (V-T) transfer rates. In N,0 also, the vj3
intramode exchange rate is one of the fastest V-V rates known.4l This a
consequence of the small vibrational energy differences between the
states of the molecules in comparison to the translational energy,32 and
of the 1large transition dipole moments involved in the collisions of

molecules of the same kind.4l In the case of N20, reactions of the form
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2N,0(00°1) <> N,0(00°2) + N,0(00%0) + 30 em-1 (7)

are sufficiently rapid to establish a vibrational equilibrium 1in the
repartition of the populations of the v3 mode. Similar energy exchange
within the N=0 stretch mode and the bending mode is expected to occur as

follows:
2N,0(10°0) <> N,0(20°0) + N,0(00°0) + 6.5 cm-1, (8)

2N,0(0110)  «» N,0(0290) + N0(00%0) + 9.4 em-1, (9)

(02¢0) (-0.2)
In addition, transfer between the 0290 and 0220 states takes place.
Pack42 suggests that calculated rates at 400 K for the equivalent of
equation (7) in CO, are on the order of 1 x 107 s=1torr-1, Although
measurements of this rate are unavailable for NZO, the rate constant is

expected to be larger than those for similar processes of the form:
N,0(00°1) + N,0(0110) «» N,0(00°0) + N,0(0111) + 14.2 em=1 (10)
and
N,0(10°0) + N,0(00°1) «» N,0(10°1) + N,0(00°0) + 28 em~1. (11)

Measured rates for both of these cases are 1.6 x 100 s-1Torr-l. It can

therefore be concluded that vibrational equilibrium within the levels of

each of the three normal modes of NZO is established very rapidly.
Re-distribution of energy within the N,0 system also occurs

through intermode resonant V-V transfers involving the vy and v, modes.
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The following processes control the relaxation of the lower laser level,

and thus influence the population inversion:

2N20(0110) > N20(10°O) + NZO(OOOO) - 107.4 em~1, (12)
N20(10°O) + M o« NZO(OZSO) + M+ AR Lanss (13)

(02¢0)
where 4By ans 1S the excess energy that goes into translational motion

and M is any of the constituent gas molecules. Although specific rates
for these reactions could not be found in the literature, the
equi]ibrium43 observed between the two modes indicates that V-V coupling
is very rapid. Henceforth this 'joint mode' will be designated (vl,
v2). Experimental evidence for this coupling is presented in Chapter 4.

In contrast to the energy transfer processes already outlined,
intermode exchange between the N,0 v3 and (v, v,) modes is quite slow.

The reaction is written
No0(0001) + M > N,0(ij%0) + AE . ncs (14)

and is temperature dependent. In pure N20 at 300 K, the de-excitation
rate of the 0001 level is ~750 s‘lTorr‘l,35’44 while for NZO in He the
rate is 260 s-lTorr-l, [t 1is believed that the principal path for
de-excitation of the N20(00°1) level by rare gases is through the 1110
level. Relaxation of N,0(00°1) by N, at 400 K proceeds at 460
s-1Torp-1,32

Finally, the relaxation of the Tower Tlevel (vy, vy) modes is
assisted by helium through vibrational-to-translational (V-T) processes

such as
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N,0(0110) + M« N,0(00°0) + M. (15)

Helium is commonly used as a buffer gas in laser gas mixtures due to its
high thermal conductivity, which Jlowers the gas temperature and allows
higher pumping currents to be used.4®  De-excitation of (vl, vz) can
also occur by collisions with NZO and N2. Measured relaxation rates are
2950 s~1Torr-1 and 1770 s‘lTorr'l, respective]y.31

To summarize the preceeding paragraphs, it is found that in the
discharges examined in this work, rotational relaxation proceeds more
rapidly than other processes. Thus, an equilibrium Boltzmann
distribution 1is established in the rotational sub-levels of each
vibrational level. Furthermore, intramode V-V energy exchange rates
dominate intermode and V-T rates such that the N,0 vibrational modes can
be considered as distinct. These points justify the assumptions upon
which the theoretical mode temperature model of the following section

rests.

2.4 The Mode-Temperature Model

The theoretical mode-temperature model for populations in
moiecular energy levels was first introduced by Gordietz 35_31,17 and
Moore gg.gl.,18 and has been used by several workers for investigations
of CO, lasers.19,16,19,36,46  The spectroscopy and laser dynamics of the
N,0 and CO, systems are sufficiently similar that the theory can be
applied to N,0 with only minor alterations.

The model assumes that the vibrational level populations of each
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mode of N20 are characterized by a Boltzmann distribution. Thus,
vibrational temperatures Tl, To and T3 are associated with modes vy, vy
and V3, respectively. For simplicity, exponential factors xy, x, and xj

are introduced, such that

Xp = exp(=hv /KT, ), (16)

where hy, is the level spacing of the nth mode. Planck's constant h and
Boltzmann's constant k appear in the exponential factor. The successful
application of the model to c¢w and pulsed C02 lasers is attributed to
very rapid CO, intramode relaxation rates.42 A similar situation is
expected to hold for NZO, as discussed in the previous section. Good
agreement between results produced by this model and experimental
measurements reported in Chapters 3 and 5 adds further support to the
theoretical approach. A fourth temperature T is defined to describe the
distribution of the population of a vibrational 1level through the
rotational sub-levels. As mentioned in Section 2.3, the rotational
relaxation rates in NZO:NZ:He mixtures are sufficiently rapid that the
rotational temperature 1is assumed equal to the translational gas
temperature.

In this work, a TDL operating in the 2120-2350 em-1 region is
used to measure absorption coefficients in the fundamental V3 band of
N,0, and all of its associated hot bands. Thus transitions between
levels (ij%k) and (ij%*k+1) are monitored. Typical transitions are shown
in Fig. 2.2. From the absorption coefficients of such transitions, the
population difference [N(ij%*k) - N(ij%+1)] can be deduced. The

relationship between these population differences and the absorption
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coefficients has been derived for the 4.3-ym bands of CO2 by Dang et
31316 A similar approach is adopted here, modified as appropriate for
the 4.5-um bands of N20.

The population density in a particular vibrational level (1j2k)

is written
NO
N(ijtk) = g,exp[-G(ij*k)/kT]
QV
(17)
N
O £ 3
= 9i 95 9 X' xg0 x5k,
Qy

where N0 is the density of N,0 molecules, g, indicates the degeneracy of
the vibrational levels, and Qv is the vibrational partition function

given by
Q, = (1 - xp)™t (1 - x,)72 (1-x4)"L. (18)

To obtain the population density of an individual rotational
sub-level, N(ijzk) is multiplied by the Boltzmann rotational population

factor K(J):

n(ij*k;d) = K(J) N(ij*k), (19)

g
K() = Y exp[-F(J)/kT] . (20)
QR
Generally in the calculation of the exponential in F, it is sufficient
to keep only the first order term in J, i.e., F(J)=exp[BJ(J+1)/kT]. The

statistical weight of the rotational level is g,;=2J+1 (see Section 2.2)
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and B is the molecular rotational constant. The rotational partition

function QR is expressed as a summation over J,

Qp

]

z gy exp[-F(J)/kT]

g (2J + 1) exp[-BJ(J + 1)/kT]. (21)
Transforming the sum to an integral over all J-lines gives

kT/Bhc

=
]
o
=
]

= 2kT/Bhc , (22)

=
H
o
fo]
vl
]

where ¢ is the speed of light.

2.5 Calculation of the Absorption Coefficient

The absorption of a photon by a molecular gas causes a
transition between two energy Tlevels of the gas. The absorption
coefficient of the transition depends explicitly wupon the population
difference between the 1levels, as given by the expressions of the
preceding section. Note that small-signal absorption is considered,
implying that the radiation field intensities are sufficiently low that
effects non-linear 1in the field need not be considered. Such an
approximation is valid for the 1low diode laser probe powers involved in
this work.

The absorption coefficient between an upper (u) and a lower (g)

level of a gas is expressed as4’
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2
A
a(\)) = —(')— Azu [KZNl(gu/gﬂ,) - KuNu] g(\)),

8 (23)
where Ao is the wavelength at line centre, and g, and g, are the
rotational statistical weights of the respective levels. g(v) is the
normalized lineshape function. The spontaneous transition probability
Azu is given by

4 u 2
64n R,% 1€ Sy Fy

A =
3
3ha, u

(24)

The matrix element IRRUi2 represents the vibrational contribution to the
transition moment, while S; is the rotational contribution and F; is the
interaction factor between vibration and rotation. Matrix elements for
the fundamental (00°1-00°0) transition and the (00°1-10°00) Taser
transition have been measur~ed,48’49 while values for other absorption
lines are deduced using the harmonic oscillator approximation.50 These
constants are listed in Table 2.2, and expressions for SJ51 are
presented in Table 2.3. Measurements of FJ for the 4.5-um transitions
could not be found in the 1literature, but results for the NZO 10-1m
transitions?9 and in C0252 indicate that FJ is approximately unity. F,
values used in the calculations are included in Table 2.3.

The pressure regime required for the cw molecular gas discharges
of this thesis dictate that the absorption lineshape will consist of a
Doppler-broadened distribution of Lorentzian (pressure-broadened)
profiles. Such a distribution is termed a Voigt profile,53 and is used

for the Tineshape function g(v) in expression (23). Only the absorption



TABLE 2.2

Vibrational Matrix Elements and FJ Values for N20

Transition |R2u] Fy
4.5 um  00% 0.249 Debye (2 1
00°1 /7(0.249) (P)

00°2 /3(0.249)

00°3 2(0.249)

otto e,f|  (0.249)#2

011 e,f 0.249

02% 0.249

0220 e,f |  (0.249)/Z

10% 0.249

0310 e,f | (0.249)/7

03%0 e,f | (0.249) /2

11%0 e,f | (0.249) 47 w

10 ym 00°1-10°% | 0.0566 Debye (c) |1-3.11x107° m® (c)

(a) Kagann Ref. 48

(b) Harmonic oscillator approximation

(c) Lacombe et al.

Ref. 49
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TABLE 2.3

Expressions for S,, the Rotational Contribution
to the Spontangous Transition Probability

P-branch Q-branch R-branch
JU=JQ—1 Ju:Jg Ju=J2+1
2=0 JQ 0 Ju
240 2(3,2-2%) 2(29 +1)8° 23 -2%)
A __u _u
JQ Ju(du+1) u

From Penner (51)

26
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at line centre v, is required in the present work, for which

0

1
g(va) = — b exp(b?) erfc(b), (25)
0 a1/2
Tc
and erfc is the complementary error  function. Yo 1s  the
pressure-broadened halfwidth at half maximum (HWHM) and
b = (vc/vp) (In 2)1/2. (26)
The Doppler-broadened HWHM takes the form
Yp = vo [(2kT 1n2)/(Mc2)11/2 (27)

and M is the mass of the molecules of the gas. Pressure broadening by

N,0, Ny and He is given hy54

( )( )( 1 ( )

where P is the total pressure, Y 1s the fraction of gas 'a' in the

mixture, ¢, is the pressure-broadening coefficient of gas 'a', and T is

a
the background gas  temperature. N20 self-broadening and NZO'NZ
broadening coefficients are taken from Lacombe et 31.,55 while the
temperature dependence of the broadening coefficients and the N,0-He
broadening are both assumed to be identical to the values measured in
C0, mixtures by Brimacombe et 31.54 The J-dependence of these
expressions is given in Table 2.4. The same linewidths are used for all

the vibrational bands of interest in N,0.  The Doppler-broadened

Tinewidth for N,0 at room temperature is vp(4.5 um) = 60 MHz, and



TABLE 2.4

Collision-Broadening Coefficients for N20

Collision m-Dependence of Coefficient
Partners
_ -0.118
N,0-N,0 m < 40 cho = | (a)
m>40 cy = 0.121 - 6.86x10" % |m|(a)
N,0
N,-N.,0 all m - l'4'92X10_3 (a)
272 CN2
_ -5
He-N,,0 0 <m <100 cp, = - 2.8?1? Im |
b

(a) Lacombe et al. Ref. 55

(b) Brimacombe & Reid Ref.54

Note: P-branch m=-J
R-branch m=J+1
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yp(10 um) = 26 MHz, while total linewidths are on the order of 30-40
MHz.

The preceding equations have been incorporated into a computer
program which calculates the frequencies and absorption coefficients on
any transition of interest as a function of gas mixture, pressure, and
mode temperatures. Alternatively, the program can convert a measured
absorption into a rotational or vibrational population difference. As
described in the next section, TDL absorption measurements can thus be
used to determine vibrational populations and mode temperatures.

The mode temperature model also allows calculation of laser
gain, which occurs when a population inversion 1is present between two
levels. It is noteworthy that 10-um gain coefficients determined for
both N20 and C02 under identical conditions are very similar; the
differences in experimentally determined gain coefficients cannot be
predicted on the basis of the theoretical considerations outlined in
this chapter. Hence, a systematic study of vibrational populations and
mode temperatures under a variety of conditions is required to determine

factors limiting N,0 laser gain.

2.6 Summary

The previous sections have presented the theory behind
absorption and emission of photons in a molecular gas. The discussion
of NZO spectroscopy dealt with the origins of spectral 1lines and the
means by which their frequencies are calculated, in order that they can

be 1identified and measured. The excitation and energy transfer
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mechanisms in a gas discharge have been outlined and assumptions based
on the rates of energy exchange between molecules have been incorporated
into a theoretical model for calculating populations of energy levels in
NZO. In addition, the relationship between populations and absorption
or gain coefficients has been discussed. The next chapter deals with

experimental procedure and data analysis techniques.



CHAPTER 3

EXPERIMENTAL APPARATUS AND MEASUREMENT TECHNIQUES

3.1 The Experimental System

A schematic diagram of the apparatus is shown in Fig. 3.1. The
beam from a lead-salt tunable diode laser (TDL) is focussed into a short
N,0 discharge tube, and 1imaged onto the slit of a 0.5 m monochromator.
The radiation is subsequently collected at a HgCdTe detector and an X-Y
recorder produces a trace of detected laser power versus diode laser
freqguency.

The TDL is mounted in an evacuated chamber (Laser Analytics,
Inc.) and cooled by a CTI Cryogenic refrigerator to operating
temperatures between roughly 10 and 50 K. Temperature adjustment and
current tuning permit lasing at frequencies from ~2120 em~l to 2350
cm‘l. For ease in alignment of the infrared beam, a HeNe laser beam is
arranged to traverse the same path as the TDL radiation. In general,
several TDL modes 1lase simultaneously. The monochromator is used to
isolate a single mode and allows coarse frequency calibration. Glass
slides placed at the output of the diode laser attenuate the signals to
levels below the saturation limit of the detector. These attenuators
also reduce feedback into the Tlaser from reflecting elements in the
system.

The NZO discharge tube has a bore of 1 cm, an active length of

31



FIGURE 3.1 Schematic diagram of the experimental apparatus.
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10 cm, and a total window-to-window Tength of 14.85 cm. Before entering
the tube, the TDL beam diameter is restricted to ~3mm by an aperture
such that only the central portion of the discharge 1is probed. The
discharge is operated with a Universal Voltronics Corporation high
voltage power supply at typical voltages of ~2kV and currents up to
25mA. Fast gas flowrates of ~800 m&/min NTP are used to minimize
dissociation, and the gas mixture is regulated using calibrated
flowmeters. Gas pressures are measured with a calibrated pressure gauge
at the outlet of the cell, and the pressure drop between inlet and
outlet 1is found to be negligible. The methanol cooling jacket
temperature is maintained at ~260 K.

Figure 3.2 shows two typical TDL absorption scans recorded with
the laser beam passing through the discharge cell. These are
conventional amplitude scans produced by mechanically chopping the
infrared beam and wusing a lock-in amplifier with a liquid-
nitrogen-cooled HgCdTe detector to achieve phase-sensitive detection.
The absorption coefficients of lines examined in this work are
sufficiently large (>0.2 %/cm) that high sensitivity harmonic detection
technique556 are not required. Most of the 1lines can easily be
identified wusing the theory presented in Section 2.2. The lower and
upper traces of Fig. 3.2 are taken with and without a discharge current.
Note the appearance of many additional absorption lines in the lower
spectrum as the discharge populates high-lying vibrational levels. The
strength of absorptions in the 00°1 and 00°2 bands®’ is indicative of
the efficiency of excitation of the vy mode of N,0,-and demonstrates the

ability of the TDL technique to supply detailed information regarding



FIGURE 3.2 Typical TDL scans recorded with the laser beam focussed into
the discharge tube. The upper scan is taken with no
discharge current, while the lower scan corresponds to a
current of 15 mA 1in a 15%N20:15%N2:7O%He mixture at 13.7
Torr. The more 1important absorption 1lines are Tlabelled
beneath the traces. Bracketed numbers indicate isotopes
other than the most abundant L4N14N160 isotope, .e.q.,
15y14N160 is 1abelled (546). Each transition is identified

by its lower vibrational level.®’
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population distributions in a discharge.

3.2 Mode Temperature Determination and Initial Results

As a first step in analyzing TDL traces such as those shown in
Fig. 3.2, the wupper non-discharge trace 1is considered. Since the
absorption path-length £ is accurately known, the absorption coefficient

a(cm‘l) of a line can be determined using

I =1, exp(-a), (29)

where I and I, are the detected TUL beam intensities on and off
resonance respectively. In the absence of a discharge, the N20
molecules are in thermal equilibrium at a known temperature, pressure
and gas mixture. Hence the measured absorption coefficients can be
compared with those predicted by the model of Section 2.5, This
comparison provides an experimental check on the matrix elements and
linewidths for the various bands and in addition ensures that no
systematic errors are present in the determination of gas mixture and
pressure. In general, experiment and calculation agree to better than
7% for 1low-lying bands that c¢an be monitored in a room temperature
mixture.

The analysis procedure next requires that several suitable
absorption lines be chosen for each vibrational band under
investigation. The selected transitions must be free from interference
by neighbouring lines; where possible, 1lines with J values near 19 are

used to minimize the effects of varying gas temperature. Very large
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absorption coefficients in some spectral bands prohibit measurements at
the branch peak, forcing examination of high-J Tines instead. Under
these circumstances, the rotational temperature is used to scale all the
absorption coefficients to the same J value (generally J=19). This
eliminates rotational effects when comparing vibrational band

measurements.

3.2.1 Rotational Temperatures

Due to extremely fast rotational relaxation rates in N20, on the
order of 107 s~1Tore-1 (Section 2.3), the rotational temperature is
assumed to be in equilibrium with the background gas temperature.
Methods customarily used in gas temperature sensing, including acoustic
measurement of the velocity of sound in the gas, direct thermocouple and
thermometer detection, and microphonic monitoring of gas pressure
changes, are all unsatisfactory for use in gas laser discharges.58 A
more suitable method examines the distribution of rotational lines of
the laser-active molecule itself by measuring the absorption
coefficients of several rotational transitions in the same vibrational
band. 10,5458 The profile of the P and R branches of the
rotational-vibrational spectrum 1is governed solely by the rotational
temperature T of the molecule. This is apparent from the ratio of the
absorptivities of two different rotational lines of the same vibrational

band:

= K(J,J') exp -[F(J') - F(J)/kT. (30)



FIGURE 3.3 Rotational distributions measured in the 00°0 band of

15y14N160 at room temperature, and the 0092 band of 14N2160
at a discharge current of 25 mA. The pressure was 13.7
Torr. The smooth curves show the theoretical calculations;

the distributions are normalized to a maximum value of

unity.
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The vibrational factors are identical for numerator and denominator, and
the exponential expression depends only on T. The factor K(J,J')
includes the effects of the lineshape functions, rotational statistical
weights and SJ factors. F is the expression for rotational energy. The
foregoing relationship between different J lines of the same band allows
normalization of the theoretical spectrum to the experimentally measured
points to determine the temperature for which closest agreement occurs.
Figure 3.3 presents experimentally measured rotational distributions for
two different bands under room temperature and high excitation
conditions. The Tlatter curve shows the shift in peak absorption to
higher J as the temperature increases. Typically, the fitting procedure
determines rotational temperatures to an accuracy of *10K. Within this
experimental error, different vibrational bands are found to have the
same rotational temperature when measured under identical discharge

conditions.

3.2.2 Vibrational Temperatures

The vibrational mode temperatures established in a Tlaser
discharge are sensitive monitors of the small-signal gain achievable in
the system, because they indicate the relative effectiveness of the
excitation and de-excitation mechanisms governing population in the
vibrational Tlevels. The only previous investigation of the type
presented in this thesis was performed on the CO2 system. Before the
advent of the TDL technique, CO2 lasers were studied by measuring
absorption coefficients on the regular (00°1 - [1000, 02907) band lines

of the CO2 laser. However, information concerning only the two levels
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involved in the transition was obtained, and it was difficult to
determine whether Boltzmann distributions were present in the gas.
Fortunately, the tunable diode laser technique allows measurements to be
made on any transition in the operating frequency range, and the
vibrational mode temperatures are determined from the ratios of the
populations in three or more levels of a single mode. The population
ratios are given by the ratios of absorption coefficients obtained for
the same rotational 1line in different vibrational bands. Since the
rotational temperature is known, absorption coefficients measured on
different rotational lines can all be scaled to the same line, for
example R(19). Consider the following ratio of absorption coefficients

in the 00°1 and 00°0 bands:

a(00°1)  2[Nyg, - Ngoi] 2x3(x3-1)
a(00%)  [Nggp - Moood  (xg-1)
= 2 exp(-hv3/kT3)
= 2 Ngg1/Nogo - (31)

The lineshape factors, matrix elements, statistical weights, etc., for
the two transitions cancel for similar J, leaving the ratio dependent
purely on T3, The factor of two arises from the dependence of the
matrix element on the vibrational Jlevel as given by the simple harmonic
oscillator approximation.50 Similarly,

a(00°2) 3Ngo2

= . (32)
«(00°0) Nogo

The natural logarithms of such vibrational population ratios are plotted



FIGURE 3.4 Vibrational population distributions in the vy mode of N,0O
at discharge currents of 5 mA and 25 mA. Data points are
experimental measurements made with the TDL, while the solid
line is a linear fit, constrained to pass through the point

(0,0). The slope of the line gives the mode temperature,

T3c
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FIGURE 3.5 Repeat of Fig. 3.4 for a 15%N20:15%N2:70%He mixture. Note
the drop in T3 which occurs as the N20 content is increased

from the value of 2% in Fig. 3.4.
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versus the known vibrational energy, as in Figs. 3.4 and 3.5. The slope
of the resultant line varies as the inverse of the vy mode temperature.
To obtain the plots shown 1in these figures, the value of a(OOOO) was
adjusted to ensure that the Tinear least-squares-fit passed through the
point (0,0). This procedure was adopted because the measurement of
a(00°0) was much more prone to experimental error than the measurement
of «(00°1), «(0092), or «(0003). (Due to the strength of the
fundamental band, the measurement of «(0090) must be carried out on a
high-J 1ine and the measured absorption includes contributions from both
discharge and non-discharge portions of the cell.) Note the good fit to
a straight 1line, which indicates that the vibrational population
distribution is indeed Boltzmann. In COZ it has been found that, for
energy levels above those probed in the present experiment,
anharmonicity of the CO2 molecule causes the population distribution to
become non-Boltzmann. This effect is not significant for the range of
measurements performed here.

The Vo mode temperature is <calculated as for T3, using

transitions such as the hotband 0110:

a(0110) [No11 - No1od  xplx3-1)
(00°0) [Noo1 - Noool (x3-1)

= exp(-hvy/kT,)

N
_ oo (33)

Nooo

Assuming simple harmonic behaviour, the general expression for such

absorptivity ratios is
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ajjlk )

x4 (k-1) x,d xt . (34)
000

A1l mode temperatures can thus be determined by choosing the ratios of

appropriate vibrational bands.

Typical vibrational distributions for the vy and vy modes are
shown in Fig. 3.6. The experimental points included in this figure have
been corrected for the absorption which occurs in the non-discharge
portion of the discharge tube (see Appendix I). The corrections are
significant for the low-lying levels such as 0110, but have Tlittle
effect for levels such as 0330. The fitted value of «(0090), as derived
for Figs. 3.4 and 3.5, is used in the calculations of Nijzk' The
combined effect of these procedures produces a linear least-squares-fit
to the data points which need not pass exactly through the point (0,0)
due to scatter in the corrected points., Note that all the vy and vy
mode populations 1lie on the same straight line: i.e., T1 =To,. A
common vibrational mode temperature was observed for all discharge
currents, confirming the strong coupling between the modes that has been
reported previous]y.43 In addition, absorption coefficients measured on
combination bands such as (0112-0111) are in good agreement with values
calculated from the mode-temperature model using T5 from Fig. 3.5 and T

and T2 from Fig. 3.6.

3.3 Summary

The experimental apparatus and analytic approach involved in

measuring mode temperatures and vibrational populations in N20 has been



FIGURE 3.6 Vibrational population distributions in the vy and vy modes
of N20 at discharge currents of 5 and 25 mA., Data points
are experimental measurements for the levels indicated in
the figure, while the solid 1lines represent Boltzmann

distributions for the indicated value of T1=T2.
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presented. Calculations of small-signal gain and absorption done using
the theoretical mode temperature model are shown to be in agreement with
experiment, and the inherent assumptions in the model, including the
concept of a Boltzmann distribution for the 1low-lying vibrational
levels, are justified. The v; and v, modes are found to be strongly

coupled, with a common vibrational temperature.



CHAPTER 4

DISSOCIATION OF N,0

It has long been recognized that dissociation of NZO plays an
important role in the dynamics of NZU discharges; indeed, it has been
proposed as the dominant factor limiting gain in N20 1asers.11’13’14 A
measure of the dissociation under a range of mixture and flow conditions
is therefore desirable to test this hypothesis, and to ascertain the
true gas mixtures corresponding to experimentally determined
temperatures.

An approach analagous to the procedure used by Rang g}_gl,16 to
measure dissociation involves monitoring the formation of nitric oxide
as NZO dissociates. Unfortunately, this was not possible as no nitric

oxide absorption bands lay within the tuning range of the TDL. Instead,

the following technique was used.

4.1 Experimental Procedure

A short gas cell with a window separation of 0.8 cm was inserted
into the gas pumping 1line at the outlet of the discharge tube. The
configuration is shown in Fig. 4.1. The TDL was used to monitor
absorption on the strong NZO 0090 lines in this cell. Pressure drop
between the gauge and probe point was found to be negligible. As the

measured absorption coefficient is proportional to the number of N20
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FIGURE 4.1

Schematic diagram showing the 0.8-cm-long cell situated at
the outlet of the discharge. This short cell is used to
measure absorption coefficients on the 14n14)160 isotope
fundamental lines 1in order to determine the magnitude of

dissociation in the discharge.
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molecules present, the degree of dissociation is simply given by the
ratio of absorption coefficients measured with and without a discharge
current in the primary 14.85-cm cell. For instance, typical results
obtained on the P(20) 0090 line show a line centre absorption of 110
%/cm without the discharge, and 64 %/cm with the discharge, revealing
that ~40% of the NZO molecules were dissociated by the discharge. Since
Austin and Smith®9 have indicated that the final dissociation products
of N20 are molecular oxygen and nitrogen, the reformation of N,0 is not
expected to be significant. However, the exponential decrease of NZO
along the discharge, as has been shown to occur in CO2 by Wiegand et
gl,,60 means that dissociation and temperature measurements will only be
an average over the range of conditions in the cell. Given that the gas
entering the cell 1is wundissociated, and that the fraction f of NZO
molecules remaining as the gas exits the discharge can be determined,
the exponential variation in the fraction of N20 molecules along the

length £ of the discharge is calculated using
f = exp(-de) (35)

Having found d, the average fraction of the original number of molecules

in the discharge is given by

foy = 1/dL [1 - exp(-dL)], (36)

where L is the total length of the discharge. This average value fay 18
used to represent the average gas mixture in the discharge.
Care was taken to verify that the measured change in ahsorption

in the 00°0 band was entirely due to dissociation, and not partially



49

caused by a change in gas temperature or residual V3 mode excitation.
This was accomplished in two ways: (1) it was ascertained that no
residual absorption occurred on the strong 00°1 excited transition, (2)
absorption measurements were made on a number of transitions. For
example, the separation of the lower levels of the 0090 P(44) and P(20)
transitions is sufficient that agreement in the results obtained with

each line confirms that thermal excitation in the gas is not a problem.

4.2 Dissociation Results

The results for net dissociation as a function of current for
several flowrates are given in Fig. 4.2. In general, the absolute
reproducibility of the dissociation measurements is +3%, regardless of
the size of the measured dissociation. As expected, the degree of
dissociation increases with increasing current and is found to vary
inversely as the gas flow rate. However, in the plot of net
dissociation versus mixture in Fig. 4.3, the degree of dissociation also
shows a very significant increase at low N,0 concentrations. This
behaviour is in agreement with results reported by Austin 33_31,59 It is
interesting to note that under the fast flow conditions employed for the
data of Fig. 4.3, dissociation 1is not serious for high concentration
mixtures and reasonable currents (<10 mA). These findings contradict
the assertion that dissociation is a dominant factor in N20 lasers. The
effects of dissociation on gain are considered in Chapter 6.

The measurements shown in Fig. 4.3 give an estimate of the

average N20 concentration in the discharge, assuming an exponential



FIGURE 4.2 Degree of N,0 dissociation measured at the outlet of the
discharge tube as a function of the discharge current and
flowrate. The measurements were made on the 0000 P(44)

lines of the 14N14N16g isotope.
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FIGURE 4.3 Degree of N20 dissociation measured at the outlet of the
discharge tube as a function of inlet gas mixture and
current. Dwell time in the discharge was ~11 msec and the
total pressure was 13.7 Torr. The associated absorption
measurements were made on a variety of different

transitions.
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decrease in N20 along the length of the tube. 60 Thus, a final check on
the self-consistency of the experimental results is possible; the
average dissociation can be combined with the measured vibrational and
translational temperatures obtained in the next section, and the known
gas mixture and pressure, to calculate the absolute absorption
coefficients on any N,O Tline. Measured absorption coefficients on the
excited bands examined in this work are found to agree with the
calculated values to within 10%, well within the error introduced by the

individual estimates of temperatures and dissociation.

4,3 Summary

A method for measuring net dissociation at the exit of a
discharge has been demonstrated. Average dissociation in the discharge
can thus be determined, and results agree well with alternative
dissociation estimates. From these values, N,0 concentrations under a
variety of discharge, current and flow conditions are deduced and used

in the following chapter.



CHAPTER 5

MODE TEMPERATURES IN NZO DISCHARGES

Mode temperatures have been measured for a range of NZO:NZ:He
mixtures, and extensive studies have been made of the 2%N20:12%N2:86%He
and 15%N,0:15%N,:70%He mixtures.  The 15% N,0 mixture was chosen as a
typical representative of the gases used in N20 lasers, while the 2% N20
mixture exhibits a high T3. Since the parameter that most strongly
influences gain in the N20 taser is the vy vibrational temperature, its
behaviour as a function of current and gas wmixture is of special

interest.

5.1 Results

The vg vibrational distributions for the two mentioned mixtures
were given in Figs. 3.4 and 3.5 of Section 3.2.2 and show that Tq
increases by only 15% between discharge currents of 5 and 25 mA.
Figures 5.1 and 5.2 disptay the variation of the rotational and
vibrational temperatures in an N,0 discharge as a function of current
for the two mixtures. It is apparent that most of the increase in T3
occurs at Jow current and by 15 mA there is clear evidence of T3
saturation; further increase in current fails to enhance the populations
of the vy mode. Saturation is less evident for the v; and v, modes

which, to within experimental accuracy, share a common vibrational
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FIGURE 5.1 Experimental values of T3, T,(=T;) and T as a function of
discharge current. The gas flow rate is 773 ml/min NTP,

resulting in a gas dwell time in the discharge region of ~11

msec.
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FIGURE 5.2 Repeat of Fig. 5.1 for a 15%N20:15%N2:70%He mixture. The
gas flow rate is 399 ml/min NTP, resulting in a gas dwell

time in the discharge region of ~21 msec.
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temperature. Similar saturation of T3 has been observed for C0215’16
and has been shown to be caused by electron de-excitation.30®  The
present measurements indicate that N,O discharges are even more
susceptible to electron de-excitation of the vy mode than are C02
discharges. In the 2% N20 mixture, the maximum T3 attained is only 2000
K, compared to 3000 K under similar conditions in C0,.  The limiting
value of T3 in N20 is smaller, and occurs at a lower current than in the
comparible C02 case. The relative effects of electron de-excitation in
the two gas mixtures can be seen in Fig. 5.3. It should be noted that
the dissociation measured at 10 mA  (Section 4.2) has been used to
correct the mixtures before plotting this figure, e.g. a nominal 2% N20
mixture dissociates to 1.2% at the outlet of the discharge, and hence
the measured T, of 1880 K is plotted at an average 1.56% Ny0. Optimum
discharge current was taken to be 10 mA, where dissociation is still
reasonably low, but T3 has practically reached its maximum value. As
was the case in C02 dischar‘ges,ls’16 the maximum attainable value of T,
in NZO appears to depend only wupon the percent of N,0, and is
independent of the total pressure61 and the use of pulsed or cw
excitation. Thus it appears that electron de-excitation is the primary
cause of the poor performance of NZO lasers. It is noteworthy that a
15% N,0 mixture saturates at a T3 value of 1000 K with only 3% of the
N>0 population in the 0091 level. For the equivalent 15% C02 case, T3
reaches practically 2000 K and ~12% of the molecules are in the 00°1
level. It follows that for typical discharge mixtures, the COZ laser
has almost four times as many molecules 1in the wupper laser level, and

consequently the success of the €0, laser over the N,0 laser is not



FIGURE 5.3 T3 measurements as a function of gas mixture in both N,0 and
CO2 discharges. The CO, curve is taken from Ref. 63 and
represents the average of many pulsed and cw measurements
taken under conditions designed to maximize T3. The N,
data points were measured in the present work; the cw
measurements (circles) were made with a TDL for a mixture
containing 15% N2 at a total pressure of 13.7 Torr and a
discharge current of 10 mA. The pulsed measurements
(squares) were made in a transversely- excited discharge
using the techniques described in Ref. 63. T(=T1=T2) is

also shown as a function of gas mixture for NZO‘
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surprising.

Gain 1is also considerably influenced by the background
temperature T, which appears in the rotational partition function. To
within experimental accuracy, Figs. 5.1 and 5.2 show that T=T1(=T2) and
the temperature increases steadily with current .62 However, T at 25 mA
in the 2% N20 mixture 1is only 380 K, while in the 15% N20 gas it has
risen considerably to 550 K. This variation in T as a function of gas
composition is also indicated in Fig. 5.3. The change in temperature of
roughly 200 K across the range of mixtures shown will reduce the N20
laser gain for rich N20 mixtures, but a very similar temperature

variation is observed in CO, discharges.63

5.2 Summary

A systematic examination of mode temperatures has been performed
as a function of current in 2% N20 and 15% N20 mixtures, and as a
function of gas mixture at 10 mA. The rotational/background gas
temperature is found to be in equilibrium with the (vl,vz) mode
temperature, and increases with NZO concentration. Saturation of T3
with current is observed to occur at lower temperatures than in C02, and
consequently electron de-excitation processes are believed to be more
active than in CO, discharges. The temperatures obtained in this

section are next used to calculate 10-um gain.



CHAPTER 6

10-pm GAIN CALCULATIONS

6.1 Results

The TDL absorption measurements at  4.5-ym allow the
determination of accurate vibrational populations in the 00°1 and 10°0
levels of NZO. Combining this  information with the appropriate
vibrational matrix element (0.06 Debye49) permits straightforward
calculation of the gain on the 10-um (00°1-10°0) laser band. Calculated
gain as a function of discharge current 1is shown in Fig. 6.1 for two
different gas mixtures. The temperatures used in these calculations
were presented in Figs. 5.1 and 5.2. The calculated points are joined
by smooth curves to indicate the 10-um gain that will be observed under
the specified conditions. These results illustrate the relative effects
of T3, T and dissociation upon the 10-um gain. At currents above 5 mA,
the marginal increase in T3 cannot compensate for the detrimental effect
of increasing T, and thus gain decreases. This reduction in gain is
more severe for the 15% N20 mixture, in which the increase in T between
5 and 25 mA is much greater. In contrast, the effects of dissociation
are more serious for the 2% mixture (Fig. 4.3). It should be noted that
for the 15% mixture, dissociation plays a minor role in the 10-um gain
dynamics. However, since gain varies directly as NZO density, but

depends exponentially on T3, gain for the 2% mixture is greater than in
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FIGURE 6.1

Calculated 10-um gain on the P(20) transition of the
0001-00°0 band for two different N,0 mixtures at 13.7 Torr.
The solid lines join calculated points for which
dissociation is included; the dashed 1lines show gain
calculated by assuming that the measured temperatures
correspond to the wundissociated mixtures. Dissociation
estimates are an average over the 10-cm discharge length, as

outlined in Chapter 4.
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the 15% mixture due to significantly higher T3.

The variation of gain as a function of gas mixture is shown in
Fig. 6.2. Average N,0 concentration in the discharge is estimated from
the measured dissociation at the gas outlet, as described in Chapter 4.
The average value is then wused in the gain calculations and for the
abcissa of Fig. 6.2. The net effect of dissociation is to alter the gas
composition and hence the associated mode temperatures that influence

gain. Thus, provided the actual NZO content of the mixture is known,

this figure gives gain coefficients for both dissociated and

undissociated NZO mixtures.

6.2 Discussion

The measured values of dissociation and mode temperatures can be
used with the mode-temperature model to demonstrate the relative effects
of these factors on 10-um gain. Table 6.1 compares the influence of
dissociation and T3-saturation on 10-um gain for two gas mixtures in the
N20 and CO, systems. It is clear from this table that saturation of T;
is the dominant mechanism accounting for the difference in NZO and CO,
gain coefficients, particularly for the 15% mixtures. The 1low gain
coefficients attainable in N20 dictate that, in general, the N20 laser
is operating near thresholid. Thus, the optical efficiency is lTow and
only the strongest lines in a vibrational band can lase, with the result
that the output powers of these lasers are low, and the line tunability
limited. Typically, the 10-um output power produced by a flowing gas

laser will drop by a factor of four when NZO is substituted for CO, in



FIGURE 6.2 Calculated 10-um gain as a function of effective %NZO in the
gas mixture at 13.7 Torr. The mixtures were prepared with
15% N, and the balance was helium. The associated TDL
measurements were taken at a discharge current of 10 mA, and
the calculations were carried out using the data of

Figs. 4.3 and 5.3.
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TABLE 6.1

Comparison of 10-pm Gain in cw

N,0 and CO, Systems

(incl. dissociation)

2 2
Conditions a(%/cm) a(%/cm)
B20) H20)
154C02:154N2:704He ISANZO:ISZN2:7OZH9
T=T1=T2=490K(a)
1.38 1.52
T.,=1950K
3
T=T1=T2=490K
T3=1950K —_ 1.34
9% dissociation of NZO
=T =T = (b)
T—TI-T2 490K
=1040K —_— 0.2
3 2
(incl. dissociation)
24C02:154N2:834He 24N20:154N2:834He
T=T2=T2=350K(a)
0.64 0.67
T.=3150K
T=T1=T2=350K
T3=3150K I 0.50
N25% dissociation of N20
o =T = (b)
T—TI—T2 350K
T3=1830K —_— 0.31

(a) Typical

(b) Typical

conditions for a CO2 mixture.

conditions for an N20 mixture
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the gas mixture. 64

Generally, N20 lasers have discharge lengths of >100 cm, and
consequently the gas molecules tend to remain in the discharge
significantly longer than is the case for the work reported here.
Dissociation will be more of a problem in these lasers, but the
evolution of the gain along the discharge Tlength 1is still described by
the curve in Fig. 6.2. For example, a practical laser may be operated
with a nominal gas mixture of 10% NZO’ which dissociates to only 3% at
the exit of the discharge. As shown in Figs. 5.3 and 6.2, the reduction
in N20 concentration along the discharge length is offset by an increase
in T3, and the average gain coefficient will be ~0.43 %/cm. Clearly,
the optimum gas mixture for a given laser will depend to a large extent
upon the gas dwell time and the discharge current. This explains the
variety of NZO laser mixtures quoted 1in the literature. One successful
approach to controlling gas mixture has employed several short sections
of tube within the laser feedback elements, each with its own gas inlet
and outlet ports.65 However, even when an optimum gas mixture is
maintained, the gain does not significantly exceed that obtained for the
lasers described above.

This work predicts maximum gain for NZO concentrations of
roughly 3 to 8%. Below this region, high T3 values are balanced by Tow
N20 number density, while for rich NoO mixtures, the low T3 and high T
values are responsible for 1low gain. On the basis of Fig. 6.2, the
maximum gain coefficient expected in cw N20:N2:He mixtures is ~0.5 %/cm,
This result agrees with direct 10-dm small-signal gain measurements made

under similar conditions in which a peak gain of ~0.43 %/cm was
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observed.®® The results are also consistent with a peak gain of 0.24
%/cm observed by Djeu et Elf13 under cw excitation and 0.32 %/cm
measured by Mullaney g}_gljlz with pulsed excitation. In addition, the
variation of 10-um gain with current shown 1in Fig. 6.1 1is 1in good
agreement with measurements on operating N20 lasers.®®

The low values of T3 in pulsed N,0 discharges are also
responsible for the failure of attempts to produce an optically pumped
4,5-um N20 laser.%6 This system relies wupon discharge excitation to
populate the N,0 0092 level prior to transferring the population to the
10°1 Tevel by means of an optical pulse. The excitation of the v, mode
in N20 is so poor that the population transferred from 00°2 to 1001 is
insufficient to establish an inversion between the 10°1 and 100C levels.
Although lasing is not observed in NZO’ the presence of an inversion in
€0, mixtures leads to high small-signal coefficients at 4.3 um.0708
This is a consequence of the strong matrix element for the 1091-10°00
transition.

The saturation of T3 1is linked to rapid electron de-excitation
rates in N,0 which reduce the equilibrium population in the upper laser
level, 36 Unfortunately, the electron energy distribution in the system
is determined primarily by the gas mixture and pressure.69 Since the
mixture/pressure regime for which lasing occurs is very limited, chances
of alleviating the de-excitation problem 1in a discharge-excited

situation are small.
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6.3 Summary

Upon the basis of the previously obtained mode temperatures,
this section has presented calculations of 10-pm N,0 Taser small-signal
gain as a function of discharge current and mixture. N,0 laser gain fis
significantly lower than that of the C02 laser, and attains a maximum
value of ~0.5 %/cm at N20 concentrations of 3 to 8%. Low T3 values
represent the primary limitation on N,0 Tlaser gain, while dissociation

plays only a minor role for conventional laser gas mixtures.



CHAPTER 7

CONCLUSIONS

A summary of the salient features of the present study of cw N20
laser dynamics is presented in this final chapter, along with a
discussion of further investigation and development possible for the N20
laser. The goal of the work presented in this thesis was to explain the
differences in output powers and small-signal gain coefficients observed
in N,O and COp cw Tasers. Due to the similarities between the Ny0 and
C02 systems, the TDL technique previously used for a comprehensive study
of C02 gain dynamics16 was applied to NZO' By combining measured
absorption coefficients involving more than 18 selected vibrational
levels with a theoretical mode-temperature model for populations
(Chapter 2), vibrational populations and temperatures can be obtained.
This approach to the investigation of the dynamics of N,0 Tlaser
discharges has proved to be extremely powerful. Not only has the
validity of the mode-temperature model for N20 been demonstrated, but it
has also been shown that the vy and v, modes in N,0 are strongly coupled
despite the absence of Fermi resonance between the 10°0 and 02°0 levels.
Furthermore, T,(=T,) is found to be 1in equilibrium with the background
gas temperature (Chapter 3).

Prior to this study, the gain differences between the CO0, and
N20 systems were often attributed to dissociation. This contention was

investigated in Chapter 4. Significant dissociation of N20 is shown to
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occur in typical cw discharges, particularly at high currents and low
concentrations of N,0. However, under discharge conditions where one
might expect to observe maximum 10-um gain (<10 mA, 10 to 20% NZO)’
dissociation plays a minor role.

The most significant result established in this thesis is the
saturation of the vibrational temperature T3 with increasing discharge
current (Chapter 5). Such saturation, which is attributed to electron
de—excitation,36 severely limits the population that can be established
in the 00°1 upper laser level. Although the effect is also observed in
COZ, the attainable T3 values in NZO are much lower. The influence of
mode temperatures on gain are investigated in Chapter 6. From these
calculations, it is evident that T3-saturation is the principal factor
responsible for the poor performance of N,0 lasers relative to CO,
lasers.

For all practical purposes, the information presented in this
thesis is sufficient for the typical laser user. However, this work has
only considered vibrational populations in N20 discharges under
conditions of smali-signal 10-um gain. Similar TDL techniques can be
used to examine N,0 saturation dynamics in the presence of strong 10-um
laser fields.19,36 By perturbing the population of a level and
measuring the rate of return to -equilibrium, relaxation mechanisms and
electron excitation and de-excitation processes can be also
studied.36>71 Should it be deemed worthwhile, this information can be
used in the modelling of N20 lasers.

Some workers have chosen to completely avoid discharge

excitation in favour of technigues such as optical pumping with resonant
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72 or gasdynamic processes ‘where

energy transfer between molecules,
conventional cw N20 radiation is amplified by a shock-heated N,0 mixture
that 1is adiabatically expanded through a nozzle.”3 In addition,
multi-atmosphere electron-beam-controlled lasers have been
demonstrated.’% Although these techniques are not in common use,
avenues are obviously still open for the future development of the NZO
laser.

In conclusion, the work described in this thesis has provided a
detailed explanation for the low output powers and poor overall
performance of the NZO laser. Although saturation of T3 appears
unavoidable as long as discharge excitation of the Jlaser gas is used,

the presented results have indicated the measures required to maximize

NZO laser gain.



APPENDIX 1

ANALYSIS OF T, DATA

The analysis of absorption data pertaining to the Vo vibrational
mode is complicated by the non-zero absorption coefficients of many of
the lines in the absence of a discharge. Although it is possible to
estimate T, from several lines involving little or no non-discharge
absorption (e.g., from the ratio 0111/0001 or from the 030 and 110
lines), a vibrational population distribution for a number of energy
Tevels conclusively shows whether or not a single mode temperature
exists.

In this work, the absorptivity of a line in the discharge alone
is extracted from the experimental measurement of the absorption
coefficient as follows. For convenience, the gas cell is divided into
two regions: the 10-cm length between the discharge electrodes, and a
non-discharge region representing the two ends of the cell that lie
outside of the electrodes. An effective length x for the region outside

of the discharge and a net dissociation factor D are defined, such that
tmeast = Dlapgx + aq(10)] . (I.1)

In this formula, o,y refers to the absorption in the non-discharge

region, a4 is the absorption in the discharge, and « 2=-1n(I/IO)x100

meas

is taken directly from the X-Y recorder scans of the line. All

absorption coefficients are expressed in %/cm. Once x and D are
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determined, they can be substituted into formula (I.1) with the
measurements on the line in question to evaluate Oy Sample
calculations are included with the step-by-step procedure outlined
below.

To determine D, a fundamental Tline such as 00°0(R19) is
examined. Normally, the discharge absorptivity aexp(R19) (including
dissociation) of this 1line is established by the intercept of the
vibrational distribution for the corresponding vq data. The rotational
temperature and T3 in the discharge are known from previous measurements
and a good estimate of T, 1is given by the ratio 0111/00°1. Hence the

absorptivity in the discharge without dissociation, (R19), can be

atheory
calculated and the difference between the two absorptivities is due to

dissociation:

% heory(R19) X D = @y, (R19) (1.2)

This effective dissociation factor is normally in close agreement with

other estimates of dissociation for the given mixture and current.

e.g. 15%N20:15%N2:70%He, 25 mA current, dwell time ~21 msec.
From the analysis of the T3 data, the absorption coefficient for
the fundamental R(19) line is

doyp(R19) = 135 %/cm.

From previous measurements,
T =550 K, Ty = To = 550 K, T4 = 1042 K.

Thus «a (R19) = 198.4 %/cm,

theory
and therefore, D = 0.68.
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A dissociation of 46% is measured at the outlet of the cell. This
gives an average dissociation factor of 0.74, as calculated by the
method of Chapter 4.1, and is in reasonable agreement with the value

derived above.

Next, several measurements on 00°0 Tlines of less abundant isotopes are
made, since the main isotope lines are generally too strong to
accurately measure. These values are used with D, oy and a 4 to
determine an average x factor, where the calculation of % requires
that an effective temperature for the non-discharge region be estimated.
The value chosen is not extremely critical, since the derived x changes
somewhat to compensate for a change 1in temperature - a reasonable
estimate is ~260 K. The x value also reflects the difference in number
density of N,0 molecules in and out of the discharge, as established by

dissociation.

e.g. Equation (I.1) can be written for the following five 00°0

15y14N16¢ absorption lines.

Line Equation X

P(7) 11.81 = 0.68[2.91 x + 0.36 (10)] 4.73
P(8) 13.01 = 0.68[3.22 x + 0.40 (10)] 4.69
P(25) 17.05 = 0.68[2.79 x + 0.69 (10)] 6.53
P(29) 12.61 = 0.68[1.98 x + 0.63 (10)] 6.18
R(23) 18.96 = 0.68[3.31 x + 0.74 (10)] 6.17

D=0.68, x, =5.66

At this point, the derived D and x are used with measurements of

“mea52 and calculations of g ON rotational lines of the transition in






The results of this sample calculation are plotted in Fig. 3.6 at
a vibrational energy of 1284.9 cm‘l.
A1l data analysed using this procedure 1is consistent with other
calculations of T2, and shows that a Boltzmann distribution is present

in the N,0 gas mixture.
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