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ABSTRACT

Optical pumping at 4.3 pm is used to create high gain 

coefficients and high vibrational temperatures in the asymmetric (V3) 

mode of CO2. A pulsed 4.3 pm CO2 laser excites mixtures of CO2 and He to 

create transient gain at 9 and 10 pm. A conventional cw CO2 laser 

operating on both regular and sequence bands measures this transient 

gain and thus determines the v3 mode vibrational temperature T3. The 

measured values of T3 are generally much higher than those attained in 

discharge-excited CO2. It is shown that a Treanor distribution must be 

used to describe the populations in the v3 mode when dilute mixtures of 

CO2 in He are optically pumped to v3 mode temperatures of 3000 to 4000 K. 

Under these conditions, the measured sequence band gain coefficients are 

almost equal to those on the regular bands. The collisional relaxation 

of energy from the v3 mode shows evidence of fast V-T relaxation at high 

values of T3, followed by a slower relaxation rate characteristic of the 

00°l population lifetime. Attempts to create lasing by utilizing the 

partial inversion predicted in high-lying v3 band levels were 

unsuccessful.
In mixtures with high CO2 content, 10 pm gain coefficients as 

large as 20 %/cm on the regular bands and 5 %/cm on the sequence bands 

have been measured. The high values of gain coefficient and T3 observed 

in the optically-pumped system are attributed to the absence of electron 
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de-excitation mechanisms which limit the excitation of the v3 mode in 

discharge-excited C02.

iv



ACKNOWLEDGEMENTS

I would like to thank my super-visor, Dr. J. Reid, for the 

opportunity of working with him and for his expert guidance in this 

work.

My sincere thanks are also due to Dr. R.K. Brimacombe for his 

development of the C02 gain models and for introducing me to C02 laser 

research. I aim grateful to Messrs. David Danagher and Ed Williams for 

their development of the data acquisition and analysis programs and to 

Mr. T. Manuccia for his critical comments of this manuscript.

Lastly but not least, I wish to thank my parents for their 

constant encouragement and support throughout the course of this work.



CONTENTS

PAGE

ABSTRACT iii

ACKNOWLEDGEMENTS V

vi



PAGE

4.2.2 Results and Comparison with Theory 43
4.2.3 Gain Lifetimes 51

4.3 High-CC>2 Content Mixtures 54
4.4 Treanor Laser 57
4.5 Summary 58

CHAPTER 5 CONCLUSIONS 60

REFERENCES 63

vii



LIST OF FIGURES

FIGURE EAGE

2-1  The normal vibrational modes of the CO2 molecule. 6

2-2  Vibrational energy level diagram of C02 illustrating the 7 
main lasing transitions discussed in this work.

2-3  Symmetry properties of the rotational levels in various 11 
species of C02 (from Herzberg [17]).

2- 4 Vibrational energy level diagram detailing some of the 13
vib-rotational transitions in the regular, sequence and
4.3 pm bands of C02. The energy spacing between the 
rotational levels is exaggerated.

3- 1 Schematic diagram of the apparatus used for T3 measurements. 33
The dichroic mirror transmits 90% at 10 pm and reflects
87% at 4.3 pm. The CO2 cell near the detector absorbs any 
residual 4.3 pm radiation.

3-2  Schematic diagram of the 4.3 pm laser system. The LiF flat 34 
absorbs all of the sequence radiation and transmits ~ 90%
of the 4.3 pm radiation. The dichroic mirror is similar to 
that used in Figure 3-1.

3-3  Typical gain signals for the regular 9 pm P(18) and the 39 
sequence E(19) line as measured in a 1.4% CO2 : 98.6% He 
mixture at a total pressure of 1027 Torr. In each case, 8 
successive pulses are averaged. Some electrical noise is 
present before the arrival of the 4.3 pm pump pulse. The 

viii



EIGHBE PAGE

absorbed energy per unit volume was ~ 5 mJ/cc, and the 
pump pulse had a duration of < 200 ns.

4-1  Variation of the average absorbed pump energy E3 with the 44 
transmitted pump fluence through the waveguide cell. The 
lines represent least squares fits to the experimental 
points and are constrained to pass through the origin.

4-2  Rotational gain distribution in the 9 jtm regular P-branch 46 
measured at maximum pump power (E3 ~ 24 mJ/cc). The 
measured transitions were chosen to minimize overlapping 
gain contributions from nearby transitions, and the data 
has been corrected for this overlapping gain (see text). 
The line represents the calculated gain distribution for 
T=293 K and is normalized to give a best fit.

4-3  Variation of regular (O) and sequence (□) peak gain 47
coefficients with optical energy absorbed in the gas. The 
dashed lines represent calculations based on a Boltzmann 
distribution and the solid lines represent those based on 
a Treanor distribution. Also shown are the variation of 
the Boltzmann temperature T3 and the Treanor temperature 
T3*  with the absorbed energy.

4-4 Variation of peak gain coefficient with E3 for a 2.3% CO2 50
mixture. See Figure 4-3 for further details.

4-5 Semi-log plots of the decay rates of the regular and 52 
sequence gain signals as derived from Figure 3-3. Time is 
measured from the peak of the gain pulses and a linear 
least squares fit to the data is also shown. The relative 
error in the calculated relaxation rates is ± 20%.

4-6 Gain signals on the regular and sequence bands measured 53

ix



EJSHUBE PAGE

under conditions similar to those in Figure 3-3, but at 
maximum pump power. The absorbed E3 was ~ 20 mJ/cc. Note 
the fast relaxation at the beginning of the decay and the 
presence of shock waves in the tail.

4-7 Typical 10 pm P(20) gain signal superimposed on the chopped 
probe beam as measured in 320 Torr of CO2. The displayed 
gain signal with a 2.5 ps FWHM represents a gain 
coefficient of ~ 17 %/cm over the 1.09 cm-long waveguide 
cell. The absorbed energy per unit volume was ~ 45 mJ/cc.

55

x



xi



Chapter 1

INTRODUCTION

It has long been recognized that CO2 lasers are one of the most 

powerful, efficient and versatile sources of coherent radiation in the 

mid-infrared. Their ease of construction and operation have seen their 

rise in use in industry, medicine and science. Conventional continuous 

wave (cw) and pulsed C02 lasers operate on the (00°l-02°0) and (00°l- 

10°0) vib-rotational bands centered at 9.4 and 10.4 pm respectively. 

Many different methods have been used to excite the CO2 laser medium, 

but the most common technique involves a pulsed or cw electric 

discharge. In recent years, the properties of the gain medium have been 

well characterized [1,2] and it is generally accepted that CO2 laser 

dynamics are best described by a mode-temperature model [1-4]. The most 

important mode temperature in CO2 is that of the asymmetric stretching 

(V3) mode, as T3 controls the population of the upper laser level 00°l. 

The populations of the lower levels are determined by the combined 

symmetric stretching (v3) and bending (v2) mode temperature (T is 

usually taken as equal to T2), which is generally within 50 K of the gas 

kinetic temperature T [5].

As the small-signal gain in the 10 pm laser bands increases with 

increasing T3, much effort has gone into maximizing T3 in electrically- 

excited CO2 lasers [5,6]. Calculations indicate that gain coefficients 
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of > 10 %/cm should be attainable at 10.6 pm [7] . However, the maximum 

gain coefficients observed in laser discharges are typically - 3 %/cm, 

with ~ 5 %/cm occasionally reported in conventional TE electron-beam 

systems [8] . This gain limitation is often attributed to electron de­

excitation of the v3 mode, which results in a saturation of T3 with 

increasing input energy [5,7,9,10], but other explanations have been 

reported [11,12]. It appears that there is some fundamental limitation 

to T3 in electrically-excited CO2 mixtures and in the experiments 

described in this study, we set out to determine if a similar limitation 

exists in optically-pumped CO2.

Optical pumping is a powerful technique for exploring the gain 

dynamics of any media. Its highly selective nature usually allows one 

to separate the primary characteristics of a system from secondary 

effects such as dissociation, thermal heating, differential excitations, 

etc. In the past, optical pumping of CO2 has been used extensively to 

create gain in high-pressure gas mixtures [13], but to date, no detailed 

measurements have been reported of small-signal gain coefficients in 

optically-pumped CO2 systems. In the current series of experiments, a 

pulsed 4.3 pm CO2 laser is used to pump mixtures of CO2 and He, and a cw 

10 pm CO2 laser probes the transient 10 pm gain created by the 4.3 pm 

pulse. The 4.3 pm source is an ideal pump for CO2 as the absorbed 

energy is very efficiently coupled into the v3 mode. Measurements are 

made on both regular and sequence 10 pm transitions to directly 

determine T3 [1,7] . Mixtures ranging from 1% CO2 in He to pure CO2 at 

pressures from 300 to 1000 Torr have been investigated. In all cases,
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V3 mode temperatures much higher than those attained in electric 

discharges are observed and no evidence is seen of any saturation of T3 

with increasing pump energy. Gain coefficients ranging from 10 to 

20 %/cm on the 10 gm band have been measured in high concentration 

mixtures and T3 values of ~ 4200 K have been observed in low 

concentration mixtures. For such high values of T3, the anharmonicity 

of the CO2 molecule must be explicitly taken into account and the 

vibrational populations of the v3 mode treated as a Treanor [14,15] 

rather than a Boltzmann distribution.

The results in this study is a further indication that electron 

de-excitation of the V3 mode of CO2 imposes severe limitations on the 

performance of discharge-excited CO2 lasers. These limitations can be 

overcome in an optically-pumped system, but this type of system will 

only be practical when a more suitable pump source becomes available.



Chapter 2

C02 LASER THEORY*

2.1 introduction

This chapter provides an overview of the gain dynamics of the C02 

laser. The infrared spectroscopy of C02 will first be introduced to 

provide the necessary background. The mode-temperature model and the 

calculation of gain coefficients in C02 will next be discussed as these 

topics form the basis of this thesis. Finally, a brief description will 

be given of the lasers used in this work — the regular, sequence and 

4.3 pm C02 lasers.

2.2 Infrared Spectrum of C02+

The C02 molecule is a linear symmetric triatomic molecule. To a

good approximation, the total wavefunction 'F is simply a product of the

electronic, vibrational and rotational wavefunctions:

(2-1)

and the total energy is a sum of the three types of energies. As the

C02 lasing states involve vib-rotational transitions in the ground

* Much of the material in this chapter was first presented by R.K. 
Brimacombe [16].

f The main reference for this section is Herzberg [17]. 
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electronic state, only the vibrational and rotational energy levels will 

be discussed here.

The C02 molecule has 4 vibrational degrees of freedom. As shown 

in Fig. 2-1, these normal vibrations are the symmetric stretch (v-) 

mode, the doubly degenerate bending (v2) mode (vibrating in and out of 

the plane of the paper) and the asymmetric stretch (v3) mode. Each 

vibrational energy level is denoted by (ij^-k.) where i, j and k are the 

number of quanta in the v,, v2 and v3 modes respectively, and L is the 

vibrational angular momentum of the bending mode about the symmetry 

axis. The L values are given by:

L = j, j-2, j-4, ..., 1 or 0 (2-2)

depending on whether j is oOd oo even. The total degeneracy of the v2

mode is equal to j+1. Anharmonicity removes some of this degeneracy by

splitting ths ddiffnenh j levels belonging to the same j. The remaining

double degeneracy nf each nonzero Z SeeeS is removed by /.-type doubling 

(See p. 9). In the simple harmonic oscillator (SHO) approximation, the 

total eibrational energy Eeib is given by:

Evb = hvJi+1/2) +^2 0+^ + hv3(k+1/2) (2-3)

where the fundamental frequencies of the vibrational modes are 

= 1388 am-1, v2 = 667 am-1 and v3 = 2349 am-1. Fig. 2-2 shows some of the 

vibrational energy levels relevant to this thesis.

There are two important effects which perturb the CO2 energy 

level diagram. Anharmonicity of the vibrations causes the energy of



FIGURE 2-1

The normal vibrational modes of the CO2 molecule.
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Vibrational energy level diagram of CO2 illustrating the main lasing 

transitions discussed in this work.
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higher levels to be lower than that calculated by the SHO approximation. 

In the v3 mode, this causes the band centers of successive v3 transitions 

to decrease by - 25 cm-1 as k increases. Another perturbation of the 

molecular vibrations is caused by accidental degeneracy or Fermi 

resonance. Neglecting intermode interactions, the 10°0 and the 02°0 

levels in CO2 have almost the same calculated energy, 1337 cm-1 and 

1334 cm"1 repectively. This close resonance causes a mixing of the 

eigenfunctions yielding true energy levels that are somewhat further 

apart, 1388 and 1285 cm-1 respectively. This phenomenon also takes 

place between members of higher-lying Fermi dyads (eg. [10°l-02°l], 

etc.), but it involves levels of the same species only (See discussion 

of species to follow). Due to the mixing of the eigenfunctions, the 

10°0 and 02°0 levels should strictly be labeled as [10o0,02°0]I and 

[10°0,02°0] iz respectively. (Only the shorter notation will be used in 

this work).
The symmetry properties of the vibrational levels are important 

in studying the normal vibrations of C02. The designation of the 

symmetry types or species of the normal vibrations is similar to that 

used for electronic states of homonuclear diatomic molecules. Each 

vibrational state is denoted by the species L, II, A, O, . . . 

corresponding to L = 0, 1, 2, 3, ... respectively. In linear molecules, 

normal vibrations that are symmetric or antisymmetric with respect to a 

center of symmetry are denoted by the subscript g (gerade) or u 

(ungerade) respectively according to the following rule:
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Inversion _ f g, if (j+k) is even
Symmetry ■[ u, if (j+k) is odd ' ~

The superscript indicates the parity of the electronic eigenfunction and 

is always positive for the ground electronic state of C02. The species 

of the 00°0, 10°0, O1XO and 00°l levels are Eg+, Eg+, IIU and Eu+ 

respectively.

The rotational energies ErOt are superimposed on the vibrational 

energy levels and are given by:

Erot = Bvj(J+1> - DVJ2(J+1)2 + ••• (2-5)

where Bv is the rotational constant, Dv is the centrifugal constant and 

J is the rotational quantum number. The dependence of Bv on the 

particular vibrational level is due to the interaction of vibration and 

rotation. It is inversely proportional to the moment of inertia and 

therefore decreases with increasing vibrational energy. The higher 

order terms are small in comparison to the first term and are usually 

ignored (In C02, Bv - 0.39 cm-1, Dv - 10"7 cm"1) . The minimum value of J 

is equal to Z . The double degeneracy associated with each 1*0  state 

(IT, A, C>, ...) is removed by rotation of the molecule and is called Z- 

type doubling. The result is that each J level is split into two 

components whose separation increases with increasing J. The two sets 

of levels that result are designated e and f (formerly c and d) since 

each set has a slightly different rotational constant B. For symmetric 

vibrational species (g), the even J levels are denoted e, the odd f. 

The reverse is true is true for (u) vibrational species.
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The symmetry properties of the rotational levels are important 

in applying the selection rules to determine the allowed transitions. 

Each rotational level is labelled either positive (+) or negative (-) 

depending on the parity of the total eigenfunction. Therefore for the 

E+ species, the parity of the rotational levels is equal to (-1)J. In 

n, a, ... levels, each J level has a positive and negative level of 

slightly different energy due to Z-type doubling (See Fig. 2-3). For 

linear molecules with a center of symmetry, the rotational levels are 

also labelled symmetric (s) or antisymmetric (a) with respect to a 

simultaneous exchange of all pairs of identical nuclei. In CO2, the two 

nuclei are bosons. This requires the total eigenfunction to be 

exchange symmetric and all the antisymmetric rotational levels be 

absent. That is, the allowed J levels for L = 0 species are those that 

maintain (-l)i+k+J = l. This results in J levels that are either all odd 

or all even. For L * 0 states, the symmetry rule still applies, but all 

J levels are present due to Z-type doubling. (Note that for CO2 with

two different oxygen isotopes, both (s) and (a) rotational levels are 

present).
The selection rules governing the infrared spectrum of CO2 are:*

AZ = 0, ±1; E+ <-/-> E”, g <-/-» g, u <-/-> u (2-6)

for vibrational transitions and



E.IGURE.. 2-3

Symmetry properties of the rotational levels in various species of C02

(from Herzberg [17]).
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A J — 0, il : (J—0 <—/—> J—0) f 4" ——> ~f s ■——/ —> a (2—7)
Aj # 0 for X-X transitions

for rotational transitions.

All the infrared bands of CO2 contain lines in the P branch 

(A J = -1) and R branch (Aj = 1). The Q branch (AJ = 0) only exists 

when either one or both vibrational levels have L 0. For parallel 

bands (AZ = 0), the Q branch is weak (absent for X-E transitions).*  

It is only in perpendicular bands (AZ = ±1) that the Q branch 

dominates. The convention is to use the lower rotational quantum number 

J to label the various branches (eg. P(J) or R(J)). Fig. 2-4 

illustrates in detail some of the lasing transitions in CO2.

It is fortunate that even under lasing conditions, the 

population distribution of CO2 over its various energy levels is still 

relatively simple. The key to this simplification lies in the molecular 

relaxation processes of CO2 as will be explained in the next section.

2.3 Collisional Relaxation Processes
The lifetimes of the laser levels in the CO2 laser are governed 

by collisional mechanisms. Other processes such as spontaneous emission 

and wall diffusion become important only at low pressures. Table 2-1 

lists the major collisional relaxation rates in CO2 as well as typical 

values for the CO2 mixtures used in this thesis. There are three types 

of molecular collision processes: rotation-to-translation (R-T)

Only parallel bands are studied in this work.



Vibrational energy level diagram detailing some of the vib-rotational 

transitions in the regular, sequence and 4.3 gm bands of CO2. The 

energy spacing between the rotational levels is exaggerated.
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Summary of various collisional relaxation rates and their temperature 

dependences in CO2 (adapted from Ref. [16]). Collisional lifetimes are 

calculated for a typical mixture employed in this work.



Valid for temperatures from approximately 300 K to 500 K.

Relaxation Rate*  
(s-1Torr-1)

Reference 2% CO2 : 98% He
1000 Torr, T=300 K

kR(CO2) = 1.3xl07 [18]
kR(N2) = 1.2xl07 [18] tR = 0.2 ns
kR(He) = 0.6xl07 [18]

k v (CO2) = 13.7x10s (300/T) 1l258
3 [21] Tv = 3.7 ns

3

k10i(CO2) = 4.2xl06 (295/T)1-U7 [20,21, 241] T101 = 9.1 ns
kioi(N2,He) = k100(N2/H€^) [16]

kioo(co2) = 4.3xl05 [6,26] ^ioo = 28 ns
k100(N2,He^) = 2.5xl04(T/280)1-5 [6,26]

kw(CO2) = 187exp[3.77xl0’3 (T-300) ] [27]
kVT(N2) = 115eq?[ 5.98xl0-3 (T-300)] [28] — 267 ns
kyrCHe) = 3825exp[7.14xl0“3(T-300) ] [29]

k., (COJ = 8.6x10 7 T’1-5N 2 2 [25] tN= 3 (is (in 2% CO2:2% N2:96% He)

k3(CO2) = 94 + 0.818T, 250K < T < 400K [27]
k3 wp - 10»-«-1«'1/3) [25] = 11.6 (is
k3 (He) = 21.4 + 0.2T [29]

4^
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relaxation, vibration-to-vibration (V-V) transfer and vibration-to- 

translation (V-T) relaxation.

The fastest process is the R-T relaxation rate kR. This rate is 

comparable to the gas kinetic collision rate and generally ensures the 

rotational levels within each vibrational manifold are in thermal 

equilibrium with the background gas temperature T. The measured rate 

constants are kR(CO2) = 1.3xl07 s~1Torr-1, kR(^) = 1.2xl07 s_1Torr_1 and 

kR(He) = 0.6xl07 s_1Torr_1 [18]. These values have been confirmed in 

other experiments [19,20] and are independent of temperature.

The fastest V-V process is the v3 intra-mode relaxation rate kv

which occurs through processes such as: 

(2-8)

61 1A value of ku = 13.7x10 sTirrr’1 at 
v 3

process [21]. Similar fast intramode
p-l and v2 modes [4] .

There are many processes that 

and help redistribute energy within the v3 mode of CO2 [22-24] . Some of 

these are outlined below.

The 10°l level is the upper laser level of the 4.3 gm CO2 laser

and also the upper level of the absorbing transition in optically-pumped

CO2. This level relaxes through the process:*

kioi
CO2(10°l) + C02 (00°0) -----> co2 (10°0) +co2 (00°J) (2-9)

A similar mechanism exists for the 02°l level.
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with a measured rate constant of k101(CO2) = 4.2xl06 s_iTorr_i at 295 K 

[24]. The rates k101(N2,He) are assumed to be equal to k100(N2,He) [16]. 

This fast relaxation process is detrimental to 4.3 gm lasing but at the 

same time is responsible for efficiently coupling excess population 

from the 10°l level into the v3 mode.

forbidden radiative decay of the v=l state to the ground state, this 

reaction proceeds mainly in the forward direction and is highly 

efficient in exciting CO2. The process in (2-10) has a measured rate 

cons-tant kN of l.66x:i04 s-1Torr-1 at 300 K [25].

The levels 10°0 and 02°0 form the lower laser levels of the 

regular and 4.3 pm CO2 laser. The 10°0 level decays relatively quickly 

to the many vibrational levels nearby:

CO2 (10°0) + M----- > CO2 (0220) + M (2-11)

CO2 (10°0) + M----- > CO2 (02°0) + M (2-12)

CO2 (10°0) + CO2 (00°0) —> 2 CO2 (O^O) (2-13)

where M is the collision partner. The 02°0 level decays in a similar

fashion. The measured rate constants for all three processes are 
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k100(C02) = 4.3x105 s_1Torr_1, and k100(N2) = k100(He) = 2.5xl04 s^-Torr-- 

[26]. Much uncertainty remains in the values of these constants and 

their temperature dependences. As a compromise, kioo(C02) is assumed to 

be independent of temperature, and k100(He) and k1()o(N2) assumed to vary 

as T1-5 [6]. The values of these constants as well as their temperature 

dependences have been shown to give good agreement in 4.3 gm CO2 laser 

modeling [6] .

Although processes (2-11) to (2-13) occur fairly quickly, the 

relaxation of the lower laser levels are ultimately governed by the 

decay of the v2 and v2 mode through the slower V-T process:

- VTCO 2 (01x0) + M ----- > CO 2 (00°0) + M (2-14)

The rate constants as well as their temperature dependence are well 

known for this process. They are ky^CO^ = 187 s_1Torr“1 [27], kVT(N20 = 

115 s_1Torr-1 [28] and kOT (He) = 3825 s~iTorr“i at 300 K [29]. Due to the 

high efficiency with which He depopulates the 0^40 level and hence the 

lower laser levels, it is a major constitutent of CO2 laser mixtures.

The intermode decay of the v3 mode occurs primarily through the 

00°l level. The 00°l decay rate is slow compared to that of the lower 

laser levels. This slow relaxation rate is partly responsible for the 

high efficiency and output power of regular band CO2 lasers. The energy 

in the v3 mode decays slowly into the other two modes through the V-V 

process:
k3

J LCO 2 (00°l) + M ----- > O32 (ij 0) + M (2-15) 
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The rate constants for this process are accurately known as a function 

of temperature; they are k3(CO2) = 339 s’iTorr‘1 [27] , k3(N2) = 

112 s_1Torr_1 [25] and k3 (He) = 81 s-1Torr~1 at 300 K [29].

The highly differential relaxation processes in CO2 discussed in 

this section can be used to create a simple model of CO2 laser 

dynamics. A detailed description of this highly successful model will 

be given in the next section.

2.4 Mode-Temperature Model

The basis of the mode-temperature model is that the intramode 

relaxation rate in CO2 is much faster than the intermode decay and the 

V-T transfer rate. Therefore an equilibrium is established amongst the 

various levels in each vibrational mode. Under low excitation of a 

mode, the population distribution in low-lying levels can be accurately 

described by a Boltzmann distribution characterized by a single 

vibrational temperature [3,4]. This temperature is usually different 

from the other mode temperatures and the background temperature of the 

gas. Under high excitation, a Treanor distribution [14,15] 

characterized by a vibrational temperature and a translational 

temperature must be used instead. Since they were first proposed, both 

the Boltzmann and Treanor mode-temperature models have been verified in 

many experiments [2,7].

In the Boltzmann mode-temperature model, the vlf v2 and v3 modes 

are each characterized by their respective temperatures Tx, T2 and T3. 

Due to the strong coupling between the v x and v2 modes, Tx is usually 



19

equal to T2 [2]. The power of the mode-temperature model lies in its 

ability to calculate the population of any level once all the mode 

temperatures are known. The population of a vibrational level Ni;jjZk is 

given by:

(2-1^)

where is the number density of CO 2 molecules

dj = j+1, (the degeneracy of the V2 mode)

xn = exP(-hVn/kBTn)

Qv = [(l-x-) (1“X2)2 (I-X3) ] 1 (the vibrational partition function)

Due to their rapid relaxation rate, all the rotational levels are in 

thermal equilibrium with the background gas and have the same 

temperature, T. The population of a vib-rotational level Ni;^jtk;j is 

given by:

Nijk;j = Ni/k K(J) (2-17)

%
where K(J) = --- exp[-BJ(J+l)/kBT]

Qr

gj = 2J+1

Qr is the rotational partition function
alternate J levels missing

all J levels present
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In CO2 at room temperature, the peak of the rotational distribution is 

at J — 18.

If the anharmonicity of the vibrations is included in the 

calculations, then the Boltzmann factors in (2-16) must be replaced by a 

Treanor distribution [14,15]. Fortunately, only the v3 mode is affected 

in the optical pumping scheme used in this work. In a Treanor 

distribution, the population in the 00°k level is given by:

Nk = No expt-hc^/T^*  - AGk/T)/kB] (2-18)

where No is the population in the ground state,

Gx is the energy spacing between the 00°l level and the ground

state,

AGk is the difference between the energy level calculated by the

SHO approximation and the actual energy of the level,

T3* is the Treanor vibrational temperature,

T is the translational temperature

and the other symbols have their usual meanings. The population of a

Treanor vibrational level then becomes:

(2-19)

where Nk* = Nk/N0
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9

and Q*  = (Z Nk)/[(1-X-) (l-x2) 2]f 
k=0

f The summation is truncated at the 00°9 level as much uncertainty 
remains in the distribution of the v3 mode population above this 
level. The validity of this truncation will be demonstrated in
Chapter 3.

The Treanor distribution becomes important in the calculation of high- 

lying v3 mode populations when the Boltzmann temperature T3 exceeds 

~ 2000 K [2].

Once the population distribution in the V3 mode is known, it is 

straightforward to calculate the energy stored in the mode. In the 

Boltzmann case, the v3 mode energy E3 is given by:

E3 = NCO2hv3 X3 / (I-X3) (2-20)

In a Treanor distribution, the mode energy E3*  is approximated by:

9 9
E*  = Nc0_ (Z Ek N * )/% N*  (2-21)

2 k=1 * k=Q K

For the same amount of energy in the v3 mode, more population is placed 

and more energy stored in the upper levels of the v3 mode in a Treanor 

distribution than in a Boltzmann distribution.

The three Boltzmann vibrational temperatures in CO2 are easily 

determined experimentally by the measurement of a few gain coefficients 

[1]. The rotational temperature (and the translational temperature) T 

can be determined by a least squares fit of the rotational gain 
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distribution [30,31]. In the next section, the method of calculating 

gain coefficients in CO2 will be detailed.

2.5 Gain Coefficient

In order to fully understand any laser system, one must be able 

to accurately predict the gain coefficient over a wide range of 

conditions. The spectroscopy of CO2 has been extensively studied over 

the years and an accurate expression for the gain coefficient in the 

low excitation limit can be given. This expression has been verified 

with experiment [1] and will be slightly modified for the Treanor 

distribution in this thesis.

For the vib-rotational levels in a gas, the gain coefficient y(v) 

between the upper (u) and lower (1) level is written as:

Y(V) = [X02/(8n^) ] Aui g(V) [NUI^ - (gu/gJNiKJ (2-22)

where Xo = wavelength center of the transition

A/1 = spontaneous transition rate

g(v) = normalized lineshape function

Nu(1) = number density of the vibrational population of the upper
(lower) level (See previous Section)

Kud) = fraction of the vibrational population in the JU(i> level
(See previous section)

and gu(1) = 2Ju(1) + 1

Each of these factors has been thoroughly investigated [16] and only a 

summary of the results will be given.
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The frequencies of the CO2 laser lines are very well known.

Explicit expressions exist for calculating P, Q and R branch 

transitions in various bands of C02 [32-35].

The spontaneous transition rate A^ is given by [36] :

. 2
64 k |R ui I SjFj

Aul = -------- ---------- (2"23)
3hXo3 gu

where | R^ | = vibrational contribution to the transition dipole moment

Sj = rotational contribution to the moment

Fj = vibration-rotation interaction factor

J _ Slower

and gu = 2JU + 1

The constant Sj is calculated from the expressions given in Table 2-2.

The values of | Rul| and Fj are obtained by fitting absorption data to 

the expression for gain at a fixed linewidth [1,16]. Table 2-3 gives 

these values for various bands in CO2 . The ratios | Rul | 2/| Rqq°iI 2 have 
been measured in various bands and are important in the measurement of 

mode temperatures. For transitions which have not been measured, Fj is 

set to unity and the SHO approximation is used to obtain |Rul| (eg.

I roo°2-oo°i I2 = 2 I R00ol-00°0 I2) •

The lineshape function g(v) is, In general, a convolution of 

Doppler and collisional broadening, (the Voight profile), and is given

by:
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TABLE 2-2

Calculation of Sj for P, Q and R branch transitions in parallel bands of

C02 (derived from [16]). J is the rotational quantum number of the 

lower level.

Branch
Sj

L = 0 £ # 0

P J 2(J2-Z2)

J

Q 0 312 (2J+1)

J(J+1)



ll\i1I 
Band FJ 

(Debye) 

00°1 - 10°0 1 - 1. 8x10-3m + 3. 7xio-5m2 0.0371 

00°1 - 02°0 1 - 2 . 4xl o-4m + 4 . 1x10-5m2 0.0339 

00°2 - 10°1 same as (00°1 - 10°0) 

00°2 - 02°1 same as (00°1 - 02°0) 

0111 - 1110 same as (00°1 - 10°0) 

10°1 - 10°0 1 0. 3116 

00°1 - 00°0 1 0.3237 

I l\i11 2 

I Roo 0 1 I 2 

2.1 

1. 89 

0.54 

TABLE 2-3 

Measured transition moment factors FJ and 11\iil in CO2 (adapted from (16)). 

N 
(.J1 
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1 /■ 00 y2exp(-t2)
g(v) = r -----------------------dt (2-24)

ft 3/2 Avc » y2+ <x-fc)2

where Avc = collisional linewidth (HWHM)

y = ^/ln2 __ 1
Avd

x = ^ln2--- t
AvD

and AvD is the Doppler-broadened linewidth (HWHM).

This integral can be evaluated numerically for any x and y as shown in

[37] . At line center, v= v0, and the lineshape function becomes

y exp(y2)
g(vo) - ——-----

Avc
erf(y) (2-25)

where erfc(y) is the complementary error function. If collisional 

broadening dominates (ie. y > 3), then g(v) simplifies to the normalized 

Lorentzian lineshape function:

1 1
g (v ) =------- ------------------

kAvc i + [(vvo)/Avc] 2
(2-26)

The Doppler linewidth AvD(HWHM) is given by:

2kBTln2
M (2-27)
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where M is the mass of the CO2 molecule. This has a value of -27 MHz

for 10 jim transitions and -65 MHz for 4.3 gm transitions.

The collision broadened linewidth Apc (HWHM) has been accurately

measured and is given (in cm_i) by [38] :
A /IO constantU . dz number

r '300 density
Ap c = (fco “co +c 760 2 2 fN2aN2+fHeaHe) -1 (2-28)

L 0.58 \ constant
1 T pressure

where aco2 = 0.1149 -- 9.2xl0 4 |m|
-4

<N 2 = 0.0794 -- 4.3xl0 |m|
-5 |m|a He = 0.0598 -- 2.8x10

P-Branch
and m = 1 Jt+1 , R-Branch

For typical CO2 laser mixtures, Avc is -2.5 MHz/torr. Theoretical and

experimental results show that collisional linewidths differ very little 

between bands [39-42], hence the linewidth expression is assumed to be 

band-independent in this work. In CO2, there are often many transitions 

whose lineshape functions overlap one another. These "overlapping 

contributions" must be summed in order to accurately calculate gain at 

a particular frequency.

All the factors appearing in the gain expression (2-22) have now 

been fully described and the gain coefficient can be easily calculated 

given the mixture, pressure and the three temperatures Tlz T3 and T. A 

computer model based on this expression has predicted gain to within 

±10% of experimental values over a wide range of conditions [1,16]. 
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This model can therefore be confidently applied to the optical pumping 

of CC>2 at 4.3 pm.

The preceding sections have provided the foundation for 

understanding CC2 laser theory. In the following sections, this 

background material will be used to explain the gain dynamics of an 

optically-pumped CC2 system as well as describe the pump and probe 

sources used in these experiments .

2.6 New Wavelength C02 Lasers

The inversion mechanisms and output characteristics of the 

regular, sequence and 4.3 gm CO2 lasers are discussed in this section.

In a conventional CO2 laser, gain is created on the regular bands 

(00°l-10°0 or 00°l-02°0) by the combined processes of electron 

excitation and molecular relaxation. A CO2:N2:He gas mixture is excited 

in a pulsed electrical discharge. All the low-lying levels in C02 and 

the first vibrationally-excited state of N2 are populated by electron 

excitation. The population in the vx and V2 modes decay rapidly compared 

to those in the v3 mode. As a result, after several V-T times, 

population inversion and gain will exist in the 00ol-02o0 (10.4 pm) and 

00ol-02o0 (9.4 pm) bands. For a typical gas mixture of 20%CO2 : 20%N2 

: 60%He at atmospheric pressure in a one metre long discharge with a 

10 cm2 aperture, output pulse energies of > 10 J and peak powers of 

40 MW can be obtained [16]. By varying the mixture and discharge 

conditions, more than 80 lines in the P and R branches of both the 9 and 

10 pm bands can be made to lase.
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The operation of a sequence CO2 laser takes advantage of the 

fact that in a discharge, gain exists not only on the (00°l-10°0) band 

but also on the higher-lying (00°n-10°(n-1) ) bands as well.*  For the 

experiments in this work, only the (00°2-10°l) sequence band laser was 

used. Lasing is achieved on the sequence bands by suppressing the 

(higher) gain on the regular . bands with a hot C02 gas cell [43] . Due to 

the anharmonicity of the vibrations, the sequence band frequencies are 

slightly different from those of the regular bands (The separation 

between a sequence line and the nearest regular line is often < 1 am-1) . 

Sequence oscillation has been achieved in both cw and pulsed modes. 

With a 12%CO2 : 20% N2 : 68% He mixture at one atmosphere and a hot 

cell containing 450 Torr of CO2 (T ~ 600 K), sequence pulse energies of 

> 2 J were obtained on 30 lines in the 00°2-10°l and 00°2-02°1 sequence 

bands in a one metre long pulsed discharge [44] .

The 4.3 pm CO2 laser is a natural extension of the use of a 

sequence laser as an optical pump source. Its theory of operation is 

quite simple. Gain is produced on the regular and sequence bands of a 

CO2 laser gas mixture in a pulsed electrical discharge. When the 

sequence gain reaches a peak, an externally-generated sequence laser 

pulse is directed into the discharge. This transfers much population 

from the 00°2 level to the 10°l level thereby creating gain on the 

(10°l-10°0) band. In an appropriate cavity, lasing can then take place 

at ~ 4.3 pm. Due to high absorption at this wavelength in excited CO2 

laser gas mixtures, the 4.3 pm CO2 laser is operated at relatively low

Gain has been measured up to the n=4 band [7].
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CO2 content and pressures •(- 4% CO2 and ~ 60 Torr) . Since it was 

reported in 1979 by Znotins et al. [45], 4.3 gm laser pulse energies and 

powers have improved to 15 mJ and 100 kW respectively on the (10°l-10°0) 

P(26) transition [46]. A total of 28 lines in the (10°l-10°0) and 

(02°l-02°0) band have been observed to lase. Unfortunately, the short 

lifetime of the 10°l level as compared to that of the 10°0 level 

precludes the possibility of cw laser oscillation at 4.3 gm. 

Nevertheless, the pulsed 4.3 gm CO2 laser exists as a powerful tool for 

exploring the gain mechanisms of the CO2 laser system.

2.7 Summary
This chapter has reviewed the main points of CO2 laser theory 

which are necessary in understanding the physics of excited CO2 media. 

The technique used for calculating gain coefficients in CO2 has been 

confirmed in many experiments and provides a solid basis for studying 

optically-pumped CO2. In the following chapters, the experimental 

technique and results of this investigation are presented.



Chapter 3

EXPERIMENTAL PROCEDURE

3.1 Iatroduictlon
The technique used in the present work to characterize 

optically-pumped CO2 can be described as double resonance laser 

spectroscopy. A 4.3 gm CO2 pump laser is used to excite the CO2 gas 

while a cw 10 pm CO2 probe laser measures the regular and sequence band 

gain. There are alternative pump sources available in the 4 pm region - 

- DF, HBr, and HC1 lasers [47], some of which (HC1 and HBr) have yielded 

pulse energies of 30 mJ [48] and higher [49]. The sequence-pumped 

4.3 pm laser compares favourably with these other sources. It has the 

primary advantage of being entirely based on well-developed CO2 laser 

technology thus ensuring reliability and ease of operation. For similar 

reasons, a conventional cw CO2 laser was chosen as the probe source. 

Although a tunable diode laser would have yielded more information about 

the population distribution in the ^3 mode, its high susceptibility to 

electromagnetic noise would have presented many additional difficulties.

The apparatus described in this chapter was used (with minor 

cell length changes) for gain measurements in both dilute and high-CO2 

content mixtures. The configuration used in attempting to create a 

Treanor laser in CO2 will be discussed in the next chapter.
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3.2 Experimental Apparatus

The apparatus used for determining the degree of excitation of 

the V3 mode essentially consists of the 4.3 pm CO2 laser, a cw CO2 probe 

laser and a waveguide cell. A schematic diagram is shown in Fig. 3-1.

The 4.3 pm C02 laser system consists of a TEA hybrid sequence 

laser and a 4.3 pm oscillator as shown in Fig. 3-2. The sequence laser 

comprises a Lumonics K-902-2 TEA discharge module with an active gain 

cross-section of 3.3 x 3.5 cm2 (the brass electrode spacing is 3.3 cm) 

and a gain length of 44 cm. The intra-cavity hot cell is 60 cm in 

length and is filled with 450 Torr of CO2 at a temperature of 550 K. 

The low pressure "hybrid" discharge has a 25 cm gain length and is 

operated with a flowing gas mixture (~ 200 ml/min NTP) of 5% CO2 : 10% 

N2 : 85% He at ~ 20 Torr. The low pressure section reduces the spectral 

linewidth of the sequence pump laser to more closely match the linewidth 

of the 4.3 pm oscillator. A PTR ML-304 original grating (135 lines/mm) 

and a 65% reflecting mirror (25 m radius of curvature) form the rest of 

the ~ 2.3 m-long cavity. In the main TEA discharge, a flowing gas 

mixture (~ 6 Z/min NTP) of 9% CO2 : 14% N2 : 77% He at ~ 780 Torr was 

excited with input energies of - 210 J/Z’atm. Output pulse energies of 

> 1 J and pulse widths of ~ 300 ns FWHM were obtained on the strongest 

sequence lines. The sequence output was allowed to expand over a 3.5 m 

distance in order to fill the aperture of the TE low pressure discharge. 

The 4.3 pm oscillator consists of two Lumonics K-902-2 modules with a 

total gain length of 88 cm. A dichroic flat (90% transmitting at 10 pm, 

87% reflecting at 4.3 pm) forms the entrance aperture of the discharge



figure 3-1

Schematic diagram of the apparatus used for T3 measurements. 

dichroic mirror transmits 90% at 10 pm and reflects 87% at 4.3 pm. 

CO2 cell near the detector absorbs any residual 4.3 pm radiation.

The

The
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FIGURE 3-2

Schematic diagram of the 4.3 pm laser system. The LiF flat absorbs all

of the sequence radiation and transmits ~ 90% of the 4.3 pm radiation.

The dichroic mirror is similar to that used in Figure 3-1.
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and an uncoated NaCl flat serves as the output coupler of the 4.3 pin 

radiation. A LiF flat located near the output coupler absorbs the 

sequence pump radiation. The 145 cm-long low pressure discharge was 

operated at excitation energies of ~ 170 J/Z-atm with a flowing gas 

mixture (~ 3 Z/min NTP) of 4% CO2 : 10% N2 : 86% He at ~ 60 Torr. The

4.3 pm laser system was pulsed at 0.3 Hz and produced pulses with 

energies > 3 mJ on the P(17) to P(29) lines in the 10°l-10°0 band. 

Further details of the 4.3 pm laser are given elsewhere [6,46].

The probe laser consists of a 1 m-long (1 cm-bore) cw discharge 

and a 51 cm-long hot cell to allow operation on the sequence bands. The 

remainder of the 195 cm-long cavity consists of a 90% reflecting (10 pm) 

ZnSe output coupler mounted on a piezoelectric translator (PZT), and a 

Littrow-mounted PTR ML-304 original grating (135 lines/nmi) with a 

measured 10 pm efficiency of > 97%. Flowing gas mixtures of 15% CO2 : 

15% N2 : 70% He could be excited with maximum discharge currents of 

~ 10 mA at pressures up to ~ 10 Torr. With the hot cell filled to 

~ 20 Torr of CO2 at a temperature of ~ 530 K, output powers of ~ 600 mW 

were obtained on the 9 pm P(19) line. With the cell evacuated, output 

powers of > 5 W were easily produced on the 9 pm P(18) line. Intra­

cavity apertures at both ends of the cavity allowed oscillation only on 

the TEMqq mode.

The pump and probe beams are focussed into a waveguide cell by a 

50 cm focal length BaF2 lens and a 25 cm f.l. Ge lens respectively. 

The waveguide cell consists of a 1.3 mm-bore pyrex tube sealed with NaCl 

windows. The overall length of the cell was limited by the (strong) 
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absorption of the pump beam. For the dilute mixture measurements, a 

4.9 cm-long pyrex tube resulted in a total cell length of 5.5 cm. (A 

1.01 cm tube with an overall cell length of 1.09 cm was used in the high 

CO2 content mixtures). Including the losses in the NaCl windows, 

approximately 65% of the pump beam and 85% of the probe beam were 

transmitted through the empty cell. At maximum pump power, the average 

pump fluence inside the empty cell was - 350 mJ/cm2. Typical energy 

absorption coefficients were 10 %/cm even in dilute CO2 mixtures. The 

total pressure was monitored by a 0-1000 Torr capacitance manometer (MKS 

Instruments Baratron #221AHS-A-1000) at the outlet of the cell. No 

pressure differential was observed between the inlet and the outlet. 

The waveguide cell can safely withstand pressures up to ~1000 Torr. 

Flowmeters calibrated to better than ± 5% accuracy were used to regulate 

the mixtures in the cell. The use of a waveguide cell has many 

advantages — a high pump fluence can be maintained over moderate path 

lengths, good spatial overlap is ensured between the pump and probe 

beams, the cell volume (and hence the absorbed energy) are accurately 

known, and any deviation of the probe beam due to shock waves induced by 

the pump pulse is minimized.

After the cell, a second dichroic mirror and a cell containing 

pure CO2 removed any residual pump radiation. Various highly reflecting 

10 pm mirrors attenuated the probe beam to a safe level before it 

reached the detector. The signal falling on the fast Hg:Cd:Te detector 

(Infrared Associates #HCT-50 with risetime ~ 50 ns) was recorded on a 

Tektronix 468 storage oscilloscope interfaced to an IBM PC computer.
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3.3 Experimental Technique
As the goal in this thesis was to attain as high a value of T3 

as possible, the absorbed energy per C02 molecule was maximized with the

4.3 gm laser transition, the pump intensity, the C02 content and the 

total pressure of the mixture. As a result, the 4.3 pm C02 laser was 

operated on the P(20) transition of the (10°l-10°0) band at 2310 cm-1. 

Pulse energies of 9 mJ and pulse widths of ~ 75 ns FWHM with peak powers 

of 120 kW were obtained. The exact coincidence of this wavelength with 

the absorbing transition in the optically-pumped cell ensures that 

strong absorption will occur. In addition, overlapping absorptions from 

other v3 band transitions contribute significantly to the overall 

absorption in low CO2 content mixtures at high pressure. As the pump 

energy is absorbed by the CO2 in the waveguide cell, T3 increases and 

additional transitions contribute to the overlapping absorptions. 

Detailed calculations and preliminary measurements confirm that the

4.3 pm absorption is not "bleached" at high input energy; on the 

contrary, the absorption can even increase slightly with increasing pump 

enerqy.

The experimental constraints described above result in a probe 

amplification of only a few percent per pass and necessitated the 

development of a sensitive technique for measuring transient gain. Gain 

measurements were generally made in two stages. The cw probe beam was 

mechanically chopped and the Hg:Cd:Te detector signal recorded to 

establish the cw baseline. The chopper was then stopped and the 

detector signal processed by a calibrated amplifier and high pass filter 

before recording the gain pulse. The gain factor of the amplifier (IRA 
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PPA C-086) was 406 ± 3% and was measured with the 9 pm P(18) probe 

signal. The purpose of the high pass RC filter (~ 90% transmitting for 

a 1 kHz sine wave) was to remove the low frequency oscillations of the 

cw baseline. No measurable difference was observed between gain signals 

with and without the filter in place. Care was taken to check the 

linearity of the detector and electronics. The two-stage measurement 

technique was later verified against a direct technique in which the 

gain pulse was recorded simultaneously with the chopped probe signal 

[38]. Both techniques agreed within experimental error.

The output power of the probe laser was maximized and stabilized 

with the PZT before each gain measurement and rechecked for stability 

after each measurement. Significant elecromagnetic noise and pickup 

were encountered in earlier experiments. These problems were eventually 

alleviated by shielding the entire detector, the digital scope and the 

computer as well as using heavily shielded BNC cables. Typical gain 

signals are shown in Fig. 3-3. Gains as low as 0.3 %/pass have been 

measured with reasonable signal-to-noise ratios. Typically, the 

limiting noise level is equivalent to less than 0.03 %/pass as can be 

seen from Fig. 3-3. At higher pump intensities, shock waves in the cell 

create periodic disturbances in the gain signal and affect the 

determination of the fall time of the gain. These disturbances do not 

affect the measurement of the gain peak. In general, peak gain 

coefficients can be measured with an accuracy of better than ± 5% and 

signals of the type shown in Fig. 3-3 are very reproducible from shot- 

to-shot. Day-to-day reproducibility is better than ± 10%.



FIGURE 3-3

Typical gain signals for the regular 9 pm P(18) and the sequence P(19) 

line as measured in a 1.4%CO2 : 98.6%He mixture at a total pressure of 

1027 Torr. In each case, 8 successive pulses are averaged. Some 

electrical noise is present before the arrival of the 4.3 pm pump pulse. 

The absorbed energy per unit volume was ~ 5 mJ/cc, and the pump pulse 

had a duration of < 200 ns.
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3.4 Summary
This chapter has presented the experimental technique used in 

measuring gain coefficients in optically-pumped CO2 mixtures. The high 

sensitivity and good reproducibility of this technique allows one to 

accurately characterize optically-pumped CO2 over a wide range of 

conditions. In the next chapter, a detailed study of the gain 

characteristics of CO2 under high V3 mode excitation is discussed.



Chapter 4

GAIN MEASUREMENTS

4.1 Introduction

The measurement of gain coefficients in the low-lying levels of 

the V3 mode of CO2 is presented in this chapter. In order to facilitate 

comparison with theory, measurements were first made in dilute C02 

mixtures to ensure uniform pumping over the length of the cell. Then 

measurements were made in high-CO2 content mixtures which were more 

representative of conventional C02 laser mixtures. Finally, an attempt 

to create lasing on the high-lying levels of the v3 mode is described.

4.2 Dilute Mixtures

4.2.1 Determination of Mode Temperatures

An optically-pumped C02 system is much easier to characterize 

than discharge-excited C02 systems as all the energy absorbed from the 

optical pulse goes directly into exciting the v3 mode of C02. There is 

no need to consider electron energy distributions, excitation 

efficiencies of the various modes or gas heating. As an example of the 

simplicity of the optically-pumped system, consider the case of a 2% C02 

in He mixture at a total pressure of 1000 Torr pumped with a 4.3 pm 

fluence of 350 mJ/cm2. Under these conditions, the collisional 

relaxation time of the v3 mode is - 10 gs [27,29], while the total 
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duration of the pump pulse is ~ 150 ns. Clearly, there is negligible 

decay of the V3 mode population during the pump pulse and all the 

absorbed energy can be considered to be stored in the V3 mode. Although 

a significant fraction of the absorbed photons initially populate the 

10°l level , fast relaxations of the type shown in (2-9) quickly couple 

the absorbed energy into the V3 mode. For a 2% CO2 mixture at 

1000 Torr, the time constant for this process is ~ 10 ns [24] . Similar 

fast collision processes couple levels within the V3 mode and ensure a 

Boltzmann distribution is established on a timescale of ~ 5 ns [21]. 

The rotational relaxation time is < 0.2 ns [18] and ensures the 

rotational levels also follow a Boltzmann distribution. Thus the energy 

stored in the v3 mode and hence the vibrational temperature T3 can be 

simply determined from the measured 4.3 pm energy absorbed per unit 

volume.

To fully characterize the CO2 medium after optical pumping, the 

other temperatures Tlr T2 and T must also be known. Accurate techniques 

for determining these temperatures in discharges using a variety of 

10 pm probe transitions have been developed [1] . However, in the 

present system, the CO2 gas is initially at room temperature and all the 

absorbed energy goes directly into the v3 mode. Consequently, if 

measurements are made immediately after the pump pulse, T., T2 and T must 

remain close to 300 K. Even if all the absorbed energy is converted 

into heat, the calculated temperature rise in the 2% CO2 mixture is 

< 40 K under the most extreme pumping conditions. As described in the 

next section, measurements have been carried out to confirm that gas 
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heating can be neglected for dilute C02 : He mixtures.

In summary, by measuring the absorbed 4.3 pm energy per unit 

volume of gas, all the relevant mode temperatures of the C02 medium can 

be determined. This in turn allows one to accurately calculate the 9 

and 10 pm gain on the regular and sequence bands immediately after the 

optical pulse. In the next section, good agreement is shown between 

calculated and measured gain coefficients over a wide range of 

experimental conditions.

4.2.2 Results and Comparison with Theory

Gas mixtures of 1.3% and 2.3% CO2 in He at - 1000 Torr were 

confined in a 5.5 cm-long cell. The average pump absorption per pass 

was - 36% and ~ 48% respectively. A plot of the measured absorbed 

energy per unit volume, E3, as a function of pump fluence is shown in 

Fig. 4-1. The measurements were made with a Scientech 36-0001 

calorimeter placed after the cell. Direct comparisons were then made of 

output energy with and without the gas mixture in the cell. The main 

source of error in the measurements was the ±10% shot-to-shot variation 

in the pump beam energy. The linear variation of absorbed energy with 

input energy indicates that the average absorption coefficient in the 

waveguide is independent of pump intensity, i.e., any "bleaching" of the 

directly-pumped transitions is compensated by an increase in overlapping 

absorption as T3 increases. This behaviour agrees with model 

predictions and allows the determination of E3 from the measurements of 

transmitted pump energy alone. This value of E3 is then used to



through the origin.

FIGURE 4-1

Variation of the average absorbed pump energy E3 with the transmitted

pump fluence through the waveguide cell. The lines represent least

squares fits to the experimental points and are constrained to pass
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calculate T3.

As explained in the previous section, the 

rotational/translational gas temperature is expected to remain close to 

room temperature after the 4.3 pm pulse. This assumption was checked by 

measuring gain in the 9.4 pm band as a function of rotational transition 

under conditions of high optical excitation. Results are shown in Fig. 

4-2. The measured gain coefficients have been corrected for overlaps 

using the techniques of Ref. [1]. Five of the measured transitions had 

less than 10% additional gain from overlapping 9.4 pm transitions [1] ; 

the P(34) and P(42) transitions required larger corrections. While the 

measurements of Fig. 4-2 do not allow an accurate determination of 

rotational temperature T, they are consistent with a T — 300 K 

distribution (a similar calculation for T = 400 K results in a worse 

fit) and confirm that no systematic errors are present in the 

measurements of small amplifications of the probe beam.

At this point, the measured gain coefficients can be compared 

with the calculated values as a function of E3. T3 is determined from 

measurements of absorbed energy alone, while Tx and T are assumed to 

remain equal to room temperature. Figure 4-3 shows such a comparison 

for a 1.4% CO2 : 98.6% He mixture. Measurements are made on both 

regular and sequence transitions and overlapping gain contributions are 

included in the calculations. The 9 pm P(18) and P(19) lines were 

chosen as they had minimal overlap contributions.

In early modeling of the results, the vibrational temperature T3 

was determined from E3 by assuming a Boltzmann distribution in the v3



FIGURE 4-2

Rotational gain distribution in the 9 pm regular P-branch measured at 

maximum pump power (E3 ~ 24 mJ/cc). The measured transitions were 

chosen to minimize overlapping gain contributions from nearby 

transitions, and the data has been corrected for this overlapping gain 

(see text). The line represents the calculated gain distribution for

T=293 K and is normalized to give a best fit.
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FIGURE 4-3

Variation of regular (O) and sequence (□) peak gain coefficients with

optical energy absorbed in the gas. The dashed lines represent 

calculations based on a Boltzmann distribution and the solid lines 

represent those based on a Treanor distribution. Also shown are the 

variation of the Boltzmann temperature T3 and the Treanor temperature T3*  

with the absorbed enercy.
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mode population (See Eq. 2-20). Gain coefficients were then calculated 

for levels up to and including 00°9 using the computer model developed 

in [1]. All overlapping contributions to the P(18) and P(19) 

transitions were summed. In most cases, the overlapping contributions 

were < 9% of the P(18) and < 15% of the P(19) gain coefficients. As 

can be seen in Fig. 4-3, the calculations based on a Boltzmann 

distribution overestimate the gain coefficients at high input energy, 

particularly for the sequence transitions. It was then realized that 

the anharmonicity of the CO2 molecule must be explicitly taken into 

account by using a Treanor distribution for the stored energy. 

(Previous measurements in cw discharges have shown that Treanor 

distributions accurately represent the energy distribution in the V3 

mode [2]).

In a Treanor distribution (See Eq. 2-18), more energy is stored 

in the upper levels of the v3 mode than in a Boltzmann distribution. 

Therefore, for the same amount of v3 mode energy, the 00°2 and 00°l 

populations and hence the regular and sequence band gain coefficients 

will be lower than those calculated with a Boltzmann distribution. To 

carry out calculations with a Treanor distribution, the Treanor 

temperature T3* was deduced from the measured absorbed energy by using 

Eq. (2-21) . With this value of T3*,  gain calculations were carried out 

as before and are represented by the solid curves in Fig. 4-3. It is 

gratifying that the value of T3*  determined solely from absorption 

measurements leads to calculated gain coefficients which are in good 

agreement with experiment.
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Some further points can be made concerning the data presented in 

Fig. 4-3. At high pump energies, the P(19) gain coefficient is ~ 85% of 

that measured on the P(18) line. In some experiments with more dilute 

C02 mixtures, sequence band gain coefficients were measured to be almost 

equal to the regular band gain coefficients. This gain ratio is a very 

direct indication of high vibrational temperatures in the v3 mode. In 

contrast, discharge-excited C02 gain media rarely attain a gain ratio of 

greater than 50%[50] . The results shown in Fig. 4-3 also indicate that 

there is no saturation of the v3 mode excitation. All the absorbed pump 

energy is stored in the v3 mode in a Treanor distribution. However, the 

P(18) gain coefficient does level-off with increasing input energy. 

This ''saturation” is caused by a form of overpumping of the v3 mode - 

additional input energy simply increases the populations in the 00°2, 

00°3, 00°4, ... levels. This leveling-off of gain represents a real 

limitation on the maximum gain coefficient attainable in the 9.4 gm 

regular band.

Similar results are shown in Fig. 4-4 for a 2.3% CO2 mixture. 

Note that the limiting gain coefficient on the P(18) transition, as 

calculated with the Treanor distribution, has approximately scaled with 

the CO2 content of the mixture. The agreement between theory and 

experiment in Fig. 4-4 is not quite as good as in Fig. 4-3. The 

discrepancy in Fig. 4-4 is probably caused by variations of T3*  along the 

waveguide as the pump beam is more strongly absorbed. (The model 

assumes a uniform T3*  calculated from the average absorbed energy). 

Nevertheless, the data of Fig. 4-4 confirm that high vibrational



FIGUBE 4-4

Variation of peak gain coefficient with E3 for a 2.3% C02 mixture.

Figure 4-3 for further details.

See
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temperatures are also attained in the 2.3% C02 mixture.

4.2.3 Gain Lifetimes

The transient gain profiles shown in Fig. 3-3 can also be used 

to determine relaxation rates. Fig. 4-5 plots the log of the decay of 

the regular and sequence band gain signals as derived from the traces in 

Fig. 3-3. A least squares fit to the data points gives regular and 

sequence relaxation times of 11.4 and 4.4 (is respectively, in 

satisfactory agreement with the calculated values of 11.5 and 5.8 |is 

[27,29]. (At low input energies, the sequence band decay time should be

approximately half that of the regular band if the 00°l and 00°2 levels 

are to maintain a Boltzmann distribution throughout their decay). At 

full pump energies and higher initial values of T3*,  gain signals of the 

type shown in Fig. 4-6 are obtained. Both regular and sequence band 

gain profiles comprise an early fast relaxation followed by the 

conventional relaxation of a Boltzmann distribution towards thermal 

equilibrium. This accelerated relaxation rate at high T3* has been 

previously predicted for molecules such as N2 [15] . In CO2, it appears 

that fast V-T relaxation reduces E3 when the high-lying vibrational 

levels are significantly populated. As T3 decreases towards the values 

obtained in more conventional excitation schemes, the normal relaxation 

process of the v3 mode dominates. More study is required to investigate 

this fast relaxation of C02 at high values of E3.



FIGURE 4-5

Semi-log plots of the decay rates of the regular and sequence gain

signals as derived from Figure 3-3. Time is measured from the peak of 

the gain pulses and a linear least squares fit to the data is also 

shown. The relative error in the calculated relaxation rates is ± 20%.
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EIGURE4-6

Gain signals on the regular and sequence bands measured under conditions 

similar to those in Figure 3-3, but at maximum pump power. The absorbed 

E3 was ~ 20 mJ/cc. Note the fast relaxation at the beginning of the 

decay and the presence of shock waves in the tail.



D
ET

EC
TO

R
 SIG

N
AL



54

4.3 jaigh-.G.Q2 . -Content

In view of the high vibrational temperatures achieved in dilute 

mixtures, it was decided to investigate more conventional C02 laser 

mixtures. Due to the strong absorption of the pump beam, a 1.09 cm-long 

waveguide cell was used. The measurement technique was identical to the 

one used previously and many of the gain measurements were confirmed by 

using a direct method [38] . This method uses a He-Ne laser and a 

repetition rate control unit to synchronize the firing of the 4.3 pm 

laser so that the transient gain pulse is superimposed on the chopped 

probe signal (See Fig. 4-7). Gain measurements were made on 40% CO2 : 

60% He mixtures and pure CO2 at ~ 300 Torr. In general, the 

measurements were performed with approximately 1/4 of the full pump 

energy to limit gas heating. At high CO2 concentration, the energy 

stored in the v3 mode produces severe heating as it decays by V-T 

collisional processes. This heating speeds up the V-T relaxation 

process [27,29] and results in very short gain pulses at high pump 

energy. In addition, for pure CO2 , the relaxation rates of the v3 mode 

and the 01x0 level are comparable and the 9 pm lower level becomes 

significantly populated during the relaxation process.

Despite these problems with short lifetime of the gain, peak 

gain coefficients have been measured in optically-pumped CO2 which are 

substantially higher than those measured in discharge-excited CO3. 

Table 4-1 gives typical results. Due to the overlapping 9 pm R(17) 00°2 

transition, the gain on 9 pm R(12) is often greater than the gain on 

10 pm P(20) [51]. The values in Table 4-1 should be contrasted with the



ELGURE 4-7

Typical 10 pm P(20) gain signal superimposed on the chopped probe beam 

as measured in 320 Torr of CO2. The displayed gain signal with a 2.5 ps 

FWHM represents a gain coefficient of ~ 17 %/cm over the 1.09 cm-long 

waveguide cell. The absorbed energy per unit volume was ~ 45 mj/cc.
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TABLE 4-1

Measured gain coefficients in C02 mixtures at 300 Torr. The absorbed

pump energy was ~ 20 mJ/cc in the 40% CO2 mixture and ~ 45 mJ/cc in 

pure CO2.

Mixture Peak Gain Coefficient (%/cm)

CO2:He 10 pm P(20) 9 pm R(12) 9 pm P(19)

0.4 : 0.6 10 10 3.6

1.0 : 0.0 17 20 5.5
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optimum values of 5 %/cm regular and ~ 1 %/cm sequence band gain 

coefficients attained in conventional TE CC>2 discharges [8,52].

4.4 Treanor Lasrr

A consequence of a Treanor distribution with a high value of T3* 

is the prediction of partial inversion in the (0C°n-CC°(n-1)) bands. 

This type of inversion mechanism accounts for the operation of CO 

lasers. Computer calculations indicate that in a 1.4% CO2 mixture, 

partial inversion should occur for bands with n > 6 and that gain 

coefficients of - 2 %/cm should be attained in the (0C°9-C0°8) band at 

4.7 pm.

The configurations used in attempting 4.7 pm lasing were very 

similar to the double resonance experiments. In the first attempt, a CO 

laser output coupler (~ 54% transmitting at 4.3 pm P(2C)) was used to 

couple in the pump radiation. Another CO output coupler (> 99% 

reflecting at 4.3 pm P(2O) formed the other end of the 8.7 cm-long 

waveguide cavity. Both mirrors were placed in special adapters which 

were mounted directly onto the cell. These adapters limited the maximum 

operating pressure to - 1 atm. Unfortunately, no lasing at 4.7 pm was 

observed even when the waveguide was cooled with dry ice. (An 

examination of the expression for the Treanor distribution (Eq. 2-18) 

shows that higher populations in the upper v3 levels can be achieved by 

lowering T) .

In the second attempt, the 4.3 pm radiation was coupled into the 

cavity with a grating. The waveguide was replaced with an aluminum tube 



58

sealed with Brewster Nacl windows. A PTR ML-402-12 replica grating 

(300 lines/mm) blazed at 5.4 gm and a gold mirror (f.l. = 15 cm) formed 

the rest of the 10 cm-long cavity. Again, no lasing was observed over a 

wide range of CO2 mixtures and pressures.

The absence of 4.7 gm lasing may be explained by the existence of 

fast V-T relaxation processes from the upper levels, as indicated in 

Fig. 4-6, which may preclude the generation of partial inversion in CO2 

[15] . However, in view of the potential applications of a laser 

operating in the 4.5-4.9 gm region, it may be worth repeating this type 

of experiment with an HF laser as the pump source. The HF laser can 

pump directly from the ground state of CO2 into the 10°l level [53] .

4.5 Summary

The experiments in this chapter have shown that higher V3 mode 

gain coefficients and vibrational temperatures are achieved in 

optically-pumped CO2 than in discharge-excited CO2. If, for comparison 

purposes only, one assumes that the v3 mode Boltzmann temperature T3 is 

given by [1],

(Gseq / Greg) 9 jm = 1-89 expC-h^/M^) (4-1)

then the results of Figs. 4-3 and 4-4 give T3 values of ~ 4200 K at the 

highest input energies. In contrast, the maximum value of T3 attained 

in conventional discharges for 1 to 2% CO2 mixtures is ~ 3100 K [6]. 

Furthermore, the discharge-excited systems required the addition of N2 

in the mixture; in the absence of N2, the T3 value is - 1800 K for dilute 
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CO2 mixtures in He [5]. In the optically-pumped system, the addition of 

N2 had very little effect upon the value of T3.

The good agreement obtained between experimental and calculated 

gain confirms the validity of a Treanor population distribution in the 

V3 mode. An accelerated relaxation rate, which is one of the features 

of a Treanor distribution with a high T3*,  was observed. The existence 

of a partial inversion in high-lying v3 mode levels, also predicted by 

the Treanor model, cannot be confirmed due to the failure to observe 

lasing on these bands. More study is required to understand the 

characteristics of the upper levels of a Treanor distribution, 

especially in regard to V-T decay rates, which may have been responsible 

for suppressing any lasing action on these bands.



Chapter 5

CONCLUSIONS

This study has demonstrated that optical pumping of CO2 at 4.3 gm 

can produce a higher excitation of the v3 mode (and therefore higher 

gain and T3) than can electron excitation. It is believed that the 

difference between optical- and discharge-pumping is caused by the 

presence of electron de-excitation in a discharge. This de-excitation 

mechanism leads to a saturation in T3 as the input energy increases. 

This work has shown that no such saturation occurs with optical pumping 

and that very high values of ' T3 can be attained. At high values of T3, 

the anharmonicity of the C02 molecule must be taken into account and the 

population in the v3 mode described by a Treanor distribution with a 

temperature T3*.  As discussed in Chapter 4, this distribution results 

in an upper limit for the gain attainable on the 9 and 10 gm regular 

bands of CO2. The gain measurements made in this study are close to 

this theoretical limit for dilute CO2 mixtures. A similar calculation 

can be carried out for more conventional CO2 laser mixtures. For 

example, a 20% CO2 : 80% He mixture with Tx = T2 = 300 K and a v3 mode 

temperature T3* of 3500 K will have a theoretical gain limit of 

~ 10 %/cm on the 9 gm F(18) transition. (This maximum gain scales 

approximately linearly with CO2 content in the range 5 to 50% and gain 

coefficients are 10 to 20% higher in the 10 gm band) . To our 

60



61

knowledge, discharge-excited CO2 systems have never produced gain 

coefficients close to this theoretical limit. High gain coefficients 

have been attained by excitation techniques which avoid electron de­

excitation [54,55].

At high excitation energies of the mode, it was discovered 

that the regular and sequence gain coefficients decayed at accelerated 

rates. This feature is characteristic of a Treanor distribution with a 

high value of T3*.  The existence of partial inversions in the upper 

levels of the v3 mode at high T3*  could not be confirmed. Further 

studies are required to fully understand the gain dynamics of the high- 

lying levels of the V3 mode.

An interesting extension of the measurements made in this study 

is to optically pump high pressure C02 (» 1 atm) at 4.3 pm. At 

sufficiently high pressure (> 15 atm), the individual gain linewidths 

broaden to form a continuous band and continuously tunable operation 

should be possible from 9 to 11 pm. The absence of electron de­

excitation in optical pumping should result in higher gains and energy 

extraction than that is attainable in multi-atmosphere C02 discharge 

lasers. A more fundamental question, however, arises from the results 

in this study. Although regular band gain coefficients close to the 

theoretical limit have been achieved, the v3 mode vibrational 

temperature has not shown any evidence of saturation with excitation 

energy. It should prove interesting to determine if T3 can continue to 

increase to the point of dissociation. If this is true, then it may be 

possible to create C02 lasing in the upper v3 mode levels using the same 
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anharmonic pumping scheme as that employed in CO lasers. In addition, a 

detailed study of the population distribution of the V3 mode under high 

excitation (especially in the upper levels) will provide much needed 

insight in this area.

In summary, the first detailed gain measurements in optically- 

pumped C02 have been reported in this study. These experiments have 

demonstrated that high vibrational temperatures and gain coefficients 

can be achieved in the absence of electron de-excitation which limits 

the performance of discharge-excited C02 lasers.
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