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ABSTRACT

This thesis _describes a detailed study of the dynamicé of the

4.3-um 002 laser. Pulsed laser action at 4.3-ym #s achieved by uging.a- .

10.4-ym sequence €O, 1laser to Bptically pump CO, molecules which have
been excited in a discharge. Qgéntitatiﬁe_ data regarding the processes
involyed in 4,3-um lasing are presented, and techéiques for optimization\
of performance are described. Single-line output energies of 15

- i

mJ/ﬁulse ‘and- peak powers of 100 _kW se are obtained using a
conventional tZansversely-excited (TE) 002 ~discharge 88 cm in length.
Furthermore, it 1s shown that pulse energies are scalable to several
hundred mill{joules.

The coﬁstruction of a high powery sequence CO2 pump laser is
discussed in detail. The lasé; utilizes an atmospheric pressure TE
discharge 88-cm loﬁg and an in£récavity hot 602 ¢ell. OQutput éﬁergies
of wup to 6 J/pulse are obtained. Other work involves the
characteriéation bf_ discharge—excited' €O, and the optimization ‘of
discharge operation. Several discharge  parameters are- measured
including mode temperatures, coilision—broadened.\linewidths, and
overlappiﬁg‘ gain and. absorpﬁion coefficients.  These measurements
provide accurate input data for 'a rate-equation model of thé.4.3-um
laser.

The study of 4.3=-ym dynamics involves extensive .measurements of

small-signal gain and energy extraction. By, making quantitative

'



" presented. - ‘ . ’ _ d

W

comparisons between these‘.ﬁeaSurements and the rate~equation model, the
influence of various parameters on the operation of 4.3-um lasers is
examined. The factors which dominate the dynamics of 4.3-um lasers are

found to be the short cpllisional lifetime of the 4.3-pm upper laser’

level, the degree of discharge excitation, and the presence' of
interféring absorptidns. As a result, efficient operation is restricted
to discharge pressures below 100 Torr and C0, contents of less than 5

pércent. The conditions which qptimize performance are idehtified, and

guldelines  for scaling ' the 4.3-pm laser to higher pulse energies are

iv
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Simplified vibrational energy levei‘ diagrem- of CO2 showihg‘ 10
the energy levels relevant to regular, sequence, and 4.3-mn
lasing. . . ¢

Symmetry 'properties of the rotational levels in various \\13
specles of vibrational levels. of “C0,.- The . values in
parentheses correspond to odd (subscript u) vibrational
levels (from Ref. [1l4]). . -~ ‘ -

Detailed transition diagram of laser oscillation in the 10{4- .15
and 9.4-ym regular laser bands of CO, (from-Ref. [18])‘u__ -

Calculated fraction of discharge input electrical energy lost 18
as a function of E/N to {a) elastic collisions, rotatiqpal

-excitation of N, and excitation. of 'the v, and v, modes of

CO,; (b) the €CO; 00°1 1level and the first eight vibrational
levels of Nz, (c) electroqic excitation, and (d) ionizatiom.
The predicted efficiency ~ given by (b) 'increases with -
increasing ratio of N, to CO; (from Ref. 423}) '

Summary of collisional relaxation processes relevant to CO, 23 .

lasing. The solid lines indicate collisional, processes.
whereas the dashed lines represent laser transitions. The
relaxation times shown correspond to the low pressure 4.3-um
discharge conditions given in Table 2-1. \

Photograph of -the Lumonics K-902-2 UV—preionized TE discharge 50 °

module used for the work described . %n this thesis. The gain
length is 88 cm (44 cm In each section), and the overall
length is 145 cm. : . :

'Schematic diagram of the excitation circuit used with the 52

Lumonics TE discharge. The ranges of values for the various

-parameters are shown in. ‘their correct respective order (i.e.,

the first value of the range corresponds to low .pressure
operetion)m' .. ‘ : ‘ ' .
Voltage and current pulses measured for*ﬁ e discharge cirguit 53
of Fig. 3-2, corresponding to a' single— discharge section
having a 1l.5-~yF capacitor charged to 4 kV. A gas mixture of

5% C0y: 10% Np: 85% He at' 80 Torr was used. ~ Note that the
voltage pulse is negative with respect to ground. . .
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5—4 Schematic diagram of the apparatus used for measurlng 9. 4*

and 10.4—m small*signal gain coefficients.

“3-5 TypicQgTﬁain signal synchronized with, the chonped probe laser

.

‘w

beam. e oscllloscope photograph superimposes 10 shots
taken over'a 30°s period. _Note.the excellent reproducibility
of the measurement frOm shot’ to shot. The discharge gas
mixture 'is 3% C02 10% Ny: '87% He at a total pressure Bbf 80
Iorr, and gain is measured on the P(18) 10.4- ~um line.

3-6 \HEEBQred vibrational tempera;ure Ty as a function of (stored)
"input electridal energy to the discharge. The input enérgy

was changed by .varying either the charging voltage or the
main discharge capacitance, ' C. Peak E/N wvalues are

indicatéd. - Increased execltation efficiency 1s eclearly °

-obtained by reducing E/N. . -
t

3-7 Measured vibrational temperatures T, and T; as a function of

CO, content of a discharge. The values of T3 correspond to
the maximum attainable in a self-sustained discharge due to
the effects of electron de—excitation. ' See text for further
‘details.

" . . .
3-8 Measured vibrational  temperature Tq and ¥ rotational

]

temperature T as a function of N,0 content in a discharge.

The values of T4 correspond to the maximum attainable in a
self-sustained “discharge due 'to the ‘effects of electron

de—excitation. The CW . discharge data are taken from Fox and
Reid [95], where it-is noted ' that T, typically equals T.

Effective percent N20 refers'to the NZO remalning in the gas -

mixture after .dissociation is taken into account. See text
for further dctalls.

-

3-9° Linewidth (HWHM) as a function of pressure for the P(32)

10.4~ym transition in a-gas mixture.of 3% CO,: 2% N,: 957 He

at a temperature of 304 *+ 5 K. The sgtraight-line . fit is -

constrained to pass through the origin dand gives a broadening
coefficient of 0.0611 + 0.0009 cm™ 1atm.

3-10 Linewidth (HWHM) asJ a fundtiom of pre33ure'for'ﬁhe P(14)

.

10.4-ym transition under the same conditions as given in the

caption to Fig. 3-9. The straight 1line which is constrained

-to pass through the origin ,is fitted td the cortected data
~and_ gives 'a broadening coefficient of 0.0613 = 0.0008
‘em™*/atm. - ) .

62

63

69



FIGURE

3-11

LIST OF FIGURES (Cont’d)

] .

Broadening coefficients, a, as a function of lm| for CO

"300 K. m = =J for the P branch and m = J+1 for the R branch.
The He-broadening data of the present study is compared to.-

measurements by Abrams [75) and Oodate and Fujioka [98] and

- to the calculation of Pack [76]. Also shown are 002-C02 and

COZ-NZ linewidths (- = =), which represent straight-Iine fits
to measurements by others (see Egs. (2-22) and (2-23))«

Measured rotational galn distribution in the 10.4—ym P branch
of €0, for a mixture of 5% €O, ! 10% N,: 85% He at 80 Torr.
Low d%scharge excitation is used (~43 E/E-atm). The solid
line represents a fit to the data from which the retational
temperature is determined. Fitted etemperatures range from
272 + 10 to 297 *+ 10 X dependimg on the choice of. linewidth,
as explained in the text.

' Temperature dependence ~ of the collision-broadening

coefficient, q, for the 10.4~um P(16) transition from 312 to
508 K in a gas mixture of 207 CQ,: 10% Ny: 70% He at 402
Torr. The linewidth varies as T0%38

Rotational gain distribution in the 9.4- and 10.4-um, regular

. and sequence bands. The- -discharge was operated with a

3-15

"calculated relative gain with T = 381 K, while the triangles.

5% C€O,: 10% N,: 85% He gas mixture, at 80 Torr total pressure.
The Smooth curves show the ~best fit f the calculated
relative gain with T = 362 K, while t;p/%riangles show the
calculated abso%ute gain. Crosses are /used to indiéate.thq

galn coefficients calculated for the anomalous lines. The

measured vibrational temperatures were T, = 388 £ 15 K, ‘and
= 2460 £ 50 K. et ©

Rotational gain distribution in the 9.4- and 10.4-ym, regular
and sequence bands. The discharge was operated with a
5% COy: 10% No: 83% He gas mixture at 425 Torr total
pressure. The smooth curves show the best fit of the

show the calculated absolute gain. Crosses are used -to
indicate the gain coefficients calculated for the anomalous
lines.J The measured vibrational temperatures were T2 = 411 ¢
15 K, and T3 = 2325 * 50 K. '

v

Schematic diagram of the apparatus employed to generate and

observe sequence band CO, laser ﬁhl\ffl_\

Photograph of the hot cell used in the TEA sequence laser.
Total.cell length is 180 cm. .
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Measured and calculated hot cell absorption as a function of

2 pressure for the P(18) regular and P(15) sequence 10.4-um
lines. Aot =2n(I,/I) where I is the transmitted probe
laser power wgth C0, 1in the hot cell and -I, 1is the
transmitted power for the hot cell evacuated. See text for
details of the calculation.

. ~

Measured and calcnlated hot cell absorption as a function of
€O, pressure for the P{20) regular and P(17) sequence 10.4-um-

--lines. Further detall ;3,given in the caption to Fig. 4-3.

Net gain per pass on, the P(18) regular and P(15) sequence
10.4-ym lines in the. laser cavity of Fig. 4-1, Traces (a),
(b}, and (¢) are plotted for pressures of 0, 450, and 760

. Torr of TO,, respectively, in the hot cell.

46

, and regular operation. The gas mixture was 117 CO,: 167 N,

4-9
-

4-10

Comparison of theoretical ‘and experimental pulse shapes for
both the .P{l5) sequence and P(20) regular 10.4=-um lines.
Time delays are measured from the start of the current pulse,
which has a peak value of 8 kA (corresponding to the total
current in both discharge sections). The output coupler has
a reflectivity of 65 7 for sequence operation and 36 % for
regular operation.’ The gas mixture 1s 11% CO,: 16% Ny:
73% He and the discharge excitation energy is 115 J?E-atm.
The effect of cavity loss on sequenge output energy. L =
Ibpt + opgrlper where T is the optical loss per pass and
% otlhot 1S the hot cell loss per pass. The data points
correspond to the loss dintroduced on the 1Qi4-um P(15)
sequence transition for hot cell pressurés ranging from 400
to 760 Torr. See text for further details. o o

Calculate%‘output energy (solid curve) and intensity (dashed
curve) as a function of cavity reflectivity for both sequence

73% He and the excitation energy was 115 J/f%-atm. The
optical loss was taken as 4 %/pass in both cases.

- ) e ) ‘
Percent energy extracted as a function of T,; for both
regular and sequence transitions. Detalls of the calculation
are given in the text.

"Measured output energy on the 10.4~ and 9,4~ym sequence band

lines for the grating-tuned cavity. The 65-% reflector was
used for. all measurements and the discharge excitation was
210 J/E'atm. :
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Calculated ' values of the 0092, 10°1, and 1090 rotational

energy level populations as a function of time for a
discharge gas sixture of 3% CO,: 10% N,: 87% He at 40 Torr

.total pressure and initial temperdtures: =360 K, T,=385 K, -

and T3=27SO K. The resulting 4.3-pm gain is also shown, as
is the sequence pump pulse used in the calculation.

Measured and - calculate& time - dependent gain on the
directly-pumped 4.3-ym- P(26) line. The - discharge

variation of the calculated absorption as a function of =t
1s shown. The influence of coherent effects is explained in
Sect. 5.4. "

Schematic diagram -of the experimental apparatus used. to
measure 4.3-pym small-signal gain coefficients. The NaCl
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131

133-

. temperatures are givefi in the caption to Fig. 5-1. The .

134

windows on the 4.3-pm amplifier were tilted to prevent ’

parasitic oscillation.

Photograph of the .hot cell used 1In the hybrid sequence laser
of Fig. 5-3. The hot .cell is 60 cm long overall. To the
left of the heot cell 1s a TEA,/Hischarge with 44 cm of gain,
and to the right is a low pressure discharge with 25 cm of
gain.

Time deperdence of the measured and calculated 4.3-pm gain on
the directly-pumped P(26) line and the cecllisionally-pumped
P(24) line. The 10.4=um P(25) sequence pump pulse has a peak
intensity of ~3.5 MW/cmZ. The discharge temperatures are
given in the caption to Fig. 5-1 and details . of the model
calculations are given in the text.

P-branch rotational distribution of 4.3-im gain obtained bg
pumping-with a 10.4-ym P(25) sequence pulse of ~3.5 MW/ cn

peak intensity. The two sets of symbols represent the
measured gain, and the gain which has been corrected by using
measured overlapping absorption coefficients. The P(26) line
is directly pumped and thus has much higher . gain than the
other lines, which are collisionally pumped and correstnd to
the model calculation shown. At 80 Torr, the initial
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The 40 Torr discharge temperatures are the same as those of

Fig. 5-1.
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Measured and calculated 4.3-pm pulse energies as a function
of T,. The values of T and T range frog 328 and 350 K (at
T3=2880 K) to 390 and 420 K (at T4=2900 GETZ See text, for
details of the calculation,

Measured and calculated 4.3-pm pgﬁse energy as a function of

C0, content of the discharge. See text for details of the
calculation. .

Pressure dependence of measured and calculated absorption
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172

174

177

179

180

182



)

LIST-OF FIGURES (Cont‘d)

FIGURE . PAGE
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the aperture 1s also shown, -and is compared with the
rate—equation model.
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as a function of the sequence pump energy. OQutput from the
central 1 cm®. of the aperture was measured. The discharge
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regular CO, line is offset from the P(16) sequence Ny0 line
by only 40"MHz [92]. ~
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CHAPTER 1

INTRODUCTION

Laser oscillation in»CO2 was firqt observed by Patel et al. in
1964. [1,2]. This.discoyery caﬁe at a2 time when the search for new laser
‘{ransitions in ionic and molecular sﬁecies was near 1its peak, and no
particular attention “was paid to COZ.‘ However, it was goon realized
that C02‘ lasers were unique in that they possessed very hiéh
efficienciés énd output powers. Today, multikilowatt‘CW COé lagers are
>commercially availablg and CO2 laser pulse energies in excess of 10 kJ
are employed inﬁ inertial confinement fusion fesearch; 002 lasers aFe
widely wused in medical, scientific, military, and industrial
applications. |
) Conventional C0, lasers operate on two low lying rotatibnal;{
vibrational bands. These are the (00°1-02°0) and (00°1-10°0) bands
centered at 9.4 and 10.4.ynm respectlvely, and referred to as.the regular
bands (a deta1led descrlption of 002 energy levels and laser transitions
i; giﬁen in Chapt. 2). The regular bands consist of more than 80
discrete iaser lines Which range in wavelength from approximately 9 to
limuﬁ. ‘The strongest linés provide CW powers of a few tens of.watts and
pulsé energies of several joules from typical commercially available
lasers having a géin lquth of pnelmeter._-
__In addition to their excellent output characteristics, COZ
lasefs.are simple to construcﬁ and 6perate and éfe relatively low in

¥
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cost. Thus they are commonly used in ;pplications,suéh as paser isotope

. Separation, laser photochemistry, and opfical pumping-of molecular gases
to produée mid- and far:infrared lasers. ~ However, thg Cbz laser .is
limited in these frequency—depenégnf applications to situations where
the laser frequency coincides with an- absorptidn' line og the ;olecu;e
under consideration. This -fimitation; provides a strong ipceptive to
increéée the number of output wavelengéhs available fr%m(COZ lésers.

Many new lines have been obtained ffnc:thé ‘; to 12 um region by

using iégtopic form; of COé. in the lasér [3]. In addition, laser

Aoigillation‘has‘beeﬁfr?ported on CO, transitiops other than the regular
bands. The most powerful of these" othé} transitions are the ‘9.4—~um
{00°2-02°1) and 10.4—um"(0002-{0°l) bands, referred to as the sequence
bands. The sequence bands are analogous to the . regular bands except

Qthat ;equencg transitions occur between higher lying energy levels, and
have differen;\égequencies due to the slight anharmonicity - éf the COZ
molecule.  Sequence band laﬁing was first obserVéd by Reid and Siéméen
in 1976 [4]. Oscillation was obtained _on more than 80 sequence linest
ané CW output powers were ~50 % of that available on the regular lines
[5]. The use of isotopi; €0, lasers and sequence bandmlas;rs greati&
increases thé number of available lines,with significant . output poweré,
but still provides output in only the 9 td‘lz.um anelengéh region. |

In 1979, Znotins e_t.a_l, (6] reported a €O, laser which utilizes

a sequence band optical pump pulse to produce a 4.3-um output pulse.-
Tﬁis system « provides a- source of coherent radiation in a wavelength
region where few other lasers operate. The‘4.3—hm’;egion is of'intgrest

. for applications such as laser igotope separation, lasér photoghemistry,‘

® . t ) '
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optical pumping, and atmospheric moﬂitoring. The prospect of séaling up
the 4.3-ym laser to generate' high power pulses motivated the research
describe& in this thesis, | N |
The prlnc1ple of bperation ,of the 4.3~ym lasér is simplg}% An

electrlcal discharge is used to excite CO2 molecules inte the 00°2

energy level, and then an externally generated séquence pump pulsé

-

, tr&hsfers populatlon from the 0002 level to the 1091 level. Under

appropriate operating conditions, a transient population inve;sion_and
hence gain 1s created oﬁ the (10°1—10°05 4,3~pm band. With an

appropriate opt%cal resonator, lasing at 4.3 um occurs. Pripr to the
work of Zn#tins et al. {6], laser action at 4.3 um in CO2 had been
obtained using other pﬁmping. schemes. These included bromine transfer
[7), optical pumping with HF lasers (8], and.“pumping from optical

parametric oscillators [9]. Hocker EE.El‘ [10] also observed stimulated

-~

‘emission at 4.3 ym from a Q-switched C02.1aser, but the tramsitions

invelved were not clearly identified.  The use of a sequeﬁce band pump
laser to obtain 4.3-mm lasing in 902 has many advantages over these
earlier techniques. A system based only ;n CO2 lasers is simple to
éonstrugt and operate, uses highly developed and readily availa?le sz
laser components, and the inherent \scalability of C02—based ‘laseés
offers the potential for high energy 4.5—um Rylsés.

In thé initi;l experiments of Znotins et al. [6], the 4.3—um
output energy was ~50 pJ/pulse. An output energy of 250 uJ/pulse was
soon obtained from a scéle& up version of the laser [11], and high

répetition rate Q-switched operation, producing >100 mW average power,

was reported [12]. In all of these experiments, optimum performance
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occurred with €0, partial pressures..< 1 Torr in Ehe discharge. A study
of the various processes involved in 4.3—ﬂm lasing [13] suggested thé;
significant improvements in pulse energy Sould Se obtained by increasing
the sequence bﬁmp power and 002 partial pressure in the discharge.
However, there was 1little quantitative data available regarding the -

influence of these important parameters om the performance of the 4.3-im

laser.

e

‘In tﬁisfthesis, a detailed experimental and theoretical study of
the 4.3-um C0, laser is presented. The primary objective of the work is
to provide quanﬁitativéiAdata which can be used fo "optimize the
performance of thé laéer and accurately predict scalability to higher

‘.pulse energies. The résults of this. investigatioﬁ have led to a
significant improvement in the performance of ghe 4.3-um CO2 laéer,J;;th
output energies of 15 mJ/Pulse and peak powers of 100 kW/pulse being
obtained from an 88-zm long, il—cm2 aperture gain section. This output
comp;res favourably" with other types of lasers in the same wavelengéh
region (see Sect. 7.1),.and is uéeful for many applications.
Furthermore, the experiﬁent;l results of this study show that the 4,3-ym

>C02 laser is scalable to pulse energieé of several hundred millijoules.

In the first half of this thesis, preliminary experiments and

Tesults are described. Prelimiﬁary‘ work involved the characterization
of discharge excited- C02, so -that quantitative comparigons with a
computer model of the 4.3-um  dynamics could be made. It was‘also
necessary to design ‘and build a high power pulsed sequence laser to
optically pump fhe 4, 3-um lase;. In the ‘latter half .of the thesis, a

}
detailed study ~of 4.3-um laser dynamics is- described. Extensive



measurements of small—signal gain and output energy over a wide range of
experlmeﬁtal conditions are presented, and comparisons with a computer
model ‘are made. Although‘transversely-exfﬁted (TE)‘discharges were used
in tHe'experiments, the results also ‘pertain to Q-switched operation
using CW discharge excitation. A brief outline of the contents,ot
individual chaptershis given below. ‘

Chapter 2 reviews the theory of the co, molfcular 1aeer. The
lconcepts and background 1nformation whlch are presented include a brief

descriptlon of the molecular structure agd infrared spectrum of C02,
electrical discharge' excitation and collisional relaxation of C02; the
mede~temperature model, and the relationship between population
inversi;n and-'gaid. In addition, the gain dynamics of regular,
sequence, and 4.3-um CO2 lasers are outlined.

In Chapt. 3, ‘experimental techniques for characterizing
discharge excited CO2 laser gas mixtures are deecribed. MéaSuremerts'ef
small-signal gain coefficlents in the 9.4- and 10.4~ym bands enable the
determinatlon of vibrational and rotat10nal~translatlonal temperatures,
the degree of gain overlap, and collision—broadened co, %EHEWidthS'
Accurate values of these Parameters are required for quantitative 4.3<um
computer modeling. The results -of Chapt. 3 are also relevant in many
other areas of éOé laser researeh; The linewidth "measurements are of
particdlar significance, as they represent the 'most accurate and
extensive data presently available on He-broadened C02 linewidths as a
function of temperature and rotational quantuﬁ number.

+An impdrtant step 1in improving the performance of 4.3=-m CO2

lasers is the development of an efficient, high power sequence pump



. i
laser. In Chapt. 4, the design and optimization of transversely~excited

’ [

atmospheric pressure {TEA) sequence ’lasers is discussed. Sequence

output- energies of 6 J/pulse are obtained, representing 40% of the
regular band pulse energy. This is the best- pe££oznance which has been
reported to date for pulsed sequence lasers,

Chapters 5, 6, and .7 deal with the performance of the 4.3-um
laser. Extensive experimental measurements and tomparisons with a
rate-equation model . are described. ~The{ results'rﬂfall into *two
categories: smaliysiénal gain and energy extraction measurements.

In Chapt. 35, small-signal gain coefficients are measured in an
amplifier .using low ° power probe pulses from a separate 4.3-ym
oScillator. The measurements are used to validate a rate—equation model
of the gain  dynamics. The experimental conditions which optlmize the
gain are determined and peak gains as high_as 14 %Z/cn are measured. The &
model, which .uses .no  adjustable - parameters, is found to be in good
agreement with experiment over a wide range of conditionms. ‘The‘onlyl
discrepancy betneen model and experiment‘is the’tendencyrof the model to
overestimate the peak gain ‘on  4.3~-ym transitions which are directly
coupled to the sequefce pump transition by a common energy level. In
Chapt. 6, it is shown that this discrepancy is due to the dynamic Stark
effectj'the intense sequence pumn radiation causes a splitting of the
4.3-ym line and a resulting reduction in\linecenter gain. Modifications
to the rate-equation modei ate described which account for this effect,
and improved agteement with‘experiment is obtained.

Chapter 7 deals with the energy extraction characteristics of

the 4.3-pym laser. Extensive pulse energy measurements are compared with



model calculations and good\igreementA is ‘obtained over a wide range of

¢

conditions. AThe operating parameterSl most stréngly influeqcing‘the
performance of the laser afe identif%éd. Disehafge operat;ng conﬂition;\
of 60 Torr and 4 % €0, dre found té _bé optimum;"and .r;sult in 4. 3~um
ocutput energies of 15 mJ/pulse. Scalabi%it§ predictions b;sed'pn;
experimental results are given, ana a simplifie& cavity arrgggeﬁent }or
>

the 4.3-um laggr is described. The feasibility of obtaining 4.54uq
lasing in NZO is also investigatéd. -

Chapter 8 contains a summary of the impdft&nt results and
conclusions of. this thesis. Applications for 4.3~um lasers are

discussed.

o E
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CHAPTER 2 '

002 LASER THEORY

2.1 Introduction -

a

' _ This chapter gives a  brief -review of the theory of the CO,

molecular laser., It is 1intended to introduce the concepts and

-

L' . background_ information‘ which are necessa e\/}o snderstand the
PR experimental results and calculations described in the following

e ehapters. A brief description of COzhaﬁolecular structure and the

- »
selection rules governlng the infrared spectrum are given, with‘emphasis

on the regular, sequence, and 4 3-pm laser transitions. Several topics
¥, <
\“’/important in CO2 1aser_ modeling.'afe discussed, such as electrical
[‘ B . B
discharge excitation, collisional relaxation,. the mode-température

eoncept; and the relationship between populatien inversion' andisgaln.
- . ] ‘ .
Finally; the gain dynamics of regular, sequence, and 4. 3 “kaOZ lasers -

are outllned and typlcal output characteristics of these three types of

o

lasers are described.. o . Ed

X R

2.2 €0, Molecular Structure and Infrared Spectrum

! : -
The CO2 molecule .is a linear symmetric molecule which has an

"
«

axis of symmetry, C_, and a plane of symmetry perpendicular to the Co “//

axis. Thgre are three normal modes of vibrat1on. symmetric stretching

The principal reference for.this‘section is Herzberg [14].



Vi» bending Vg, and  asymmetric stretching v3.' The vy mode is doubly
degenerate, as the bending vibration can be considered to occur with
_equal frequency, in two ‘perpendicular planes. Each vibratlonal energy
level is denoted by.(i;jl,k), where 1, j, and k are the number of quenta
excited in'the Y1» V2, and V5 modes, respecti;ely; end % denotes the
angular momentum associated with the bending vibration. % can take on
the values i, 3= 2 i~4, ... 1 ot 0. If j > 1, the vibrational level is
split into more than one level (for example, 02°0 and 0220). The levels
are nondegenerate - 1f %=0, or are doubly degenerate if 2#0. Thel

fundamental frequencies of the three vibrational modes are v1=1337 en” !,

V,=667 cat, and Vg 2349 cm *. Anharmonicity of the vibrations causes a '

slight deprease in the energy . level spaclngs in ese modes with

ber. The energies of the I

increasing ‘ qua
LU T
(and similar levels higher

0 and 02°0 levels

are nearly fequal,

vibrational energy)
i

dees, V2200,
) 3

™ other (e.g., em™! and 10°0 at 1388 em~l). *This
phenomenon{ which was fir i by Fergi (15], also causes &

_ : # : . -
strong mixing of the eiﬁfﬁ?ﬂnctione. Consequently, the levels are ‘more
apprOprlately represented as [10°0, 0200]I and [10°0 02°0]II. However,

il this nomenclature will no¥be adopted in this-thesis., For convenience,

100 is- used to represent the [lOOO,OZOO]I' level, 02°0 for the’
L] .

-

. {10°0,02°0} ., level, and similar notation for higher lying Fermi dyads -
I L

. A .
N (e.g., 10°1 for the [10°1,02° 11 Tevel). Fiéé%e 2-1 shows the
vibrational energy levels of CO/ relevant fo :he;tngee principal types
S .
* *

) Fermi mixing only occurs between levels of the ‘same specles.=
Species of various levels are defined ¥qter in this section.

. | | | vl o



Q}IGURE 2-1 '

Simplified vibrational energy levei diagraﬁ of CO

2 showing tHe energy

.
“a

levels relevant to regular, Sequence, and 4.3-um lasing.
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of laser transitions considered in this thegis.
The\gesignations of species (symmetry types) for the vibrational

states of the CO,.molecule are the same as for the electronic states of

- homonuclear diatomic molecules [16]. Species are dependent upon the

angular momentum. Levels having ¢ =0, 1, 2, 3, ... are represented by

£, T, As &, ++. , respectively. The species of the ground state and the

first excited state of each vibrational mode are Eg+’ T +, Hu’ and Eu+,

g
corresponding to 00°0, 10°0, o0ilo, and 00°1, ‘respectively. The
superscript of species I is always + for the ground electronic state of
Cdz, in which all vibrational levels -relevant to 002 lasing are found.
The subscripts g and u repre;ent the German words "gerade" meaning even,
and "ungerade" meaning odd. The subscfipt gm or u for a combination
level depends upen the subscript of éach 0f the levels combined;

according tng§e rule: g+g + g, utu + g, and gtu + u. For example, the

level 10°l is a combination of 10°0 and 00°1, and there;%re is' of

species £, t. Similarly, the species of 05}1 is Ny, and 0220 1is By, ete.

A knowledge of the species of  levels 1090, 0110, and 00°1 enables the
specles of any level to be determined by using the rules'given above.
Supérimposed upon each vibrational level’is a set of rotational

levels having energies ginenjg} the formula:

E(J) = BI(JHD) - D32(g+1)2 + ... , o - (2-1)

where E is the rotational energy of the level with rotational quantum
4 b2

cnumber J, and B is the rotational coﬁstant (B = 0.39 cm—l). B differs

™
slightly for each ibrational level, becoming smaller with iﬁcreasing

-
vibrational energy because of the larger moment of inertia of the
: . ‘< v .
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3
molecule. The DJ2(J+1)2 and higher order terms_enter Eq. (2-1) because

+

of the nonrigidity of the molecule afid other effects which are small

compared wWith the first term. Figure 2-2 shows' the rotational states

for various species of vibrational levels. The wvalue of £ defines the

-

minimum value of J. If 2#0, each rotational level is split into two

-

levels, which is known as f#~type doﬁbling. The two sets of levels which

result are designated ¢ and d (or more recently e and f [17]) and have
different effective rotational _constants.* The = symmetry of the
‘rotational wavefunction. with resﬁect té inversion 1is indicated in
Fig. 2-2 by + or —; The symmetry of the total wavefunction with respect
to an‘exchange of.identical nuclei is denoted by s or a, repregenting
symmetric and antisymmetric. In the c;sg of COZ’ tﬁe spins of the
identipal oxygen nuclei are zZero. Thérefore; the 'antiéymmét;ic
rotational energy levels are missing entirely.** This, din conjunction
with £-type dpublingi causes the rotational-v&?rational spectra of bands
having 2#0 to ékhibitkfrequeﬁcy staggering. For those rotational levels
which are allowed,' the statistical weight of the level is given by
g(J)=2J+1, which represents the ' number of possibie orientations of J in
a magne;ic field (sometimes referred to as Zeeman, or M degeneracy).

The rotaiional—vibrational spectrum in the infrared is

L3

* This  is important wh calculating i;;é&’positions‘ from
spectroscopic constants. For evep vibrational leveIS'(subscﬁipt g), the
rotational levels with even J are (or e) and those withsedd J are d
(or £). The opposite holds for odd\vibrationaly levels. ’ )

¥ .In the case of nonsymmetric TOZ molecules containing ‘two
different oxygen isotopes, both the symmetric and antisymmetric
rotational levels exist. )

-~

\'1
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FIGURE 2-2

Symmétry properties of the rotational levels, in various species of

vibrational .lévels of COZ‘ The values in pareﬁthgses correspond to odd

(subscript u) vibrational levels {from Ref. [14]).
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determined by the fellowing éelection rules. Only fhose vibrational

transitions occur for which:

AL=0, %1, tFep T | gepb g, ueh oy, (2-2)

and only those rotational transitions occur for which:

AJ =0, £1 (J=0 +» J=0) , ++> = , s ¢ a, (2-3)

where the symbols +» and ++ represent "allowed" and "not allowed"

transitions, reSpectively. All rotational-vibrational bands in CO2 are

comprised of a P-branch aJ = =1} and an R branch (AJ = +1). The Q

branch (aJ = 0) only exists when £ # 0 for ome, or both of the.

vibrational levels. . In’ pérallel bands (AL = O), the Q branch is weak

_compared to the R and P branches, while in perpendicuf&r bands (A% = *1)

the Q branch 1s strong. The laser bands and all other bands considered

- I4
in.this thesis are parallel bands.

The upper and lower vibrational levels of the 10.4-pm

(00°1-10°0) and 9.4-um (00°1-02°0) regular laser bands are of species.

Eu+ and 'Eg+’ fespectively. Thus, no Q branch exists, dnd only'the

rotational states with even (odd) rotational quantum numbers exist in
[ ’ . - . »

the lower (upper) viBrational level, Figure 2-3 Is a detailed

o ) ?

transition diagram for both the P and R branches of the 10.d4— and 9.4~um

. L] .
" regular bands {l&ép, The transitﬁfns are dengted by the rotational

) quantum'numbefs of the lower revel, and tﬁg}efoie all of the regular

v

¢ , .
band transitions are denoted by even quaikum numbers. The same is trué

fo transitions of the (1001—1060) and (0201—02?0;\\ﬁ.3-um laser bands,

which possess the same lower levels as the regular bands. The situation

rd

-

reverses for the 10.4-pm (00°2-10°1) and 9, 4<ym (00°2-02°1) sequence



= S

! ’ : FIGURE 2-3

Detailed transition diagram of laser oscillation in the 10.4~ and 9.4=1m

regular laser bdnds of CO, (from Ref. [18]).
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described in Chapt. 3.

“

L6

bands. The sequence bands are analogous to the regular bands , w1th one
quantum of Jasymmetric stretch added tec each vibrational energy level.
This chaqges the symmetry, and thus sequence transitions are represented

by only odd rotational quantum numbers. A much weaker laser band which

is ‘also analogous to the 10.4—m regular band is the (0111—1110) hot -

band. The energy levels correspond to the regular levels plus a bending

mode quantum (uz). -Even and odd rotational states are both present in

these 13%els because L= 1, and the observed

ﬂ_spectra feature frequency

stagga»nng. Hot band lasing, in '."",.-

! ™

"with regular and sequence
Eand la51ng, is important ;?ﬁ measuring dischatge parameters, as

-

ands and . contrlbute gain or absorption to the 'laser lines. The

selection rules deséribed in this' section enable oqé-to identify these

Bdhds, and tEe frequencies . of individual r;tational—vibrationai

transitions can be calculated from - megsd&ed spectroscopic constants

using standard formulae [19]. ‘Tﬁé consequences of oyerlaps between the

l;ser bands and qth r bands in CO2 are discussed throug%o t Ehis;thesis.
| =

2.3 FElectrical Discharge Excitation of €0, Q
——— .

The most conventent and commonly used technique foavexciting co

-

laser gas mixtures is the self-sustained electrical discharge. This
excitation method was used for the woerk reported in.this thesis, and in
particular, lasing processes in pulsed discharges were studied.

In &' discharge, he energy transferred to COZ’ N5, and He by

collisions with electrons causes tr‘ﬂ%lational, rotational, vibrational

-

There are many infrafed bands in CO2 which overlap the-laser

raxh

2.
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and electronic excitation of the atoms and molecules, as. well as
ionization and disgociation. For 002 laser operation, it is desirable
,F9 maximize the v1brational excitation of 1 12 and the v4 mode of COZ’
while minlmlzing the electron energy channelled into other proceSSES.*
To' determlne the distribution of the input electrical energy transferred
to the various v1brat10nal modes requires a knowledge of electron drift
velocity, electron den31ty, electron energy distribution and elastic and

inelastic collision cross—sections between ,e&ectrons and all components

in the gas mixture. The electron energy’ distribution is particularly

» V\

difficult to determine experimentaily and therefore a solution of the

Boltzmann‘ transport‘ equation, utilizing measured or .calculated

cross-=sections, is generally relied 'upon. Using this approach, Bighan

. . N .
ang Bennett [21], and later Nighan [22], numerically calculated__ the

) ]

electron energy distribution function and determined the fractional
power transferred ro vibrational excitation, electrenic exc1tation, and
ionization of €0, and NZ molecules as a function of the ratio of applied '
electric field to neutral particleJdeﬁsity E/N. These calcuiations were
extended to+'include e wider. range of . laser gas mixtures and other
experimental ‘parameﬁers 'b;k Lowke 55_31.1[23] and Judd {24}, who both.
used new, experimentally derived cross~-sections for COZ'

The res/lts of Lowke et al. [23] are summarized in Fig. 2-4,

which shows the percentage of electron energy last to vegious processes
[ ‘.

* R sonant energy transfer from v1bratlonally excited N2 to the Vg
mode of C contribut 51gn1f1cantly to the vibrational excitation of
COZ in a discharge [20f.
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\ FIGURE - 2-4 ‘ -
Calculated ‘fraction of dischérge input electrlcal energy lost as é
. L R
‘ junction of E/N to (a) elastic colllsions, rotational excitation of'Nz"
.and excitation of the vl and V5 modes of’ C0,, (b) the €O, 00°1 level and
the first eight vibratlonal levels of NZ’ (c) electronic excitation, and
(d) ionization. The predicted (efficiency 'gi'ven by (b) inc#@’ases withr '
increasing ratio of Nz'to COZ (from Ref. [23]).
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for‘two gas mifgﬁggg composed of C02, Ny, and He in the ratios 1:2:3 and

1:0.25:3. Comparison of tfie resulﬂgi‘indicates that much more energy is

transferred into N2 vibrations and the V3 mode of €0, when the gaé
- »> B . *

mixture contains a higher concentration of NZ' This is because Ny has a

large cross-section for vibrational excitation by inelastic coliisions

with electrons [25]. The large N2 cross—sectlon, combined with the fast

couplﬁpg rate between N2 and the vy mode of C02 (discdssed ‘in
Sect, 2.4), makes N2 an importént constituent” in the laser gas mixture.

The results of Fig. 2-4 indicate that the optimum value of E/N for Co,

.laser operation is in the range (l-3)x¥8f16 Ve cm?. Experimental values
: . w

4

of E/N in self-sustained dischargés range from (2-8)x10"16 V. cm?
[26,27]. Although cthese vﬁfﬁgs are higher thaw optimum, they still

result in a high level of vibrational excitgtion of N, and the V3 mode

of'COZ. As indicated in Fig. 2-4, the ;ul and 92 vibrational modes of

COZ are al;o excitéd by électron col;ision. However, these modes ére
relatively quickly de-excited by .molecular relaxation processes
(discussed Aiﬁ Sect. 2.4), The. favourable ex;itation and relakgtion
mechaniéms in 002 account for’ttﬁe high efficiéhcy-and output éower
attainablg‘ on the regular laser Eréﬁsitions of COZ' Calculated
excitation rates intg the various vibrational. modes [24] have been used
in thE’,egmputer modeling -of both regulér and sequence band lasers,
described iﬁ Chapt.ﬂ&.. ) o

Otker authors have carried out similar calculations to those

5

described abové'[2§,29]. However, | Lokke EE.El- [23] and Judd [24] used

? [

the more recent e%sctron cross=section dat They used the data of Hake
A recer
SR . -
dnd. Phelps [30] with some modification, which Was largely based on

:)

o
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experiment; for more details, Ref. [23] should be consulted. A later
measurement [31] of the excitation of the CO2 vq mode by electron

collision is in agreement with Ldwke et .al. [23] for E/N values >

1x10~16 Vocmz. In a recent solutio{lof the Boltzmann equation, Sallai et

s~ ) [ I

al. [32] included the effects of attachment, dissociation, ang

1
" dissociative ionization by electrons.' These effects seem to have littie

Influence on the results, especialli/gt*E#N Qalues‘of less than 5x10716
V-C;Z.‘ -
‘ V]

The validity of the Boltzmann equation calculations of Lowke et
al. [23] and: others has been examined both theoretically and
experimentally. Monte Carlo simulations ‘have been compared with ,
Boltzgann equation solutions by‘_Lucas and Saelee [33] and Taniéuchi'gg
al«l\[34], while Pitcﬁford et 3&._{35] have examingd_ the importance of
‘higk".order terms in the -‘s lution of the Boltzmann equation. If
appears froﬁ these works that the two—term expansion solugion used by
Lowke et éi. [23] and others is valid for E/N < 5x10~16 V-cﬁz.' Of more
significance are experimental verifications 6f_the calculations. The

bggi;uléted electron energy distribution used to predict wvibrational

excitation efficiency can also be used to predict many.other discharge

- =

pqraﬁeters. One of 'these .pafaméte;g is dfscharge impedence, which was
méasured-gs'a function of gas mixture by Denes and Lowke [26] and found
Lo be in goed agreement with theory. Lakshmiﬁarasimha et al. [36] have
mFasured the ionizdtion‘ coefficient and the ratio of‘ the radial
diffusion coefficient to mobility of electrons, - and Sierra et al. {37]
have measured electron drift velocitiés,'attacﬁment coefficients,_and

ionization coefficients in gas mixtures of COZ’ N2, and He. 1In both

—
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works, ‘gooﬂ agreement was cbtained with,the calculaticns of Lowke et

al. [23] over the range of E/N values relevant to CO2 laser operation.’
- AN .

i

C02 laser gas milxtures hébe also been shown to agree with theory

[38-40]. R '

. S _
Electron de—excitation of vibrationally excited C02 and N2 plays
a very important role ~ih co, laser discharges [41,42]., Electren

de-excitation makes a substantial contribution to the relaxation rate of

the vq mode of €0, and dominates other relaxation processes at high

input electrical energy. This effect accounts for the saturation of the

energy stored in the$v3 mode observed in many previous measurements on
C02 ‘lasers [41-46]. Mellis and Smith [41]. incorporated the

de-excltation effects of superelastic electron collisions in a numerical

v

sclution of the Boltzmann, equation and obtained good Quantitative

agreement in compariscns with measured saturation of the energy stored

in the vy mode. Dang ggf al. [42] measured the ratio of electron

de*exci;ation to electron excitatjon te be ~3.5:1 in a CH-afischarge.
Experimental evidence suggests that CO2 has a larger cross-section for
electron de—excitation than N,. This conclusion .is based on the fact
that the fractional energy é;cited ingd the vy mode incre;ses as the
proportion of N2 to COé in the gas mixture 1“9r535§§ [41,45,46}; Data
which 1illustrates this" point  is presentgd in Cﬁapt. 3, and the

implications for CO, laser operation are discussed. The occurrence of

© substantial electron de—excitation appears to be unavoidable in

electrical discharge excited C02 lasers. The consequences of this are

not ds severe in CW C02 laser oparation, as stimulated emission reduces

v

5

Several additional-measuremepfs’ of ef€ctron drift velocities in various ©
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the'population in the vs.mode,and competes effectively with electron:
rq,

de~excitation. However, in pulsed lasef%, the current pulse generally
0 ' Fi . -
‘ends -before lasing begins, and electron de—excitation severely limits

fhe/energy which can be stored in the discharge medium. »

v

The  wmolecular relaxation ‘Processes responsible for
redistributing population among the energy levels of CO2 are described

.

in the next section.

2.4 Molecular Relaxatlon Processes

Following exci;ation in a pulsed discbarge, many low lying
vibrational energy leveis of CO2 and N, are populated._ The ﬁrocesses
which relax this population to the ground state are summarized in thisg
section. The discharge operatlng pressures considered in this thesis®

are reasonably hlgh (40 Torr to 760 Torr). Therefore, col%&sionally

induced processes are the dominant relaxation mechanism in the absence

of lasing, and de-excitation by spontaneocus emission or diffusion to the

walls gan be neglected [42]. »

The collisional relaxation processes important to CO2 laser

operation are indicated by the solid lines in the energy level diagram

of Fig. 2-5. Many measurements and calculations of the relaxation rates
for these processes. have been reported in the litegaturb, and most of
the rates are known quite accurately .(within = 5= lO Z). An attempt has

¥

been made to select the best available data to use in the sequence and
4.3~um rate-equation models described in Chapts, 4 and 5. Table 2—1
lists the rate ‘constants and %so llsts relaxation times for typical

.

hlgh pre35ure (sequence) and low pressure (4.3-ym) discharge conditions.

4
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FIGURE 2-5 . "

. 2

Summary -of .collisional relaxation processes relevant to CO2 lasing. The
solid lines indicate collisional processes whereas the dashed lines
represent laser transitions. The relaxatioq times shoqn dorrespond to

the low pressure 4.3-pm discharge conditions given in Table 2-1.
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TABLE 2-1
Summary of‘tempegature dependent CO2 gﬁ{lisional relaxation  rates. k
represents the rate, the subscript denotes the collision process, the
molecule in brackets indicates the collision partﬁer, and T represents
the temperature (in K). Collisional lifetimes calculated from the rat?f

»

are given for typical 4.3-um and sequence laser discharge conditions.

B
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The low pressure relaxation times are also indicated in FigY 2-5. 1In,
1

_.the case.of the low pressure 4.3-pm conditicns, the relaxation times are
‘\%

calculated#hassuming constant pressure con@itjon53 i:e., it is assumed
that the gas in tRe discharge has time to expand in the period between
the current’pulsgand the occurrence of 4.3-um lasing.* In contrast, thf
gain‘risetime‘and the onset of lasing in a high pressure discharge
occurs before the gas has time to ° expand. Thus, the number density
remains constant and the rapid heating of the gas causes a pressure

increase proportional to the temperature increase. It was necessary to

8

 include the temperature ®dependence of the relaxation rates to obtain

good agreement between the model- calculétions and experiment,
particularly in the 4.3;um work., The témperature depénpences shown in
Table 2-1 are generally empirical fits to reported data, an§ the
functional form has no physical - éignificance. Each of the relaxation
procésaes is discussed in more detail below.

: £
,Mplecular,collision pProcesses can be categorized into rotational

N ’
relaxation proceﬁées, vibration-to-vibration (V-V) relaxation processes,
and vibration-towmtranslation ¢V~T) relaxatioggprocesses. éhe rotational
relaxation rate, kp, is the fasfest rate and has a value close to the"

kinetic collision rate. ,This ensures thermalization of the-rotational

sublevels within each vibrational‘le#el, unless one of the rotational
¢

levels is perturbed b e laser radiation. Rotational relaxation

rate constants havg been measured  in a @Coz:Nz:He discharge at a

*

* The expansion time 52 déte;mined by the speed of sound in the

gas, which is indepeundent of pressure [47].° ) .
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 temperature of ~400 K to be kp(C0,)= 1.3x107 s™lTorr™!, kp(Ny)= 1. 22107
s-lTorrhl, and kR(ﬁe)ﬁ.O.gx107 s lrore™! [48]. Other measurements made
under similar’ conditions [49], and in pure unexcited €0, at 700 K [50]
are in agreement, and kR_is found to be independent of temperature.

The 10°0 and 0290 levels are the lower laser levels of both the
regular and 4.3-um Cdz laser. Therefore, the relaxation rates of these
levels are very important for accurate computer modélinéi The 10°0

level is coupled to its nearby vibrational levels on a reasonably_fast

time scafz through the V-V processes: o -

€0,(1090) + Mo C0,(0220) + , o - C(2-4)

£0,(10°) + M  ¥ C0,(02°0) + M, N (2-5)
. 002(1000).+ 002(00003 > 2 co,¢o1to), ‘1 . . ;(2=6)

where M is the collision partner. The 029 level is de-excited in a
100>

“‘has been measured and‘calculated many times [51-54]. However, there is

r way. The collisional relaxation rate for the 1090 ievel, k

a large variation in the reported results. “We have chosen to use the
results of Dang et éi. {(51], which werea measufed at a. temperature of
~230 K. The measured rates for the collective processes (2—4) to (2-6)
are kjgp(C0p)= 4.3x10% s7lTors™), and kygo(N)= kjgo(He)= 2.5x10%
Ls""rTorr"1 [Sllf Little experimental evidence is available for the
temperature dependence of klOO'_ We have takeﬁ. klOO(C025 9 be
independent of temperature (two differest calculations predict opposite
teﬁpe:ature deﬁendences [52]), _wﬁile kloo(He) and klOO(NZ) are assumed

to increase as Tl’S.' This latter temperature dependence is a compromise

s
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between tge T2 dependence calculated in [53) and the TO+2 dependence
glven in t55]. The calculated 4.3-ym absorﬁ}ion which follows the
transient gain is very senditive t; variations  in klOO; and in Chapt. 5
it 1s shown that the value chosen for kigg 8ives good agreement with
'experimental results. - '

The.lower levels are coupled to the vy anq Vo vibrational modes
of'CO2 by processes (2-4) to (2—6)5 ?he decay of énergy from the vl‘and
v, modes is governed by the slower V—i process: ‘

L.

C0,(0110) + M > C0O,(b0%0) + M.. - (2-7)

. — .
The réiif/gﬁééitﬁts for -this process have been accurately measured @s a

A

function of temperature. At 300 K they are: kVT(COZ)=187 s"'lTorr"l [56],
kyp(N¥y)= 115 s71Torr™1 [57], and kyr(He)=3825 s~lTorr™! [58]. 1t 1o

chiefly because He is so efficient in de—exciting ¢t 0110 level (and

-
.

‘hence the lower laser levels) that it is a commdn constituent of o,

laser gas mixtures. v

The relaxation of the Jlowel~laser levels is‘rapid relative to

= . .

- the relaxation of the wupper 1laser level, 00°1. This 1is partly

responsible for the high efficiency and high butput power characteristic

regular band'CO2 lasers, The de-excitation of the 00°1 level is due
[+

o the slow V-V coupling between the V4 mode and the Vi and vV, modes of

. - . ‘ .
C0,(00°1) + M » CO,(i,3%,0) + M. , :  (2-8)

The rate constants for this process have. been accurately measured as a

Afunction of temperature, and at 300 ¥ they are: k3(C02)= 339 s~ lTorr~1

-

\
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[56], k3(WNy)= 112 s~1Torr™! [59], ang ky(He)= 81 s7lTorr™! [5g].

In cqntrast‘to the slow relaxation of 00%1, there are many very
Rf_ast, near-resonant V-V processes; which couple energy into 00°1. The
most important of thése (for efficient excitation in a discharge) is the

transfer of energy from viﬁrationally excited N, to C0,(00°1), i.e.:

COx(00°0) + Ny(1) + €0,(00°1) + N, (0). - (2-9)
The rate con for this process, sz, has been accurately measured as
a function temperature and has a value of‘1.66x104 s ITorr™1 a4t 300 K

[59]. . The rates for other processes which de-excite N, are negligible
in comparison [60].°°
Several other near-resenant V-V processes rapidly redistribute

energy within the v, mode of CO,. The rate for the process:
. 3 2 : - b

coy(01t1) + co,(00%0) » €0,(0110) + co,(00°1), - . (2-10)

has been measured in two different experiments to be 3.7x106 s 1Torrl
* [61] and 5.3x106 s~lrorr—! [62], both at 300 K. Two other equally fast

processes are:

€0,(02°1) + C0,(00°%0) - €0,(02°0) + €0,(00°1), (2-11)

v

with a measured rate of 3.9x10% s"lTorr_l at;295 K [9], and:

C02(10°1) + €0,(00°0) .» €0,(10°0) + C0,(00°1), - (2-12)

E

with a méasured rate of 4.2x10% s~ ltorr-l at 295 K {8].. Thesé processes

\

are responsible for the very short lifetimes of the 10°! and 0201

levels, which are the 4.3-um upper ‘laser levels. In addition; these
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processe‘directly populate the 4.3-ym lower ldser lévels, 10°0 and

02°0. The relaxation rate of the 10°1 level has also been measured at
700 K [50], confirming the temperature dependence. calculated by &?ack_
[63], as given in Table 2-]. There is a secqgd rél?kation mechanism of

10°1 which is important in the modeling of _4.3-uym lasers. It i} dufto

’ collisions with N2 and He, which transfer population from the 10°1 level

to the . 0221, 02°1 and 01l levels, as shown in Fig. 2-5. This
de—excitation wechanism is analogous to the transfer of population from
10°0 to 6220, 0290 ‘and 0110, and consequently we have assumed that
klOl(He’NZ) = klOO(He NZ) A similar relaxation mgphanism due to N, and
He exists for the 0201 level,

The fastest near-resonant V-V process 1is the V3 intra-mode
relaxation, i.e.: .

C0,(00°1) + CO,(00°1) = C0,(00°2) + €0,(00°0). (2-13)

at

A value of kU3= 18.3x10% -1 Torr~™l at 300 % has been calculated,by Pack -

for this rate, but he suggests thatn'this value may be too large [63].
There is one- measurement . (made ~ at 700 K) whlch verifies‘ Pack"s

calculated rate [50], however, the rates for p;ocesses (2-10) to (2-12),

and other measurements of fast colllslonal//;upling into the 00°l level

{64) are much slower {1- 5x106 s 1Torr™ 1) : As- a ‘compromise, -ﬁeﬂ have
chosen to use the temperature-dependent‘ratg calculated- by Pack, reduced
by a factor of 0.75 as he suggests [63].

The .fapid “intramode and . the ré@gtiyeiy slow iﬁter@qde
relaxation ﬁrocesées &éscribed;in thisl7 Bectigq are the basis of the

mbde—temperature model of bOz, which is described in the next section.

e

- - ‘M-L“"’f/f
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2.5 Mode~Temperature Model of €09

An’ important concept "in the modeling:of CO2 lasers is that of
vibrational modes is much slower than t%e redistribution of population
within a mode, as deséribed.in the previcus section: Therefore, in
vib;ationaiéy.eféitea'boz, quilibrium is maintained between the eﬁgfgy

. levgls within the sanme vibraﬁional mode and their populagions can be
characterized by a single temperature, whilek different modes may have
‘very different characteristic temperatures. The pépglations o{ low

- lying energy"levels within a 'mode ég be describe& by a Boltzmann
'distriputiod, althoﬁgh the anharmonicity of the molecule requires that a
Tréano; distribution’be used to aécurately. gescrfbe the pOpulations in
high lying rlevéls .[65]. The _mode—temperature model‘o( COé was fifst

proposed by Moqéé et al. in 1967 [66] and Gordietz et al. in 1968 [67],

. .
and has been reciftly verified in several expefiments [41,42,45,46,65],

including the present work (see Sect. 3.6).

+ Each vibr;:;;;;I\Ebda_ is characterized by a single vibrational

temperature. Thus the temperatures Tl’ Ty, and T3 are assoclated %;ﬁh H

the modes'ul, ué, and vq respectively; Due to the'rapid vay coupling of
the v} and Vo mo&es, T;  equals Ty in a .discharge [65]. For

cgn#eniénce, thE exponential factors X1, X3, and X3 are introduced,

. ] N -
\,Z’Eefined-by:

a . .
X, = exp(-hv /KT ), ‘ (2-14)

o

where hvn is the mode spacing of the nth mode, and k is Boltzmann’s

constant. The' population of any vibrational leveﬁg can then be

'
.

mode temperatures. In €Oy, the transfer of energy betwe different

-

[
!

R
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calculated 1if the mode temperatures are known, using:

Fl

Neo. 81887 (x0T (x))3 (x)k -
€O, S1%48k ¥ 2 3. " (2-15)
_‘ﬁfiﬁ o QV ,‘ a

where %o, is the number‘density °f 0y molecules, and g, gy, and g
are Epg sta;istical weights of‘the vibrational levels. 8; and g always
équal ore, and gjél or 2, for 2=0 or R#0, respectively (see Sect. 2.2).
QV is the vibrational ;artition function and is ‘given by
év = [(l—xl)(l—xz)z(l-x3)]'l. The distribution of the ‘vibrational

ation .among the rotational sublevels is characterized by the

rotatgdnal temperéture, T. In /view of the extremely fast rotational
relaxabion of C02, it is assumed -that the- rotational temperature is
cquf to the 'backgrouna gas temperature. The rotational population
+ . :

factor is .given by:

g(J)

Q%

K(J) = exp(-BI(H1)/ET), . (2-16)
where Q# is ;he rotat%ynal partition functiﬁn. For vibrational levels
whiéh possess only ngn or only . odd rotational levels, QR = kT/2th,
where ¢ 1s the speed of light. For vibrafional levels which pdssess all
rotational levels, QR is increased by a factorfég 2.

- The three‘temperatureé, T, Tl,' and T3 in a discharge can be
determined from gdin coefficients measured‘in the regular, sequence, and
hot “Lands as descfibgq in Chapt. 3. ?géé?;dge of .the discharge
temperatures, gas mixture,’and presﬁfjf/,in a discharge enables oné t§
calculate the population ;n any rotational level, and hencé the'
S R o 7
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population inversion for any transition. In the next section, the

relationship between population inversion and gain is presented.

2.6 Relationship Between Inversion and Gain

To obtdin ar acecurate knowledge of any laser system, it is

important to be able to calculate the stimulated emission cross-section

-

o, which relates gain-‘to the population inversion bgtween twp energy
levels. A generdlized expression is given'in this section which enables
the calculation of ¢ for all CO% transitions of interest in this thesis.l

In a gas, the gain coeffiéient between &wo energy levels can be
written [68]:

2,2 | | | .
w0 = — 4y 5V) Kby = KNy g/8,), @
‘ ‘ L

where the subscripts . u and & denote -the upper and lower jﬁevels,

‘respectively. The populétion inversion, § = K N - K Ny gu/gz, can be

calculated from mode temperatures EPS described in the previous section.
The product KiNi represerts the rotational population, and 84 is':he
statistical weight of the level 1. The remaining part of Eq. (2—17):is
the gain cross—section, i.e., o(v) = 6k02/8ﬂ) Auz g(v), where Ao is the.
wavelength at the.EEnter of the spectéai line, Au£ is the spontaneous
transition rate, and g(v)'is the normalized lineshape fﬁnctién.

For the  range ofi gas, pressares considered in this thesis,i3‘~u

combination of Doppler aud collision broadening, or colllsion broadenlng

alone, are responsible for the optical linewsdths. The normalized

lineshape function ‘for combined’ Dopﬁler and collision broadéning (the

%./ ‘ | | .
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Voigt profile) is given by :

f

) C V2 exp(-t?) _ , o
glv) = [ : L dt, © (2-18)
' WB/Z bv, == Y2 + (X‘t)z

where Y={1ﬂ(2)]l/2A\,c/AvD, x=[2n(2)]1/2(U-VD)/A\JD, and Avy and Av, are
the Dopple} and collision half widths at half maximum (HWHM). At the

“line center, v=v,, Eq. (2-18) can be reduced to:

1.
1/2
m AUC

'8(uo) = y gxp(yz} erfe(y), ' . . {(2-19)

. . . - . o~
: ) . i
where erfc 1s the complementary error function. If v#v g, g(v) can be
calculated numérically for arbitrary x and y [69] When collision
broadening is the dominant broadening mechanism (i.e. ) y>3), glv) is
given by:
1 B |

glv) = ) . (2-20)
T Ave 1+ [(umvy)/av_ ]2 '

which is*the normalized Lorentzian lineshape funétion.,

| . The Doppler-broadened linew1dth is given by vy = (v, /e)
{2kT En(2)/M)1/2, where M is the mass of the wolecule. For 4.3=um
transitions, AuD=65 MHz and for 10.4=ym ;;ansitions, dup=27 MHé.‘ The
-collision-broadened linewidth, dv.s 1is proportional te the’ pressure of
the gas, and for tygical COZ laser ;ondztlons the broadenlng coefficie\nt
s ~2.5 "MHz/Torr. The collision-broadened linéwidth in a TE Coi

discharge can be agcurately -calculated Ffor any /;onditions by the

expression :
Uy

&
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av, = B/760 (Yoo,%0, * Yy, %, *+ Vhe%e) (1/300)0-42, (2-21)

where P is the total pressure and ¢a is the fraétion of éas ain tﬁe
mixture. .The temperature dependence is based on measurements made as
‘part of this work, thch are described in - 8ect. 3.5. Equation (2-21)
assumes conditions of constant- number density. For constant pressure,
o is obtained by multiplylng the temperature depenaence by 300/T.'—The

a, coefficients represent -a straight -~1line fit to the linewidth as a

function of J .for collision broadening by gas a, and are given in

cm'l/atm'by : .

%o, = 01149 - 9.2x10‘§ lgi,>, Lo - " (2-22)
ay, = 0.0794 - 4.3%10% {mf, .. N RS
‘aHe = 0.0598 - 2.8x107 [a|, | | (2-24)

where m = -J£ for the P branch and m = J° +l for the R branch The

- expression for oge 1is based on measurements described in Sect. 3.5. The
expressions for chOZ and gNz are obtained by averaging~many linewidth
meésurements in the 9.4-ym and 10.4-um bands [70-74) in the following
VQay. A straight iine fitted to 'each:set of data is scaled to agree ;t
P(20) with the measurements of Abrams [ZS] for C02-C02 broédening or
C02-N2 broedening. A welght:L average of these llnes then gives aCO2
4and a ;f the weight correspondlng to the standard deviation of the fit,
The data of Abrams [75] for the 10.4~ym P(20) line was considered to be
»Ehe most accurate since the linewidth was directly measured by using 4

tunable waveguide léser, whereas all the other data were obtained from

I3

absorption coefficients measured at the line center only. For the
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calculations deshribedk\throughbut this thesis, the same lineﬁidth is
assumed for all bﬁnds '(4.3Lum, 9.§—um; and 10.4-um). Theoretical’
éalcuiatibﬁs suggest that linewidths do not vary significantly between
'diffefent bands [76,77], and tunable diode lader measutements‘ of
~broadened 4.3-um' [78] and lS-Hm [?9] C02 linewidths are 1in good
ffizreegpnt with Eq. (2-23). In addition, the He-broadened linewidth
measﬁ?ements which were made on 10.4-pm lines as part of this work are
in good agreement with a linewidth measurement at 4.3 ym  (see

" Sect. 3.5)ﬁj'

. /-
The spontaneous transition rate is given by:
‘\]. ’ ’
64n IR 125 7. o ,
ul J I -
Aug = 3 L, B (2-25)
e -3 A7 gy :

LB

where h is Planck’s constant, [Ry| and S; are the vibrational and

rotational contributions to the transition'dipolg moment, respectively,

and Fy is the interaction fdctor between vibration and rotation (which_
is close to unity); SJ is a function of both J and 2 (whefe.l denotes
the angula} momentum .of the vibrational level) and equations for
calculating S; are- given in Table 2;2 for P-, Q—}\ and . R—branch_

“

transitions.[SO].

Rué and F; are generally. AEterminéd by fittfhg Eq. (2-17) to
absorption ceefficients measure& in pure, room-temﬁerature, 002. Since
the rotational constants for 902 afe.acéurately knowﬁ aﬁd the rotatioﬁal
population cam be accurately calculatéd when the gas temperature is
known, the only uncertainties are 'Rull’ Fy, and g(vo). At low

.

pressure, where Doppler broadening dominates, g(vo) can be calculated,:
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. TABLE 22
. R
Rotational contribution to the transitien dipole moment SJ for P, Q, and
R branch transitions. £ denotes the angular momentum of the vibrational
level and J represents the rotational quantum number of the lower level.
' SJ
Branch .
1 =0 L #0
« : [
2 (F2-2y
P J ——
y : J
By - 2 (20#1) 22
g _ |3 v J {J+1)

T2 [(I+1)2-2

J+1
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whereas at high pressure g(vo) depends on 4v.. In the past, IRyels Fq,
and 4v. have been deduced from linecenter absorption‘measﬁnements, made
at moth low pressure and at high pressure [70].  However, it is
dﬂ ficult to separate out the effects of linewidth and linestrength

using this technique, and the procedure is prone to errors {8l]. ©Even

x

when correctly applied, the results show sﬁrprising inconsistencies.

For example, many authors measure the® same Small-sigﬁél absorption to
within ~3 7 at the line center of the 9.4-ym and 10.4-um regular laser

transitions in pure COZ at pressures 2100 Torr [70=73]. Yet, the

~ collision-broadened linewidths determined from these measurements fary

P

by as much as 10 % [71,72], with. gimilar variations in IRuzi, Aithough

the data of each author is self-consistent _and correctly reproduces the

. measﬁredvabsorptiqn in pure C02, calculations of gain and absorption in

——

qu:Nz:He gas mixtures may be incorrect, because both the magnitude and

the J dependeﬁce of the bfoadening coefficient are different for each

gas (see Egs. (2-22) to (2-24)). In addition, CO2 is generally a minor

- constituent of the gas mixture, and therefore an incorrect value of

IRui' can no longer be compensated for by a self-consistent, and equally

" incorrect value of the«éelf-broadened linewidth.

To enable accurate gain and absorption calculations to.be made

in gas mixtures, °C02 of Eq. (%—22) (which had been h;rm%}ized to the
accurate linewidth measurémepgs of Abram53 was uséd‘ in Eq. (2-21) to
obﬁain AUC.‘ Consistent -values of IR,z ] and F& wererthen cbtained by
using this value of}A_uc ipjﬁq. (2-17), and fitting (with fan aﬁerage

deviation of < 3 %) to all of the reported'high pressure absorption data

[70-73]. Values of.IRuzf and Fy were determined for the regular bands

]

-
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;*d are given in Table 2—37* ~ The ratio 'Ruzizseq/lRuErzreg for the
sequencé and regular bands Bas been measured ﬁq'be 1.39 for the 9.4-um
band and 2.1 for the 10.4-ym band [45,82]. Thesg values are both close
to the value of two prédicted by fhe "harmonic ogéillato; approximatioq.
’Rull has also been determined';fo: the 4.3<um fundamental band
(00°1-00°0) [78,83] and the 4.3~m t1aser ﬁand (10°1-10°0) {78]. The
measurements by- Malathy Devi et 31.“[78] are based on tunablé diode
7 laser measurements and are probably the most accurate. For transitions

where measurements are not -available, FJ is set equal to one and the

harmonic oscillator approximation is used to - obtain ‘fRuzl_ (i.e., /
Rooz-0011* = 2 IRgg_gool?s %003-1021% = 3 1Rgg5-1001 % etc;). In
Table 2-3, wvalues of Fi, |Ru£[, and Auz. are giveﬁ for several
Atransit_ions relévant to the work described in this thesis. -Note that

the transition dipole’ moment inu the 4.3-ym bands is véry large,
resulting in large gain coefficients in the 4.3-ym laser, as‘descriﬁed

in Chapt. 5. | ‘

- “ The theory presented in this and .the previous section can be
used to calculate gain or absorpﬁion on any CO2 transition of interest

/in a laser gas mixture, given the temperatures T,'Tl, and T3.

\

2.7 Gain and Output Chargcteristits of COp Lasers. .

In this section, the dynamics of pulsed laser operation on the

regular,” sequence, and 4.3—pm bands of CO2 are outlined. Typical
-,

* In Secfl'3.6, it is shown that these wvalues of IRuzl and Fy in
conjunction with Av. of Egs. (2-21) to (2-24) correctly predict gain in
a C0,:N,:He gas mixture. : o

&
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small-signal gain values and output pulse characteristics are also
. Iy n

given.

2.7.1 Regular Laser Bands

Gain on the regular laser trausitions in 002 arises as a result
of the combined effects of the electron excitation and collisional
relaxation processes detailed in Sects;‘2.3: and 2.4, The generally
accepted model for regular C02‘laser dynamics is out;ined_below [84]l
Thé same processes are aldo resgﬁgéiblé for la#ing in both the sequence’

L2

and 4.3-ym bands. \
[=]

! Consider a €0, :N,:He 1ase; gas mixture which>is excited in a
Pulsed electrical discharge. As a result of direct excitation by

. electrons and collis%onal transfer f%om éxcited -N2 molecules, all the
\\;f/}ow'lying vibrational levels. in CO, are populated. The populatioa in
) the tightly coubled vy + vzlmode decays away rapidly relative to;tﬁe

population in  the V3 mode. Consequently, after a period of time

. T —— .
# (several V-T relaxation times), the 1levels 1in éEF vy + Vs mode are
. »
.effectively empty, whereas a substantial population still exists in the

TTTe—
vy mode. In particular, an inversion has been created between the 00°1

level and the 10°0 and ‘0200 levels. This inversiqgéresults in gain on
the 10.4- and 9.4-um regular laser bands. Thg\;isetfﬁe and falltime of
~“the gain refleet the lifetimes of the lowir and upper,laser levels
rez?ectively, whikf the peak gain can be obtained from the values of the
mgée Cemperatures at thag time. For a typical atmospheric pressure gas

mixture of 20% COZ: 20% NZ: 60% He, discﬁarge temperatures of

approximately T=490 X, Ty=520 K, and T3=1800 K at the peak of the gain

.

| A
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td

can be obtained {see Sect. 3.4). This corresponds to a fractional
population of ~9 % in the 00°1 level “and ~1.3 % in  the 10°0  1level.
stituting Ehese values 1into the small—signal gain expression of - Q\

Sect. 2.6 gives a value of ~ 2 4 //cm for the peak small-signal gain. If

2

an 88-cm long, ll-cm“ aperture discharge 1s placed in an optical

resonator, a typical output pulse has an energy of ~15 J-and a peak

power of ~40 MW under these conditions. -

. . -

2.7.2 Sequence Laser Bands

It is apparent from

other transitions in addition to the rexular laser bands. In

 that gain will'exist on

particular, there will be appreciable'gain on thos }ransitions having

-

upper levels belonging to the V3 aéEET“‘i.e., trangitions of the type -

(00% 10%n-1).% Although this fact was recognizedNin earlier studies
of €0, lasers (85] it was not until 1976 that “Re d , Siemsen ([4]

constructéd a laser operating on the (00°

d (00°92-02°1)
sequence bands. The diffieﬂity in achieving seqdence oscillation:arises .

because the population of the 00°2 level is less than that of thé 00°] .

.level, which lies lower in vibrational energy. (For T3 = 2100 K, the

fractional population in 00°2 is only ~2.4 %, whereas it 15 ~12 Z in

00°1.) Therefore the gain on the sequence transitions is also lower

(~40 % of the fegular gain). Consequently, €0, lasers operate solely on

the regular transitions unless gUIar 3§§E€Joperation is Selectively

quppressed in some manner.

Using tuﬁhble diode lasers,. gain Has been experlmentally
observed'qp transitions up to n = 4 (i.e., 00%4-} 1093) [46]

»

\o
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The sequence bands are very dimilar to the regular laser bands.

However, the smﬁll anharﬁonicity of the'CO2 molecule results in sequenca

band frequencies which are slightly different from those of the regular

8

S
%
bands. In general, the differences are so small that the wavelength%Q

to obtain- sequenee oscillation. An  efficient means of “achievin

Sequence osc1llation is to use the absorptlon properties of hot CO

&

2°

This technique is based on the fact that the lower levels of the regular

\

laser bands 1lie only ~1300 Lo -1 above-the ground state and are
thermally populated much more ea51ly than\uiye‘ lower levels of tpe .
sequence bands which have energles of ~3700 cn~l, Consequently, the

regular laser lines experience considerable absorption in hot (~550 K)

C02, while the absorption on the /3&quence lines remains small.

Therefore, Byﬁ\placing- a hot 002 cell inside the optical cavity of a

conventional C02 laser, the regular lines tan be suppressed and lasing
w1ll only take place.on the Sequence llnes.‘

l‘Using an intracavity hot cell,- Reid and Siemsen [5] were able
to acbieyelcw laser oscillation on_more than 80 lines in the 00°2 9.4—em

. .. 9 .
and 10.4-ym sequence bands, with output powers up to 50% of the power
o .

levels available on the regular lines from the same laser. Reference

[5] provides a comprehen81ve discu551on of sequencj' lasing in CW QOZ
lasers. A detailed description ofs tsequence 1asiné in- TEA COZ lasers is
given in Chapt. 4, where it is shown that the hot cell technique is also
an efficient ‘means of achiev1ng h1gh .power sequence band oscill?xion

from a conventional TEA 002 laser. A typical atmospheric pressure

sequence lase?’ gas mixture consists of 11% C02: 167 Ny:  73% He.

- ‘
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Discharge temperatures of approxlmately T= 440 K, T 470 K, and T3—2100 K -
at the peak of the gain can 1 be obtained \under these conditions. Peak
small-signal gain coefficients are ~0.9 % nq pulse energies an&.peak

g

intensities are approximately one-third to one-half of that available on
the regular bands. . . . .

The use of sequence lasers to produce 4.3-uym lasing in CO2 is

described in the next section. - ) . ’ *"“”\\

- Co

2.7.3 4,3-ym Laser Bands *

As described in Chapt. I,Ziij)use of sequence lager radiation to

optically pump aiééharge -excited CO2 and Lproduce 4:3=um .laser

oscillation was first reported by, Znotins et al. in 1979 [6]. The

' "

principle of operation can  be understood by refefring to Fig. 2:&12 A

. ’ Y
CO2 laser gas mixture is excited in a pulsed electrical discharge.- This
. B
results in ﬁhﬁg}ficant population of the low lx}ng vibrational lesels of

COZ. The vi'and-vz mode populations decay away rapidly, producing gain

on both the regular and sequence band tf%nsitions, When the sequence

gain reaches its peak, the gas " mixture is optically pumped with an
- °

intense, saturatiné pulse of sequence radiation. "This results in
Isignificant population transfer from the 00°2 level to the 10°1 level by
stimulated em1551on (i.e., the pump pulse is amplified). The*!0°0 level
is nearly empty howe;er, . and .under proper operating conditions, a |
population inversion %Eg hence gain is ‘created in the (10°1-10°0) bandA/

In a suitable cavity, lasing can  then take place at a wavelength near

4.3 ym. . ' _ o

- The 4.3~um CO2 laser, typically opkrates with a low pressure gas



mixture and a low 002 onbent (~éO Torr and =~4 2 ’COZ). Sﬁall—signal
gain coefficlents are

P

*large 4.3-um transition 4

generally quite large, ~10 %/cm, because of the
dole moment. The gain ayuamibs are described
in detail in Chapts. 5 and 6. The maximum 4.3-um pulsé energy that has
been obtaided 20vdate is 15 mJ, anﬁ‘ the corresponding peak power ig 100
kW. This performance was achieved:as part of the present study, and was-
.obtained from an 88-cm 1long by 1l-cm? aperture discharge. The
optimization of A.é—um pulse énergy is discussed in Chapt. 7.
. o ~r

i
&

2.8 Summary : ' (::?\~

- This chapter has Presented a ‘réview of COZ 1éser theo¥y dﬁ}h
emphasis on thelﬁspects which are relevant .to this thésis. It 1is
intended that the information preséhted here serve as a gackground for
the discussion of the following chapters, whicﬂ are concerﬁed primarily
with op;im%;ing the performance of sequepce and 4.3-im lasers. In the

next chaptér, optimization of discharge operating conditions: and

~ discharge cﬁaracterization,in terms of mode temﬁeratures are discussed.

7




- ]

. . CHAPTER 3

EXPERIMENTAL TECHNIQUES FOR DISbHARGE-CHARACTERIZATION’
» -~ .

3.1 Introduction

"In this chapter, _ex;erimenta;} techﬁiques‘ for chafacterizing
discharge excitéﬁ €O, laser gas mixFures are described. Measurements
are made of fhe temperatures T, Tl’ and T3, the éollision-bro;dened
linewidths of*several iO.A;Um laser 1lines, and the egree of gain
overlap on the 9.4~ and 10.4~ym regular and sequence band lasér lines.
All of these parameters afe important fqr accurate compﬁtev'modeling §f
the laser dynéEIEET’ The experimental . technique 1is based on méasuring

.gain coefficients in the 9.4~ and 10.44um_bands. The next sectioen

.

explains the theoretical relationship between measured gain coefficients -

and discharge temperatures, and Sect. 3.3 .gives a description of the
experimental apparatus. In Sect. 3.4, measured dischargg temperatures
are used to monitor and optimize the excitation og the gas. mixture.
Section 3.5 describes adcurate__measufements qf collision;broadéned

’

limewidths pbtafned by a new _teéhnique, énd Sect. 3.6 compares

measurements and calculations of anomalous gain coefficients due to

overlaps on the laser lines. The Effect of 1linewidth and overlapping

gain on thg.accdracy of. measured discharge temperatures is discussed.

Comparisons between the measured and calculated gain coefficients are
: ’

shown to validate the mode-temperature model deﬂgribed in Sect. 2.5, and

.confirm ‘the accuracy ‘of the measured linewidths and discharge

- 45 =
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temperatures.

{

3.2 Relationship Between Gain and Temperatures

L

The three temperatures, T, Tl’ and T3 in a‘discharge can be’

46

e

¢ determined expefimentally by making gain measurements on the regular,

sequence, and hot bands of COZ' - In this section, the relétfonship

between the measured gain coefficients and the temperatures is given.

At the peak of the gain in a pulsed discharge, the .inversion

L
ratio is typically large (i.e., N >> N [65,86]). Therefore, the gain

coefficient at the line center of a c011151on-broadened line is given by

‘ Eqs. (2 k¥5 (2-20) and (2-25) to be:

2
¢ IRul'_ SJ Fj K Ny
x G(Uo) = —~ ’
Ay 8y AV,

N

(3-13

where G is a2 constant and N, and Ku are given by Egs. (2~15) and (2-16),

respectively. Equation (3-1) can be used ‘to

‘Q\"‘-
calculate gée relative

rotational gain dist;ibutieg,in a vibrational band,. in which case Nu and

2
|Ru2| ar

e absofbed”By"the constant G. The shape of the distribution is

determined by the . J dependence of thé//fémaining variables and the

dependence of K, upon teﬂﬁg;éture, T. If all of the J dependences are

~

-

known, the value of T in a discharge can be obtained by comparing the

£/> calculated rotagional gain distribution to 'the measured distribution,

3and varying T to obtain the best fit [68,87-89].

‘Errors_in the fitted

. N » -
temperature are most likely to occur as a result of using the wrong J

dependence for Av., or neglecting the effects of gain overlaps which may

-

f~\\\\‘;ifeaie ancmalously large gain coefficients on some lines. Tﬁi:i;fluencé

»
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of these two factors is | discussed in. Sects, 3.5.3 and >3.6.3,

¥y

respectively. By properly taking account of these factors, T can be

getermined to within * 10 K.
A @

The vibrational temperatures T3 and'Tl are obtained by measuring

gain ratios between the sequence and regular bandé, and Ehe,hot and

regular bands, resﬁe&tively [5,46]. For the lines having the highest

gain in’ the sequence and regular ‘bands (i.e., for the 1lines ith

t
i

~

J = 18), all of the variables in Eq. (3-1) are approximaﬁgly,~eq al,
except for IRull and N,. To a first apprggimation, the ratio of the

gain in the 00°2 sequence bands to ‘that in the 00°1 regular bands

given byd : ‘ 5 %
P
Ryel%aeq x3% |
— eq “3
Oseq/Oreg = - L 2 exp(~hvy/kTy). (3-2)
IRy ! reg X3 ' ' :

s

A more exqfot expression accounts for the minor differences in the é?ﬁ-

and 10.4-um transition'dibole mements (see Table 2-3), and gives:
- ) .

aseq/areg)9.4 =189 exp(-hvy/kTyq), . :
o égf’I | . N\, (3-3)
o ‘ 3

(%eq/%reg)10.4 = 2-1 exp(-hvs/kTs).

(

g
In a similar fashion, gain measurements on the 10.4-um 003§ regular band

and the 10,8-um 0111 hot band are used to determine T, (which equals
Ti). In this case, ;Ru£|2, Sy, K, and the degeneracy o N, differ by
factors of approximately two for each band. However, e faktors of

two cancel each other, and T2 can bé‘ﬂetermined from:,

r

ahot/areg = 0796 exp(-hvz/sz)T ‘ : (3=4) °

.

—~L
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The factor of 0.96 arises because of the difference 'in wavelength of the
transitions in each band. As in the determination of T, care must be
taken to avoid 1lines with o%erlapbing galn or to properly account for

the overiap, if accurate values of T1 and T3 are to be obtained. If

" this is dome, Tl and T4 .can be deterqégfd to‘withi£§i4 %o

Q/ﬁ?“*- The use of Eq. (3~1) and the other simplifications deécriﬁed in

this  section give the discharge temperatures to a very good
A,
approximation.  However, a more exact approach is to fit Eq. (2-17) to

X - .
the gain measurements, which is the method used for the work described

in - this thesis. Although Eq. (2-17) depends on more than one

¥ . -

temperature ‘simultaneously, the interdependence is'very weak and the
approximate eq&gtions given in thig section can be used for the other
temperatures not being fitted. A computer .program based on Eq. (2-17)
was deveioped which could be used to calculate either relative or

. . ) .
absolute gain as a function of the input temperatures. The gain due to

overlaps from other bands could also be accounted for. .

\\\\i_As mentioned in Chapt. 1, an examination was made of the
fe

ésib'lity of obtaining 4.5-um laser oscillation in N,0 through the use
of the $ame pumping scheme as is used in the 4.3-um €0, laser. No0 is a
linear molecule similar to €0y, except that it is nonsymmetric [14].

There are three normal modes of vibration and a set of vibrational

energy levels analogous to those of C02. NZOQ possesses a (9001—1060%f\

regulaf laser band [20,91] and a (00°2-10°1) sequence laser band ‘[92];
both bands‘are centered at 10.7 m. The possibility exists for lgser
oscillation on ‘the (10°1-10°0)  4,.5-;m band by optically pumping

discharge excited N20 with a sequence band pulse. A necessary parameter
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for prédicting the performance of a 4.5-um N,0 laser is the value of Ty
which can be attained in é discharge. Thus, Tﬁ was détermined from
measured gain ratiosron the sequence and regular bands of NZO by using
Eq. (3-2)»and setting U3 equal to 2224 cmhli 'A comparison between'Tg
values in C0» and in N0 1is presented in Sect. 3.4. In.the mext

section, the experimental apparatus which was used to measure T, TI; and

T3 in COp, and T3 in Ny0 is described.

3.3 Experimental Apparatus~ ..

Nearly all of the exéerimental results presented in this thesis
were obtained by using ;he TE - disehargefdescribed in this seqtion. To
obtain the results of this chapter, the. experimental configuration
included a CW 2laser which’ wgis used -to measure small-signal @n
coefficients in the TE discharge. The apparatus and measurement
technique are described below. : _.' =

Figu;e 3~1 is a photograph of the Lumonics K-802-2 TE &ischarge
used thtpughoué the work described in this fhesis. .The discharge can be

-operated at any pressube up to‘760'Torr. The pressure is monitored with

2

a calibrated, barcmetrically compensated vacuum gaugg, and a mercury
manometer. The ;aé mixture 1is controlled by calib}ated flow meters and
the flow rate is varied between 3 and 15 Z/min, according to the
préésure, to prevent the build up of dissociation products. The
discharge module consists of two equivalent sections,. each having  an
active volume of 3.3 x 3.5 x 44 cm3, Jith the 3.3 cm dimension®

representing the gap between the sclid brass electrodes. A row of seven

spark plugs on each side of the electrades provides a source of UV *

~
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FIGURE 3~1
,f ~
Photograph of the Lumonics K—éOZ—Z UV-preionized TE discharge module

used for the work ‘described in this thesis. * The gain>length is 88 cm

{44 cn in each sectiory, and the overall length is 145 cm.
-, 3
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photons which preionize the laser gas mixture, resulting ‘in uniform
excitation of the gas volume by the main diséharge. ﬁach section has a

Ki.separate discharge excitation circuit, Ehe circuit is shown
échematically in Fig., 3-2. A singié.spark gap is used to simul?aneously--
trigger each section at repetition rates up to 1 Hz. The main discharge
capacitor and charging voltage are variéed over the lranges shown in
Fig. 3-2, according to the discharge pressure. Typical voltage and‘
current pulses are shown lin Fig. 3-3. These were measured with a
Tektronix voltage probe and a Pearson current probe at the points
indicated ‘iﬁ Fig. 3=-2. The experimental conditions are given in the
caption to Fig. 3-3. The integrated pro&uct of voltagé» and curre£t
correspends to the énergy aeposi;e& into the gas. For most‘of the work
described in this thesis, it was necessary to maximize thé energy .
deposition into the gas. In order to do this and still maintain a
uniform discharge, the electrodes 'were'carefully filed and sanded to
remove high spots,* and then the spacing between electrodes was shigmed
to within * 0.03 mm along the length. This impfoved the. performance of
the discharge,‘allowing higher. input énergies to be‘used.h_zhe\voltage
and current é:ises of Fig. 3-3 correspond to an input energy of ~220
J/l-atg.. Comparison of this to the energy stored in the main dischérge
‘Eapacitor (Z%S.J/Z-atm) indicates the efficiency of the disahargg

! -

circuit, which in.fhis case is very high. For fthis discharge module,

the efficiency “is typically > 90 % over the range of " operating

.

* The final finish recommended for the electrodes is bead
* blasting, a process similar to sand blasting where glass beads are used
instead of sand [93]. .o .

@

. ) v -
¢ . : Y



FIGURE 3-2

oy

-

Schematic diagram of .the excitation circuit used with the Lumonics TE
N .

discharge. The ranges of values for the various parameters are shown in
their correct respective order (i.e., the first value of the :énge

corresponds to low pressure operation).

1

~
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FIGURE 3-3 . “ -

-
a

Voltage and current pulses measured for the discharge circuit of
Fig. 3-2, corresponding to a single discharge section having a 1.5-yF
capacitor charged to &4 kV. A gas mixtqfe of 5% CO 10/ Np: 85% He at

80 Torr was used. Note that the voltage pulse is negative with’ respect °

to ground.
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¢
conditions described in this thesis.

., Figure 3-4 is a schematic diagram of the experimen;a{’gﬁﬁh{:zzg‘,
used to meaﬂare 9.4= and 10.4wu3_§mallfsignal gain coefficients in the

TE dlscharge. The cw ¥1Qser cavity consisted of a 98-% reflectivity

output coupler mounted on a piezoelectric translator (PZT),t/ﬁnd a PTR

' ML-304 originalléréting (135 lines/mm);r;th a measuréd reflectivity of

1

&s also obta

>95 % mounted‘ih Littrow. The cavity length was 298 cm, _to allow for
the 185-cm long discharge and a 65-cm long hot cell [94}-\ Intracav1ty s
apertures at each end restrlcted 3sc1llation to the fundamental TEM
transverse mode. The flowing gas mixture in the discharge could be
changed’ to contain either €0, or No0. " With the hot cell evacuated, many
lines in the regular bands of N20 and qu could be made to lase. NZO
lasers generally perform poorly compared to- 002 lasers [95,96].
Therefore, dischejge\sgnditlons were chosen to maximize the N20 laser
performance. A gas mixture of 8% N20 ‘207-N2e572? He at 5 Torr, and a=
discharge currentiof ~14 mA resulted in maximum output powers of ~(. 5 W.
When the laser wasg operated under the same conditions with COZ instead

of N20 in the’ discharge, the maximum output pQWer was ~1.1 W. Lasing

ed on several 10.8~ym (0111 110) CD;.Z hot:‘ band 1ines near

: .
the peak of the P B efs were much lower than on,the

regular lines, and were optimized by increasing the discherge current’

and'the‘Coz content in the gas mixture. By operating the hot cell at a

temperature of ~550~JK with 10 Torr of pure COZ’ lasing on many C02‘

qeﬁuence band transitions was obtained with' output powers of ~{. W on

the strongest 1ines. Lasing on the sequence\\bénds of NZO s very

—N
difficult to obtain because of the low gain [92]. -qfwever, the high-

-
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FIGURE 3-4 !

. )

. Schematic diagram of the apparatus used for measuring 9.4= and 10.4-mm

sma?ll-signal gain coefficients. _— ) -
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-refleccivity cavity in conjunction with the long discharge resulted in
*lasing on many sequence’ band N20 lines. The hot cell was filled with 10
- Torr of pure N20 at a temperature of ~400 K, A discharge gas mixture

slightly leaner 1in NZO optimized the output power, whic was very low,
o (<50 mW).*..Laser emIssiBﬁ!was observed from P(12) to PGZ&S in the N,0

—
sequence band, and fronm (3) to P(40) in the regular band. 'The full

range “in the R branch was not examined.

ytput from the CW laser was directed through the center of

)

the TE dischaPge with a maximum beam diamecer of ~1 cm. A mechcnical
synchronize the “firing  of the TE discharge and superimpose the time
dependcnt gain on the chohped'cw becm; as shown in Fig. 3-5.  This.
allowed cimultaheoué measurements‘of optical_ zero, bascline,:and peak
gain cocfficient. ~Further -details are givcn in Ref, [44]. Care was.
taken to.eliminate. any systematic crrors i} the gain measurements. ihe
Ge:Au detector was checked for linedrity of res onse and the probe lase;
intensities were attencated as;:;kggary G prevent gain saturation.
‘foécts due to unexcited CUZ and Hicsociation 'of‘ C0,. in the ‘discharge
- module ﬁere focnc to be negligible. Gain coefficients on differenc

lines were alWays measured at the sSame time .delay frog - dlscharge

4 excitation, which generally corresponded to the peak of 5he gain.
"L The outpyt power of the probe laser was maximized- by adﬁustlng
PRV .
7

the cavity length with the. PZT tefore each gain measurement. Great care

l'
,\vfswas tatES/EQ‘ stabilize the output power of the probe lasa%? This was
. N : ) ‘ g
. Improved performance can be obtained by using a shorter hot cell
[92]. ¢ : —
. _ ' </ ‘ . S % .
) . . - . P \_.

&

chopper, He-Ne laser and repetition rate control unit were used to
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\ !
FIGURE 3-5

Typical gain signal synchronized with the chopped probe laser beam. The

oscilloscope photograph superimposes 10 shots taken over a 30 s period.

"Note the excellent reproducibility of the measurement from shot te shot.
: ! . . .

The discharge gés mixture 1% 3% C02- 10% N2 87% He at a total pressure E

. [ ]
of 80 Torr, and gain is measured on the P(18) 10.4~um line.
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accomplished by enclosin

g the

* 58

intracavity' beam path to eliminate alr

currents, by using a large (4-uF) filter capacitor and large (1 6-MQ)

ballast resistance in th

that all mounts were fast

e CW laser discharge circuit, and by ensuring

ened

[

solidly to the optical tagle. A a

result, the power remained very stgble over the time interval required

for the measurement.

. This

can  be seen from Fig. 3-5, which is a

.

photograph of 10 oscillo cope traces taken over a éstlperiod. Since
: . ’

slight long term drifts in the cperating conditions of the TE discharge

were possible, the gain coefficient on a particular 11ne was measured at

regular intervals' between other gain measurements to monitor any

changes. The pulse-to—pulse reproduc1bility of the measurements was -

1 % and the day-to~day reproducibility was +3 %.

.
.

The experimental apparatus described above was used to obtain

5

the results presented'in the following sections.

]
+

3.4 Optimization of Discharge Excitation

-

The use of nea

sured

gain  coefficients to efffzifsptally

'determghe discharge temperatures is a powerful techﬁique for monitoring

and optim121ng the performance. of\the disdﬂarge excitation circuit. The

optimum operating conditions agf
population into the vy mode of
’\\\\is beneficial to the performance
imsgrtant in sequence and 4.3-m

The excitation of the V3

energy deposited into the

v

gas,

those whieh maximize thé excitation of

€0, (i.e., maximize T3). Clearly, this
k-

of ary €0, laser, aeg it 1 espjéfally
7).

mo@e is a function of both the total

: =
002 lasers (see Chapts. 4,75, an

and the,eleézzen energy distributlon in

the discharge, The latter is characterize%;jy E/N. .I Sect. 2.3 it was

[
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shown that the optimum value of ﬁ/N ranges frcm (1—3)&10"16 V-cmz, and
that suchelow values cannot be attained in 4 self-sustained discharge.
Fof the TE discharge used in this study? the value of E/N is defined by
the charging voitage. For example, in Fig. 3-3 the peak of the voltage
pulse is neariy‘e?ual to the 4-kV charging voltage. The peak voltage of

3.6 kv corresponds to an E/N of ~4.2%x10716 Ve cm?. As indicated by the

)

duration of the‘current pulse, most of the energy is deposited into the
'gas while E/N is near its peak value. Therefore, the effective value of
E/N can be minimized by keeping the charging voltage as low as possible.
It isg’ Pbserved experimentally that higher va;yes of T3 can be ‘obtained
for a given input energy by reduc1ng the charging voltage and increasing

(“\Ethe capacitance, while still maintaining a uniform, arc—free Sischarge

N

This i1s illustrated in Fig.b3f6, which shows measured values of Ty as a

function of- stored input energy for various combinations of capacitance

and charging voltage. For the smalles; capacitance, and hence largest

. et . :
charging voltage and E/N, Ty is ) the lowest. As the capacitance is’
. " ) y’ ‘
LY .
increased 4dnd E/N reduced, T3 increases. Optimum performance is

-~

. ‘ A\ -
obtained with the lowest possible value of E/N (~4.4x10716 yocy ), which

is kept ‘constant while the input energy is varied by changing thg‘;_,
capacitance, Under these optimum excitafion conditions, T3 increases

. - N ‘
almost linearly with input energy until dis ge degradation (a~cing)

‘ . ‘ ' i
occurs ¥ The results of Fig._3~6 indicate -that¥ the'maximumT;;:zs

obtained -by ﬁinipizing E/N while maximizing the input energy to the

o o .
* » - . . ' ’

¥ Since arcing occurs at relatively low input energies for the low

;é/N data, saturation of with input energy. due to electron
de—-excitation is not observed ?see Sect. 2.3). ‘

-

N
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FIGURE 3-6

Hﬁgsured vibrational . temperature T3 as a function of (stored) input
\slectrical energy to the discharge. The input energy wasichénged by
varying éither the chéfging voltage or the main‘discharge capaéitance,

C. Peak E/N values are indicated. Increased excitation efficiency is

'cleariy obtained by reducing E/N.
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discharge.

The dependence of T3 upon gas mixture was also eXamined. The
procedure outfined above was followed to maximize T3 for each gas
mixture and press{ii. The (results are. plotted in Fig. 3’3 which shows
T3 as a functrion of €0y congent in -the gas mixture. Data points ' taken
from several other sources [41,42,45,46,65]  are also shown, to
illustrate the generality of the results. Note that the highest value
of T3 is always obtained for gas mixtures w%/r) low CDZ content,
independent of the total%cﬁecharge preesure. As pointed eut in
-Efft. 2.3, these results suggest that COé-moleculee have a much larger
cross—section for eiéctron de-excitation than do® Ny molecules. Thus,
-mixtures.with a high N2 to  CO, ratio//g;ain the highest values of T5.

Flgure 3-7 alse shows the values .of Tl' measured when the discharge‘;

exc1tation is optimized N‘%‘or high T3 values, T) 4increases with

'} -

incdreasing COZ concentration. . Measured val&es of T are not shown in
Fig. 3-7, but T is generally 20 to 40 K less than T;. //’i/
It is instructive at this point to compare the T3/ alues plotted
in Fig. 3-7 for CO2 with T; measurements made im-N,0. Figure 3-8 shows ~
. - ¢ .t
T3 as a function of No0 %ontent in the. gas mixture. The pulsed
- .
dlscharge data was. measured in the Lumonics module operatlng at 80 Torr é
with the excitation optimizqd \¥¥—b 5-uF capacitor charged to 5 kV (for

each discharge section) gave an input electr&cal energy of ~115 J/%-atm.

Arc formation in the discharge prevented the use of lower E/N values or

higher input energy [97]. Also  shown in Fig. 3~ 8 are much more
extensive measurements of T3 made in a CW discharge [95] As in C02

the limiting value of Tq in NoO is independent of the ;ypg of excitation



* S
" S
[ 3
- {\Q
S T
- FIGURE 3-7 ' ‘

Measured vibrational temperatures T1 and T3 as a functfon of C02 content v

»* .
of a discharge. The values of T3 correspond to the maximum atta le
e, :

in a self-sustained . discharge due to - the effects of electron

de—excitation. See text fdr further details.
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FIGURE 3j§ A .

Méasured'Avibrational temﬁerature' T4 and rotational temperature T as a
fdnction of‘NZO contént inﬂa discharge. - The vaiﬁes of T3.Eorre5pond to
ths maximum attainabl; in a self—sustaingd discharge‘due to the effectg
of electron.de-excitation. Tﬁe CW digcharge data are taken from Fd¥x and
Reid [95], where it j_si noted that.Tl typically ;huals T.. Effective
perceﬁt NZO ;gfers’to _thé' NQQ rehaining “in the gas -mixture after

/r » .
_:§§330ciation is taken into account. See text for further details.
X - Co
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(CW or pulsed), independent of pressure, and is a decreasing function of *

the N0 contept. Hoqgver; ‘a significant difference in the ébsolute

’

~value of T3 between the two molecules 1is evident by comparing Figs: 3-7
and 3-8. On average, ?3 is lower in N20 by IZObIK, which suggests thar
NZO has a much’larger cro§s§Eettion for electron de-excitation than does

-

COZL This iow value of T3 is largely responsible for the poor ©
- performance of 10,7-pm NZO lasers ‘relatlve o 10.4-um Coz’lasers [95].
-1 In additlon, the low values of T3 explain why an attempt to producg

4.51um lasing in. NZO (made as part of the present study) was.

+ unsuccessful. The topic of 4.5-um lasing in N,0 1is discugsed in more

“detall in Sect. 7.7.

o R I@gsLumonics'TE discharge used in 'thisl study was characterized

b . . .
in terms of T, T and_T3 with the excitation optimized over a range of
gas mixtures- from < 1% €C, to 10% L0y, and pressures ranging from 40 to

AbO Torr. These conditions per;ain to &4.3-ym operation, and the

measured discharge temperatures were used as input to computer models of

-

the 4.3-um dynamics desc¥ibed in Chapts. 5 to 7. ‘In the next two

3

sections of this chapter, measurements of'id}h—um.lineéidths,_and 9.4~

- and 10.4:ym overlapping éain coefficients are deseribed.

- .
. L~ =
’ . . *

rs

r .
3.5 .Accurate Measurements‘of Pressure~Broadehned /Linewidths

The small-51gnal gain in CO2 laser systems depends strongly upon
't.'
the pressure-broadened fwidths of 'the rotatloqal—vibrationalAlines in

_COZ: No: He-gas mixtures. These mixtures are typically dominated b& He,
however, few experimental measurements hdve been made  of CO,~He

-pressure-broadening coefficients. This"point is eipanded upon in a,

- . o

. N
R
_ . ] o
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‘recent pager by Pack [76], who calculates C02—He broadenlng coeff1c1ents

as” a function of rotational quantum number J and temperature T, but can
-]
.only compare his-calculations with two accurate experimental results for

N

P(20) in the (00°1-10°0) 10.4—um band %y\aﬂm_(m) in the (0091-00°0)
. F : J i R . .
4.3-um Hand [98]. ) : :

Accurate C0,-He pfefsure—broadening coefficients are requifed

e

"for the work described in this thesis. The fitting of T to rotational”

gain distributions is veqf sensitive to the J ‘dependence of the
pressure-broaden inewidth," and accurate measurements of T,-Tl, and ?3
require that account be taken of gdin overlaps, which are also sensitive

to the 'exact' linewidth. Accurate linewidths are required for

calculations.of overlapping absorption in the 4.3-pm wavelength region.

o

,These calculations’are necessary when predicting the perforﬁance. of

4,3-um COZ lasers, as described in Chapt. 7. Several other areas of G0,

laser dynamics also‘ require accurate C02—He: pressure—broadening

coefficients. At pressures of several ‘ atmospheres, the gain of

1 .

individual rotational-vibrational lines merges ’igto -one broad band.

Taylor et al. [99] caiculate .that a 4 / ~rincrease in linewidth causes a
= S .

)]
5 % intrease in predicted gain under these conditions.. He-broadened -

linewidths are also impertant ia determining the width of . mode-locked

pulses in TE C02 oscillators [100,101].

-

In view of these factors, detailed meashrements of Hg*broadened

/COé linewidths in the Lumonics TE dis€harge were made as a function of J

and T, using a novel technique which 1is capable of high accuracy* [102].

These measurements are described below, and the influénce of the J

-~

dependence on the fitted rotational temperature is discussed.
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'3.5.1 LinewidtHvMeasurement Technique . o LR S

B The linewidth measurement technique is based on smalI—signal

4

‘gain measdrements and the key: to the method "is tQat thé CW probe laser

L -

, '

can be operated -en either 002 or N20 tranaitions. '1The- use of ‘an N20

ge .
probe laser allows gain: oﬂ'the COZ transit{én to be’ meesured at a fixed

* .
- - . .

frequency offset, in ad&ﬁiion to, the ‘QEin measurement at the line

» . N A - -

center. The method relies on chatrce occurrencesof‘CQé lines and regular .

. -

band Nzonllnes having a suitabke frequency separation. Therefore,this

stedy-is restricted to nine tranéitions of the lo;é—ﬁm P.bran&h’* Since’

: Ly
the frequency differences hetween €O ) and N20 transitions are very well

dinown [103], the 1inewidth can easely be calculated from the gain ratio

'by assuming a horentzdian lineshape (Eq. (2-20)). The gain at the offset

8 given by: . ? ) : -
o o | .
. g(\) ' ‘. . ' . ' .1 L -
g(v) = of .o . * (3-5)
14 {(v-vo)/Avclz e N '

Pl

» . <
where g(v, ) is the gain at the line center, ~v, 15 the offset, and Av,

is the pressure-broadened linewidth (HWHM). Equation (3-5) can be

rearranged to give the linewidth as:

i N

Ay, = : ' V E ) (3-6)
¢ lelv)/egtv) - 1112

¥ An attempt was made to access more lipnes by operating the probe
laser on the N20 sequence band. However, the output was too weak ‘to
accurately measure the low values of gain at offsets from CO, lines.
The measurement technique could bée extended by using isotopic forms of

P

€0y in the probe laser instead of N,0.- ) -

-,
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By varying theJ pressure in «thé COé discharge, the linewidth can be

tuned" through the fixed offset and determined very accurately 2s a

-function of pressure. At a given ‘pressure, the effectstf slow changes

o . o

in. the TE discharge conditions are . minimized ‘hy' h@asuring the gain at-

the. line center and at the offset alternately, four times each, within a.

period of ~20 min. The uncertainties in the averaged gains are +1 % for

rgains. > 0.3 //cm, while .gains as small ds 0 02 7/cm can be measured to

N 2 -
accuracies of ilO Z; Each measurement of linewidth atf a'fixed pressure

‘

" has an uncertainty ranging ‘from 2 7 to: +6 Z, and a- least—squares fit to

linewidth versus pressure data results in the broadening coefficients

. J

having accuracies of *2 Z. . SR

This technique for measuring linewidth has . several advantages.

.
L

~The use of a gain ratio eliminates any requirement to know the exact

length of the discharge. Data reduction is very simple arid gives the
f

linewidth directly. This'simple data reduction should be compared with

that used in previous measurements of C02 linewidths made by measuring

. -

absorption 1 thermal 002 mixtures at the 1line center “only Csee
Sect. 2.6). The data reduction in these previous measurements involved
separating out linewidth and linestrength effects,‘ ghereas the present
technique 1s independent of the value of the linestrengthq _There are
also many advantages'associatad.vith‘ a method 'baséd on pulsed' gain
measurements. Most importantly, these linewidth . measurements are the
first to be. made under the exact operating conditions of TE €0, lasers.
Also, the pulsed discharge produces high gain in gas mixtures containing
> 90% He, whereas absorption in such an unexcited gas mixture'is low.

“

The .difficulties associated .with measuring ‘such small .absorptions
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S

L : ’ -\.‘

- Increase the - proglems in obtaining‘COZrHe broadening coefficients'b§
1CTE . | . roa

absorption techniques. Another drawback of absorption measurements'is
) . - N - . . )
the problem of determining optical zero, whereas pulsed gain

measurements provide a simultaneous picture of the probe laser intensity

in thefabsence of gain and at the peak gain (see Fig,'375).‘
R o , . | - . F

-

3.5.2 Linewidth Measurements as a Eunction of’ J ‘

The He-broadened linewidths of nine transetions in the lO.&enm P
branch from P(2) to P(46) were measured. A discharge gas mixture of
3Z COZ: 2% Ny: .;5/ He ‘was chosen to provide the maximum He content while
still producing enough gain for aceurate measurements. The excitation
of the gas was kept as low as possible (~15 J/%+atm) to minimiae
temperature increases. From ;easurements of the rotational gain

distribution, T was found to increase by only ~6 K.

The linewidth of:%(BZ) was measured initially, as 1t has the

smallest available offset from an NZO line (587 MHz from P(7) N20

[103]) At a fixed pressure, the gain was measured at the line center

and at the oifset by operatin§ the probe laser on either the P(32) line

‘of CO2 or the P(7) line of N50. The linewidth was calculated from the

ratio of these gains using Eq. (3~ 6)‘ The same procedure was repeated

at _several ‘Pressures ranging from approximately 80 Torr to 760 Torr.

- The lowest pressure was chosen such that .the 1line remained in the

* pressure of the discharge. SR -

pressure-broddened regine, while 760 Torr. was the maximum operating

gl
A : {
Figure 3-9 shows the results of these measurements. The error

bars are calculated by. combining the uncertainty 1n the measured gain

-
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< FIGURE 3-9

Linewidth (HWHM) as a function of pressure for the’ P{32) * 10.4~um

transition in a gas'mixturé of 3% C0y: 2% Np: 95%Z He at a temperature of
304 - 5 K, The straight-—line fit 1s constrained to pass through the

=S

origin and gives a broadeniné coefficient of 0.0611 $°0.0009 cm™!/atm.

i

Ay
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ratio with the uncertainty in the frequency difference between the *two

. probe 1ines( Even though this frequency difference is known very

accurately, the possibility of the probe laser operating off line center

. 1s taken into account by assuming the exact frequency difference is only

A

_known to * 7.5 DMHz. This . has a..minor effect on the accuracy of the

v

results. The smallest"relative errors in linewidth occur at pressures

where the line center to offset gain ratio is ~2, At higher pressures,

- ~

the gains become similar Whlch adds to the uncertafnty in their ratio,
while at lower pressures, the ‘offset gain becomes small, thereby

decreasing the accuracy of its measurement. Note that the weighted

least;sﬁuare;-fit which is constrained to pass'thrOugh the origin*has a

standard deviation of < 2 %y confirming the akcuracy of the measurement
. rl ’ . . R

technique. .

Similar results are shown in Fig. 3-10 for ‘the P(lﬂ) line of
COZ’ which is offset from the R(12) line of—NZO by 2623 MHz [103] In
this ¢ase, the linewidth could not be measured very accurately_at
Pressures below 200 Torr, due to‘ the small gain ah’the‘NQo transition
~ which was then more . than 5 halfwidths from the line center of’P(lé).

’

Also shown in F1g..3—10 are corrections to the linewidth for the effect

1

" of overlapping gain. The data points without error bars represent the
linewidths calculated from the ratio of the measured gains. The .

weasured gain however, is due not only to P(l4) but includes
Y N - : .

contributions from nearby sequence and hot band transitions. This is
unlike the case of P(32), wheré" there are negligible contributions from
.nearby lines. In generalf the overlapping gain is significant and must

be taken into account, particularly.at high pressure. The fraction of

-



' FIGURE 3-10 °

.Linewid;h (‘}H‘ﬁM) as a fun;tiég of A' pres'sﬁ:.;e for .theh .P(.M'). .iO.4—nm

transition. under. the‘" same - c;onditions as lgiven in the céptioh'- to |
.F:L_g. 3,_9‘ The 'straight line which ‘i.is-. .c'onst.:rain'ed l.:o‘;iags tﬁrough the
‘t-)rigi-n- 1s fitted to . the Mc.:orlrec.t;d dat'a.f and gives a b-i':oadeniqg’
coe'efficient of 0.0613 = 0.0003 ‘,c'm'_‘;/étlm." |

K]
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" Sect. 3.5.4. The linewidths are then corrected for the effecEs of CO

o

y : | R ‘ : 72
| . B .

the gain due to overlaps is calculated vusing raccurately known CO2 line
posi;ions, the measured. l;méﬁiaths, Aané measured vibratio;;;T\\\\
temperatures (see iSedt. 3.6). vThese calculations are dore in a self-
consistent manner, and have an accuracy which 1s probably much better
than =30 Z. However,. this uncertainty is used, along.ﬁith the other =
uncertaintiesx?to &etermine 1he error bars on the correc;ed linéwidth
values shown in Fig. 3-10. Since the overlapping gaiﬂ can be calculated
quite accurately and the effécg on the linewidth is minor, these
corrections do mot significantly affect the accuracy of the. results.

The corrected linewidth data \for P(l4) are fitted with a straight line

constrained to pass through the vrigin, as shown in ‘Fig. 3-10, Once .

again, the standard deviation of the Fit is < 2 %. . -

* The broadening coefficients of the nine CO2 trangitions listed

.

in Table 3-1 were determined 1in such a manner. These were the only

. -

lines that had both a sufficiently small frequency offset from an N,0

line and a sufficiently large gain coefficient to enable linewidth

measurements to be made. The relevant N50 transitions areialsb listed
in Table 3-1 with the frequency offset from the nearby €0, line. The’
fourth column of the. table shows the"He-broadening coefficients for‘the

3% CO,: 2% Nyp: 95% He gas mixture at a temperature of 304 * 5 K. To

scalq the data back to a temperature of 300 K, they are multiplied by a
factor of (304/300)"0’42, This temperature relationship s justified in
2.
and’Nz broadening. The €05~ and er—bfoadening coefficients of éqs.
(2-22) and (5;230 were used.- The linewidths which .represent ‘pure He'.

lbroadeuing at 300 K are shown in the last column of Table 3-1.

2o
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’ TABLE 3-1

Y

Broadening coefficients in the iO.A-um P branch of COZ.' The No0 line

was used to measure gain at the listed offset from the line center of
.

the CO2 transition. - . . ‘va
. . @ N -
Offset @) * _Broadening Coefficlent (cﬁ"llatm)
co, N,0 ,
Line Line , 3% C0,:2% N,:95% He “ Pire He
: " (MHz) '
Mixture at 304 *5'K - at 300 K P
_ | . ¢ . ool T
P(2) R(25) 1347 0.0666 . . 7 0.0645 £ 0.0015
BN S e - ) :
P(4) R(23) . "-1594 ' 0.0621 0.0599 + 0.0010
_P(6) R(21) .,  -4844 . 6;0607 ~ 0.0585 * 0.0014
P(14)  R(12) 2623 0.0613 0.0594 * 0.0008
‘P(16)  R(10) - -1986 0.0602 . . 0.0584 * 0.0007"
X ' ' SRR '
P(32) . B(7) 587 +0.0611 ' 0.0599 * 0.0009 -
P(38) . P(14) 4343 © 0.0567 © 0.0555 * 0.0022
CP(40)  P(16) - -3686 0.0622: . 0.0614 + 0,0019~
P(46)  P(23) .. -2729 0.0577 © 0.0569 * 0.0027

a) Ref. [103].

.

b} The uncertainties in the fit represent one standard deviation.

<
»

A
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. 7
The He—broadening resultsgere presented in graphital‘ form in

Fig. 3-11 (Eq. (2-24) gives a - straight = line fit to ‘the dara). Also

~

shown are the‘experimental results’ of Abrams [75] and Oodate and Fujioka

r

[98], which are 'both in good aéreement with " the present results. It

»should be noted that the measurement by Oodate and FuJioka was made in

the 4,3-yum fundamental band of C02, which supports the as&uﬁption of

Sect. 2.6 that the.broadening coeffic1ents are band independent. Meyer‘

et al. [104] have also measured He—broadening coefficients “on the 9.4—-

~

and 10. 4—pm bands of o,. However, their .data seems ‘to have the wrong J

dependence and shows large scatter. .The solid llne in Fig. 3- lL\shows

. the. calculated He-broadened linewidths of Pack [76]. These‘calculationsv

agree well with the measured J dependenqe,‘aithough the magnitude of the

caleulated 'linewidths is somewhat large. Also shown in Fig. 3- ll are:.

the self-broadened and Nz-broadened linewidths of C02, which are given

”by Eqs. (2-22) and (2-23)

3.5.3 The Influence of Linerdth on 3otational Temperature

Determination

O - ..

The measurements of He-broadened linewidths, described above were
partly motivated by the results of fitting rotational temperatures to
measured. rotational gain distributions . In the past, it was found that

)
at very low excltation the’ fitted temperature was significantly below

room temperature. This discrepancy was caused by using the J dependence

of COZ—broadened linewidths to ‘determine T in a laser-gas mixture which
was dominated by He-broadening. However, no detailed measurements of

the J dependence of He-broadened lineWidths ex1sted and thus the present



FIGURE 3-11 ‘ .

* -

Broadening coefficlents, a, as a function of |m| for CO, at 300 K. m =

-J for the P branch and m ='J+I for the R branch. The He-broadening

- data of the present study is compared to measurements by Abrams [75]) and

Ocdate and Fujloka [98] and to the calefilation of Pack [76] Also shown

are COZ—COZ and C02—N2 linewidths (= - -), which represent straight-line

,fits to measurements by others (see Egs.’ (2-22) and (2 23))
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dlstribution ‘excluded P(12) and P(20) since these lines are known to

/

76

study was undertaken. The measured 'He—broadehing coefficients. of this
srudy enable one to determine the‘ correct J dependence of the linewidth
and obtain a reasonable value for T. |

' Figgre 3-12 shows .the measured rotational gain‘distribution in
the 10.4-uym P branch of CO2 for a gas mixture of 5% C02 10% N,: 85% He

at 80 Torr total pressure. The discharge exciration was kept low so

that T would not rise much above room temperature. The fit to the gain

.

, (see Sect. 3.6), Two separate fits were carried out, each osing a

different J dependence for the .linewidth. , In one fit, only C02-

broadening data was used (Eq. (2-22)), while the second fit used a

combination 'of_ COZ broadening, N, broadening, and’ He ‘broadening in

proportion to the gas mixture (Eqs. (2-22) to (2-24)51 Both fits were
eQuaily good and are'represented by the single solid line in Fig.‘B—lZ.

However, -the fitted: temperature in the Lwo cases was“272 i-ld K (COZA

broadening) and 297 £ 10 K (exact o, N2 He broadening) As the true

discharge temperature must be slightly above room temperature (~298 K),

1t is clear that the exact C02 N2 He linewidth must be used for

. _ - - i
have-anomalously large gains even at low pressure and. low excitatigw'

accurate determinations of T. - Thus, the  use of 002 self-broadened ‘

lineWidEhs has led to an underestimate of T by ~25 K in previous work.

_* As the J dependence of the llnew1dth can be ccmpensatéd- for by
adjusting T in the gain equation, incorrect 1linewidths result in the
wrong temperature, even though a good fit is obtained.

- . -
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~

FIGURE 3-12
. ‘ -/

Measuied_rbtational gain.HiStributioh in the 10.4-pm P branch of CO2 for

a mixture of 'SZ'Cbi:"“IOZ Ny:' 83% He  at 80 Torr. , Low discharge
2 : : .

‘excitation is used (L43 J/i¥atm).. The 'solid line‘repr;sents a fit to

the data-from' which the rotational temperatﬁre is determined. Fitted
temperatures. range from 272 * 10 to 297 * lp k depending on the choice
§f linewidth,Aas explained‘in the text.-
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3.5.4 Temperature Dependence of Linewidth

In this seetion the results oﬁ linewidth measurements as a

function of temperature-are described. The. linewidth was measured usingJ

the two~frequency probe technique, and from measurements of the

B

”rotetional gain distribution T was determined. For discharge conditions

~ of. Fixed pressure and mixture, the exc1tat10n of the gas was varied to

K

produce values of T ranglng from 300 to, 508 K. This range represents

1
the extremes which could be obtained in the TE €0, discharge.

Several ‘measurements have. previously been made of the

temperature dJdependence of ‘COZ linewidths using absorption techniques

under conditions of constant pressure (79, 105—107] It -is generally
agreed that the linewidth decreases as T" R where measﬁrements of n vary
from =~0.5 [105], which ‘corresponds to the limit of hard sphere
collisions, to > 1 t79,106]. All'of"“theee values correspond fo.either
€0y~ or _.Né-broadened linewidths. The temperature dependence rof
He-broaeened linewidths is expected -to be similar. Pack .[76] has
calcnlateo'a value o{ n= 0.62 for He broadeging in the 300 to 4OOYK
region. In the present etudy, ;eﬁsurements of ‘linewidth versus
temperature a;e made in He-doﬁinated gas mixtures, anorare the first to
be wmade under conditions of .COnstenti number - density.* Thus, the
linewidth is expected to ;ncreaseA With tehpereture as Tl'n'= T, The

measurements of n at constant pressure suggest that r should 1ie in the

range from € 0 to ~0.5, and the calcylation by Pack [76} predlcts that

r = 0.38 for He broadening.

-

T As explained in Sect. 2.4, the galn peak occurs in a high

Pressure pulsed discharge before the gas has time to expand
oy

»

F
K
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The linewidths of "both P(l6) and Pk32) were measured as a
function of temperature over a range of pressures and gas mixtures. The
i) .
results for P(16) are shown in Fig. 3-13 The gas mixture consists of

20% CO,: 10% Ny: 70% He at a total pressure of 402 Torr.® The natural

‘ 'log of "~ the broadening ‘coefficient normalized by its value at 300 X is

'plotted versus in(T/300). A least-squares fit of a straight line to the
data results in a Slope of r = 0.38 + 0.07. The error bars in Fig. 3-13
represent an accuracy of 2215 % in each linewidth measurement.

Results similar to Lthose shown in Fig. 3-13 .were obtained for
the linewidth of P(32). Table 3-2 sumarizes all of the results on the
temperature dependence of the linewidth. Of 1nterest is the last column
which shows the best—fit slope to the data for each of the different
‘conditiouns. - The scatter.in the results anddfhe large uncerteinties are
attributed to'the.difficulty of ‘accurately measuring :ﬁé small increases
in linewidth.”_n welghted average of the'slopes reduces the uncertainty
somewhat, and gives r =.0.42Li 0. 06'. Thus, based on these measurements
the linewidth in a TE CO2 laser increases as 0. 4220, 06, which is in
good agreement with the value of TO'38 predicted by Pack’s calculation.

. The He~broadened linewidth results described in thlS section and
the available data for self broadening and N2 broadening of C02 were.

\ , .

" combined. to glve .Eqgs. (2-21) to (2~24), enabling linewidths to be
calculated in-a CO, discharge under any conditions. These equations are
used in‘icalculations of 4.3- and 10.4-un gain  and absorption
- coefficients in Chapts. 4 to 7, ann in calculations of gain overlaps in
the 9.4- and 10.4-yx* bands of COy. The measurements and calculations .of

overlapping gain are described below.



‘ o~
FIGURE 3-13 -

r

Temperature dependence __'o.f : the collisi_on-brdadre'hingq cqeffigierit, a, for
the io;a—ﬁ‘m_ P(16) transition from 312 to 508 K in a gas mixture of

20%. CO,: 10% N‘z: 70Z He at 402 Torr. The linewidth varies as 1038,

-
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" TABLE 3-2 !

- ' Temperéture‘depéndehce-of thé linewidth of P(16) and P(32) over a range

of conditions. The linewidth is proportional to TY where r is the slope

%ﬁ of a line fitted to data such as in Fig. 3-13. The weighted average of
"¢ is 0.42 £ 0.06. - |
10.4—km Mixture Pressure Temperature ,
a
r
COZ Line COp:Ng:He {Torr) Range (K)
P(16) 20:10:70 402 312 > 508 0.38 * 0.07
. P(32) 15:10:75 < 98 316 + 470 0.43 * 0.10
P(32)  5:10:85 210 319 +.409 0.50 = 0.11
P(32) 3:2:95 . 210 325 + 366 0.37 +0.37

a) The uncertainties in the fit represent one standard deviation.
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3.6- Anomalous Gain Coefficients

It has long been recognized “that a few-CO2 laser iines have
anomalously high gain coeffiéiénts. in particular, the 10.4~um P(ZS),
P(ZB); and P(34) lines, and the 9.4-um P(22) liné, all have extra gain
due to chance overlaps with lines in the 0111 hot bands [88,89,108, 109]

‘ However, it was not generally recognized that many more lines have extra
gain until Reid and Sieméén [110]) calculated the effect of the sequence
bands on the gain of high pressure Co, ‘lasers. Their predliﬁlon that

.the maJorlty of the laser lines have significant gain contributions are

"confirmed by the experimental results described in this'éection,[lll].

The present results are also in agreement with the observations made by

Goldstein et al. [112] in an 1800—Torr amplifier. Extra gain due to
overlaps affegts many 1ines at high pressure and 'a‘ few fYines at low
ﬁressure; ..If this ‘facf is ‘jneglected, erroneous rotational and

vibfational temperatures may be determinéd ‘from measured gain
coéfficients; ’

In this section, detailed measurements are presented .of gain
" coefficients on a total of- 153  different i;ser lines in the 9.4~ and

‘ 10.4—um_pegular and sequenqe‘bands. High excitat;od conditions and a -

gas mixture containing only 5 % 002 are chosen for the TE discharge,

- which results' in a Ty of ~2500 K (see Fig. 3-7). At this value of Ty,

the 00% sequeﬁcé bands have gain'which is ~[(n)(0.25)""1} times the

regular galn, and the effects of chance overlaps with sequence lines‘agg

enhanced. Measurements are made at discharge pressures of 80 and 425
)

Torr, and the effect of incréasing' linewidth can be clearly observed.

‘The accuracy and reproducibility_ of the gain measurements. enable



‘detection of all anomalies > 3%.

3.6.1 80-Torr Measurements A\

The initial.serles of measurements werelmade with-a TE discharge
pressure of 80 Torr.- This low pressure minimizes the anomalies in the
gain coefficlents', but still Aresults'in pressure-broadened linewidths.
A gas mixture of 5% c02:' 10% Ny: 85% He was used. |

Figure 3-14 shows the results of the 80~Torr gain neasurements

.1n the regular and sequence bands. In the 10.4-ym P branch, the smooth
curve in the regular band indicates the best fit of the caleulated
relative gain_td the measured gain‘coefficients. Thia fit was obtained
by simoltaneoualy varying T and a normallzation factor to give  the
least~square deviation for all’ but tﬁe " anomilois gain lines “(P(6);

. .P(122, P(20), and P(48)). Figure 3 14 showsl a total of 153 measured
gain coefficlents in the regular and sequence, "9.4- and 16 4—pm bands.

A simultaneous fit to- all regular band - lines {(excluding the anomalies)
was made with T = 362.+ 9 K,¥ #while varying each normalization factor
separately. The same value of T was then used in a fit to the segpence
bands nhere only the normalization factor was varied. The overall f1t
is excellent with an-average deviation of < 2% on all 8 branches, and
no serious discrepanc1es other than the anomalous lines. These results
justify the asenmption that the linewidths are the same for all-bands.

In addition to fitting the relative gain in each band, the absolute gain

‘coefficients have also been calculated using the theory of Sects. 2.5

* The uncertainty reflects the variation in temperature which is
obtained when each.gain distribution’is fitted separately.



s . FIGURE 3-14 T (\\ -

Rotational gain disc'ribution_‘fn the 9.4~ and 10.;@-1.!111:, regular ‘andl
sequence bands. The diéc?xargé wé,s . 6iaérated‘ with a 521 CO-Z;-, 10%Z Ny:
85% He gas mixture‘ at 80 Torr total pre.ssure'.' Thé smooth 'qufves shc;w
.thé bést;‘fit éf thé calculateq relative gain with T = 362 K, whil%‘the
' ;:riangles‘ shoﬁ the'lca_l_'culated absolute gain. _Crosses are used to .
, indi'cate*-the gain coefficients calculatea ‘for thé_»anofnalous lines. TTThéi- ‘
measure’d-vi'brational‘temperatureé Qere T, = 388 * 15 K,‘Aand T3 = 2460_’.2_. .‘

S0 K.
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& o
and 2.6, and- -the measured values of T Tl’ and T3 ‘The results of these
calculations are indicated by triangles in Fig. 3-14. Only. one
calculated gain coefficient 1is.  shown for .each branch, since the
variation with J is identical to thatl of the‘snlid.line. There is very
gooa agreement between calculation and experiment in all branches. The
degree of gain overlap for each llne is iﬁdicafed by. the crosses in

Fig. 3-14, To accﬁrately calculate, the effect of overlapping gain,

contributions from 15 bands in t:\\9 7%= and 10. Q—um wavelength region’

e are coneidere&. These bands are llsted in Table 3-3. The 1line
- g - | .positions of most of. these transitions have been measured to very high -
. / .accuracy- by* ‘Bailly and _ROSsetti [113]‘r Whitford et gl. [114], and
. c . Dup;e;Mequaire and PinSon [1i5], and for rthe remaining lines the
S

constants given in Ref. [19] are used. Once the freqzency separation of
two lines is known the gain contribution due to overlap is calculated

N o by using the theory of Sects, 2.5 and 2.6, andbaESuming a Lorentzian
’ L} e
lineshapa. Only those calculations which- pfedict additional gain of

> 0.015 Z/cm are shown. All of the eelculated anomalies agree with

- experiment within experimental error. - ‘

P L]
CRPRTII E P .
L

.

3.6.2 425-Torr Measurements : ' 7
N . _ .’? o %
-For the next series of measurements, the discharge pressure was

.

) - .
raised to 425 Torr. This substantially increased the degree oﬁ/llne

oﬁerlaﬁ and the number of lines with anomalously high. gain.

JFigure 3-I5 shows the results of  measurements of gain

coefficients on the regular and sequence 'bands at 425 Torr. Almost all

the lines were anomalous to some degree, making it difficult to

h/\ CTEE . _
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- TABLE 3-3.

€0, 9.4- and "10.4-um bands which are.included in the calculation of

overlapping gain. |

- ' 9.4~uym Bands . o 10.4=pym Bands -
. \ 4 T

i

-

1Vibratidnal Levels Counstants Vibrational Levels Constants

"’;(,/*’-E;;;}g\;;égggg__‘ From: Upper Lower ' From:
= S 5 ———— y E— — — :
oot Ozw 00°1 . w0 [113]
' ‘ _g‘ll ” 133 00°2 - 1891 [113]
= (113} 00°3 1002 [113]
(113 - 04 1003 (113] =<
{usi' C ol nle [114]
[115] L0221 1229 {19]
(19] otla | 1ily {19]
9l
+ h\@\ . . i
. . o
e
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L

. ) FIGURE 3-15 .
Rotational gain ,distribution in the 9.4~ and 10144um, regular and
sequence bands. The ‘discharge ~was operated with a 5% COZ: 10% Ny:
85% He §as mixture,at 425 Torr total pressure. The smooth curves show
the best fit of the calculated relative gain with T = 381 K, while the
triangles show the calculated absolute gain. Crosses are used to
indicate the gain coefficients calculated for the'énqmalbus lines. The

- : LY
K. N -
50 K - . _ _ ]

measured .vibrational temperatures were T2 = 411 £ 15 K, and Ty = 2325 #

o



o

{rL. ¥39WNNN WNLNYNO TYNOILYLOY

ov os 02 o 0
T T T T 0
w
3
| sofL
o
2]
£
i
L o1
=z
- ¥
&
. 3
1dx3 ‘acuanbag 2 - K e
- wdx3 tonbay o . LB 151
10 G2t "yuoig ¥ wig
1 : H
. T
(M) H3BWNN WNINVNO TYNOILYLOY
05 oy [9:% oc- 0l [¢]
! T T ] o
w
A F g
/ fof
g . )
8 ¢
: =z
>
~
101 g
7/77 |\..\_ -
#
0% v W
1413 *dUINbIg ¢ v v =
- 1dx3 orbay o “ -8t
10] 676 *udvoig-y wrgy N
i | | i

z

Va .
(") Y3GWNN WNLNVNO TUNOLLYVLOY

= .E....u ‘iojnbay o

N

“1de] ‘ajuanbag o

Mol G2b ‘wunigsd wrig
1 1 g ] . 1

bl
=]

(W3/%) NIVD TUNIIS TIVAS,

Q

in

<

(r) Y3I8WNN WNLNYND TYNOILYLOY
ot OF -

)

19x3 "2juenbag o
dx3 ‘sonBay o
HoL §Zb ‘wuoig-g wr o

i - I hd | 1

]
O
TIVNS

Q

(w3 %) NIvD TUNOIS

2

D,

/\'



88

[y

accurately fit a rotational temperature. Therefore, the relntive gain
due to overlaps was first calculabed. and tne measured gdin coefficients
were rednced b& this factor. The smaoth curves in Fig. 3-15 represent
the best fit to che corrected gain coefficients. Tﬂé cdffection for
oyerlap and the rofational temperature fit were perfurned in a
self-consistent manner.’ A‘sinnltaneous fit to the fcur regular branches
gave T = 381 + 7 K. This value was then used in the fit to the scquence
band gain ceefficients. The overall fit is“very good, with an aﬁerage
deviation of ¢ Z,Z" | l

mAs expected, many.nore lines have 'anomalously high gain at 425
Torr than at 80 Torr. The crosses in Fig. 3-15 show the calculated gain
coefficients including overlaps. Once again, all of the calculated‘
values are in good agreement with ‘the measured galn coefficients. The
effect of onerlgnping gain is particularly aniceable in the "9.4-um
.iR branch, where the 00°1 and 00°2 lincs lie close gggether: Lavigne et

L[]

(116] reported anomalously Aigh gains on both regular and sequence

-

lines in this region, but it is surprising that . there appear to be no

‘ ‘ )
other reports of these large anomalous gains. Once again, the

~

calculated values of the absolute gain "are shown in Fig. 3-15. On

avetrage, the calculated gainj is ~8 V4 higher‘thaniche-measured gain.

This discrepancy is not‘regarded as significant in view of the remaining

uncertainties in COz—broadened 1inew1dths, and hence the (o2 tran51tion

A Y

dipole moment (see Sect. 2.6).

3.6.3 S{énificance of Overlapping Gain

-~ " T

5 ghe results shown in Figs. 3-14 and 3-15 qonfirm that . there are

al

.

T - %
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many more transitions with anomalous gain coefficients in the TE 002
laser than hasg been generally realifed. If  these results arem
extrapolated to an atmospheric pressure discharge, calculatione indicate

that > 75 Zof the 10.4-um lines have significant anomalies.* Neglect of

these overlaps in the P branch of the 10+ 4-ym band, where rotational

temperatures are generally determined, can result in an underestimation

of T by ~20 K.¥*  When this error is combined with a further
underestimation of ~25.K due to the.incorrect J dependence of the
linewidth (see Sect. 3.5.3), - significant errors in rotatioeel

temperature measurements can occur.

The situation in the 9, 4-um R branch is of particular interest

in atmospheric pressure discharges. Calculations indicate that for T3 >
2400 K, the combined R(12) - 0001 and R(17) 00°2 transitions will have a
gain coefficient which exceeds that on any other transitioni_including

the . 10.4—pm P(ZO) transitioh. This prediction was confirmed

experimentally by operating the TE discharge at atmospheric pressure in

a2 nonselective laser cavity formed by a concave copper mirror and an

2 content in the gas mixture was reduced
from 5 Zto 37, Ty increased to ~2400 K, and the laser §witched from

oscillation on ‘only the 10 b-ym  P(20), 1ine to oscillation on both

10:4~m P(20) a<j 9. 4—um'R(12) The Ge flat was then replaced by a 65-%

v o

*'This calcMation is besed on the zé?f%tional temperatdres-given
in Fig. 3-15, and a omalies ef %5 % extraV gain are considered to be
significant. . ) ) . - '

i The gain overlaps in the - 10.4=iym P branch tend to increase the
gain coefficients for low-J transitions relative to high-J transitions,
thus simulating the condltlons of ‘a2 lower temperature if overlap is

neglected. .
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_reflectiéity output ceupler. _Witn-oscillation oecurring about equally
onn P(20) and R(12), an output pulse energy of 13 J was measured using a
Gen Tec ED-500 joulemeter. The discharge contained a gas mixture of
3% C02: 10% Ny: 87% He, and the input energy density wae ~175 J/&+* atm.

Such a multiline oscillator may prove useful in obtaining maximum energy
’ ~N

extraction from .an amplifler chain L117]..
The excellent- agreement between experiment and calculation shown -

in Flgs. 3-14 and 3-15 confirms .the accuracy of the mode—temperature
model described in Sect. 2.5 and used throughout this thesis. In

-

addition, the use of the ‘same linewidths. for the 9.4~ and 10.4-um

sequence and regular bands is. found to ‘be accurate, The ‘results

e

presented in this section are helpful in understanding the operation of

-
. e

the TEA sequence laser descrlbed in the next chapter. oo

S

3.7 Summary

‘Tnis chapter presents' a detailed account of how a €0,y laser

. LN

r«discharge can be characterized  in terms of the temperatures T, le and

T3, and how, discharge excitation \is optimi;;d. In particular,

optimization of the- TE discha;ge used througngut this thesis is
! v

-deecribed. Accurate measurements of linewidthe and anomalous gain

;ﬁ:coefficiente are also presented; and the 1nfluence of these results on

. the accuracy of neasuren disegarge temperatures is discussed. All of
these .rnpicef:nrovide the, background necessary for theﬁeiscuSSiénsr”

" concerning optimization® of sequence and 4.3-um laser performance found

.

in the following chapters.
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CHAPTER 4 - .
" DESIGN OF EFFICIENT TEA SEQUENCE LASERS

4,1 Introduction

: One of the key elements in ‘the production of high power 4 3—-um

CO2 laser. pulses is an efficient : high powar sequence pump .laser.

However, at the time this research was undertakenr such a pump laser

2

‘ source had not‘been‘ developed..} Therefore, the’ design and optimization

of TEA sequence lasers was investigated [118 119}, and is the subJect of

this chapter. The high_ powar sequence laser technology di;eloped as a

’ -

result of this work was then utilized ‘in  the experiments described in

-

_Chapts.. 5, 6, and 7, to produce high gain, high power 4. 3 ~Hm. lasers.

Laser emission on the (0002— 0°l) and (0002- 2°1) sequence bands

y

of CO2 was first reported by Reid and Slemsen in 1976 [4 5] . They

»; employed an intracav1ty hot 002 cell to -convert:a conventional Cw C02

laser to operation von the asequence lines,-and were able to obtain cw -

output powers’ equivalent to ~50 % of the regular output power from the

L

. same laser. In general the‘ sequence bands are very similar to the

regular laser bands, but the small anharmonic1ty of the' COZ molecule

causes the frequencies of the sequence laser lines to lie'between those

of the- regular lines. %nsequently, CW‘ sequence 1asers_found immediate

: . N : o - . .
use 1in: frequencyfdependent-,applications such as optical pumping of

S o ] . o
‘moleculkr gages to produce far—infrared lasers [120]. In principle, the

) sequence bands also provide a .simple means of translating the inherent

L , . ‘ : . ' ., ’ /ﬂa

‘_-91 _

5

.

-
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advantages of regular band TE »COz lasers to a new set of frequenciles,
with corresponding applicatibns to opticdl pumping, laser isotope -

separation, laser photochemistry, atmospheric monitoring, and nonlinear
. . ‘ b 3
optics. : -
Recently, several cther groups have -produced sequence laser .—*—*"//J
-pulses from TE €0, oscillators. The initial investigations - [121-123]
were npt very successful, with maximum oﬁtput energies ranging from 100

to 185 mJ/pulse (< 0.1 to 1.7 J/¢-atm energy extraction). In a later

) .

N ' experiment [124)], increased pulse energy (1 J/pulse) and energy
. Co . &

. extraction (2.5 J/f+atm) were reported. However; all of these values

were nuch less than the energy gxtraction of ~15 J/%+atm that could be
obtained “from an optimized regular- band vCOZ laser. It seemed very
probable that the performance - of TE sequence lasers could be

significaﬁtly improved upon, in light of the successful conversion of CW

C02 lasers to sequence band operatiomn [5]. Thus, a re-examination of

the possibility of obtaining efficient. pulsgd‘sequgﬁée eperation from a
: - o -
.conventional TE C0, 1laser was undertaken. Through the use of an

intracavity hotT-Coz cell and the 88-cm long Lumonics TE disgcharge, J//rﬁ\\
® : : B .

=séquence pulses with enef%ies as high ®"as 6 J (5.9 J/f.atm ené;gy

N , : |

éxtraction) were obtained. In addition, lasing-on 54‘sequenée lines was

s . p—

-\i S observed &ggfm a grating-tuned cavity, with 30 Iines; having output' h '

energies greatef thah 2 <Jfpulse. These results represent glsignificant

improve%::; over the previous studies, as the comparison in Table "4-1 : _9

shows. Since the ’'sequence lines differ in frequency from -‘the regular 1\

C02 laser’ lines, sequence band operation greatly ‘incréases the " line. . ..

tunability of a TE €0,y laser. Furthermore, any conventional TE €o,
. ] _ L~



TABLE 4-1

’ . Comparison of pulsed sequence co, lasers.
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———

Maédmum Energy .

~Institute

Maxinum Energy

Number of Lines

'(J/pulée) Extraction Observed
(J/%-atm) ;
b . " Los Alamos 2) .
i - 0.1 < 0.1 9
. . iU.S.A., 1977 :
v b)
0.185 1.7 1
Canada, 1978
Y
Minsk ©) '
. 0.18 0.45 28
U.5.S.R., 1978 N E
§
A
- o Minsk 4)
! : 1.0 2.5 1
"~ U.S.S.R.% 1980
: et
”/‘ [y ”
McMaster e) : e -
—— . 6.0 * 5.9 " 54 )
Canada, 1981 . N :
a) Ref. [121].° - .
T b) Ref. [122]. )
" . e) ‘Ref. [123]. 4
© 7 d9 Ref. [124]. [\
' e) This work and Ref. [118].
N '}
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laser can be converted to operation on the sequence 1lines simply by
incorporating a hot €0, cell inside the optical caviﬁy.

The purpose of this chapter ié to "outlfne ‘the design criteria

for construction of 'high energy TE sequence 002 lasers. Although the °

use of an intracavity hot cell is

a simple techniqie to Iimplement,

/kertain considerations must be taken into aééoupt‘if efficient sequence r~
\ [ N

0 . v
.

. operation is to be achieved. Otherwise, output energles are low as can

be seen from the values shown in Table 4-~1. In the next section, the

-

experimental apparatus 1s described. In Sects, 4.3 to 4.5, a

SRas

theoretical model suitablg for both rggq{gr and sequence'bferation of TE
€O,y lasers_is presented, aﬁ& the importance of the various géin and loss
e chanisms is discussed. Factoré such as hot cell-length, hot cell
pressure, degree of discharge excitation, and-outputlcoﬁpling aré sho$g
to bg‘impo;tant_considerations. It 1is demonstrAted that intracavitj
hot €O, cells are an effective means of ;caieving efficient TE sequence
lasing, contrary to the conclusions of _Réf. [1221.' Finally, several

v

appliqétions of high power. sequence lasers are described in Sect. 4.6.
' . . 1

4

4.2. Exper{mental Apparatus ‘ '

Figure 4~1 is a schematic -diagram of the éxperimental appagatus

‘ ) - : . .

used to generate and oObserve sequence band. co, "laser pulses. The
: . : -

L)

. + - . . .
sequence laser cavity was' 350 cm long to accommodate the TE discharge and

'ii ' hot cell, which were ~50 % " longer overéll than the active length which

"is indicated in Fig., 4-1. The Cu’ mirror ‘couId be replaced by an
original (PTR, ML-304) grating to make the laser line,tunable; The 65-%

.reflectivity output coupler was used for sequence dberation, and was

3
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L4 |
FIGURE 4-1 : .
' Mchematic diagram of the apparatus employed to generate and ohserve
. r . . ' : .
sequenﬁ ba&d CC)2 laser pulses. : ' -

u
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f

"replaced by a flat uncoated Ge reflector (R = 36 %) 1f tHKe laser was

operdted on the regulaf, bands. The discharge ¥as the Lumonics K-902-2
module thqh is described in detéil'_in-~8ect. 3.3. It was operafed at

atmospheric pressufe, with gas mixtures typically containing 10-15% COZ’

15-20% Né;'and the balance He. In }nitial experiments, a discharge
excitation of ~115 J/g.rtm was used, which was obtained by charging a -

0.075-uF tapacitor to 0 kv. This excitation was the standard value at

¢

which the:discharge was designed to operate. Howaver, it was necessary

to increase the excitation, ‘as described in Sect. 4.5. Therefore, the
capacitance was increased to 0.135 uF, resulting in an input ene:g§ of
: . ; ' . ¥

'~210 J/Z-qtm. The increased excitation necessitated an increase in the’

gas flow rate from 10 2/min to 15\ g¢/min to obtain arc-free 6ﬁetation at-

repetition rates- of ~0.5 Hz. ' - ) A
A . : ‘ '
The hot cell used in this work was of a very simple design. It

consisted of a 5-cm ID 'stainless  steel tube,sealéd at both.ends ¥ith

P
NaCl Brewster windows, and it could operate .at pressures up to 760 Torr.

s

A single winding:ofﬁkicrhome wire around the tube (5-cm pitéh) was used

to heat the cell. Asbestos tapeqhas used  for thermal and electrical-—

»

insulation, and -the- win&iggs were surrounded by a l2-cm diameter
#iuminum_ heéﬁ, shiela.‘ A pﬁotogra;h ofq the ﬁot cell is sh6Wn in
Figt.dfz.' The total length was 4180 cm but the measured temperature
profiie, obtained using a thermocouple, indicatedh a égntra;'hot region
‘~120 cm long which was surrounded by cooler end regions. Tﬁe hot cell
was Operated‘with ~500 W input power, which resﬁlted in.the central hot

- ©

region having a temperature of ~600 K and the windows being at ~400 K.

" An improved design for a hot cell, which has. the nichrome heater coil -

>
s



»>

{
FIGURE 4-2

_" Photog;aph of the hot cell used .in tﬁe TEA sequence:laser. Total cell

length is 0 cm.

Y
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wound inside 4 pyrex tube, was wused for the sequencé laser described in

Chapts. 5 to 7 (see Fig. 5.4}. A very efficient vacuum ~insulatéd hot

ceil is described in Ref. [94].
The arrangement of the experimental 'appgratus shbun in Fig. 4=-1
enabled measurements of several important fparameters: - Total pulse

energy was measurea,'using a Scientech model 36-0001 calorimeter and a

Gen.Tac ED-500 jonlemeter, anq.pulse shape was monitored with a photon
drag degectbr. A CO2 spectrum analyser gave the “ipproximate lasing
frequencies and the ndhber of lines 1lasing, while a 0.5-m spectrometer
ppdvided enougﬁ' frequency resolution to separate nearby sequence and

. - ‘ / '
regular lines. The results obtained with this experimental setup are

presenteéd in the rest of this chapter. First however, a rate-equation

moggl of - the séquence’ 1ﬁser is described, which  gives a better

undérstandigg,/;f the gain dynamics and is useful in optimizing the

performance of the laser. ) -

\??I

4,3 Rate~Equation Model

To obtain a -bettér' understandiﬁg of .the gain dynamics of a TE
co, 1aser-ope;;£ing 6;_either.the 'regulaf or séquenée bands,.a réte-
equation model of ‘the-i;ystem was developed. The model! is similar to
those ésed-b} Manes ahd'Seguin [125] and Smi;ﬁ and fhomédn [126], except

Ehat separate -equations are used to explicitly describe the populations

of the'upper and lower-lasé; levels, using tﬁe formalism of Garside et

al. [127]). The sequence’ laser ' model is described in detail below. The

model describing operation on the regular bands 1is similar, but the

equations are adjusted to account for the different levels involved (see



i
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Appendix A).
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The seven differential equations gdverniqg Sequence opération'of"

& TE CO, laser on the 10.4-pm (00°2-10°1) band are as follows:
dE : .E;, - E,®T) E .
) 4 = B4 (Ty 3
— = Wo(EWNgg hwgly + — " = 7~ hu3Gy046,05C 1 (4-1)
dt . ' ™ ‘l'3 '
2
. e =

dEjp Ey Ejp = ES (1Y -
—_= Ne(t)NCOZh\glzzlz o + h\)lcov,csé‘spsc, (4"‘2)
dt - . Cs T3 TVT

dE ' E;, - E,®(T,)

4 : 47 B4 C -
— = Ne(t)NNZhv324 i (4=3)
dt STy .

2
. . . e .
dNpo2 Nooz = Nopo2(T3)  28ggp, :
= Goy0g8gpsc — - - - (4=4)
dt . - 2t : 13 .
. 7 V3 _
- . e i .
Mo = Npgp = N%g(TyLTy) |
— = Govoééqpsc - ’ (4-5}).
dt 7101 |
g : 8s = (KpoaNoo2 ~ Xig1N101 8o02/8101) :
— = = 26, 0.6.p 0 - — : L (4-6)
dt - TR '
R R
dpy . Pg ‘
— = FG 0565050 — — + FGovBKOOZNOGQ‘ (4=7)

.Qt : T

o

Eq and E|o are the stored energies inm the vy and

_ﬁibrational modes of CO2 respectively, and E,; is the

" stored in the N, Q?lecules. Variables denoted by the

101 pertain to the correspon&ing vibraticnal levels.

combined w; + 52
vibrational energy

subscripts 002 and

N002 and N].OI. .are ,{’\_(
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vibratipnal populations and NC02 and NNZ arehthe total number densities -

3

of COZ and Ny. Gs %s the pdpulafion invirsion on the sequence
transition and is given by 65 = ngg ~ n101g002/g101, where g = 2J + 1
represents the statiétical‘ weight of “the rotational level with

rotational quantum number .J, and n4g, . and njg; are the populations of

the upper and lower fota;idnai levels of the sequence transitiond. oy is

the sequence gain cross-section calculated from A Eq. (2—17);i such that

the . product o 8. gives the small-signal gain coefficien /.Cov is a
factor having a value > 1 which accounts for overlappin gaih
contributions, and is discussed fufther in Sect. 4.5. G__ and oy are

ov

calculated by assuming a Lorentzian lineshape (Eq. (2-20)). hvy and hvg

are the fundamental energy intervals of the v; and v3 modes, and hblz is

~

the eneféy o; -oﬁ;- average v1‘+ Vo -Auantum (hvlth(;1+v2)/25. The
sequence éhoton.deﬁsity ié given by pgs, and ﬂi is Fhe speed of iight.
KOOZ and K101 are  the rotational population Ffactors gor the particular
‘rotational levels conneéteq by the seéuence transition, and have Qal&es ’

f . ) | A
of ~0.05 calculated . from Eq. (2-16). Thus, the products Kgo2Nogo and

k101N101 represent the equilibrium populations of -rhe sequence

-

transition upper and lower rotational levels. F is the cavity filling

factor (le: ratio of discharge 1length to total cavity length), and -

.

BK062N002 is the spontaneous emissiona ter&‘as given in Ref. [128]. The

various molecular relaxation tilmes are defined in Sect. 2.4, #here the
corresponding relaxation rates are also given. The relaxation txpes ara” .
calculated from the rates by assuming constant number density

conditions. Typical values of the relaxation times are given in Table{

2-1 £fér an atmospheric pressure gas . mixture of 11% COy: 16% Ny: 73% He.

T
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The derivation of thé\ﬂsiixation terms in Ei:;g;fﬁl) to_(&—?) from the

relaxation processes described in Sect: 2.4 i ven in Appendix B. 1In
particular, the origin of the factor of two in the secondd term on the

: ~ . .
right hand side of Eq. (4-4) is discussed.

The ‘three-temperatuve model of Sect. 2.5 is used to describe the

unperturbed populations in. the  discharfe. Variables dencted with the

superscript e fepresent the equilibrium value of that variable at the
& ‘ .

temperature indicated in brackets. ‘At each step of the calculation, new

values of TI and,gd are determined from the curfent values of E12 and
. ;

_E3. Vibrational energy and vibrational temperature are related by the

k]

‘following expression [125]:

;'ﬁ g . B S (4-8)

Ej = Neo,MVngn
l-xn . v . -

»

where En is the energy stﬁred in the vibrational moée with frequency Vs
X, is a function of T, and -is defined by Eq. (2-14), and gn'1§ the
degenefacy factor. g) and g3 equal one, while gy equals, two. ‘Eqﬁation
(4—8) gives.the étorgd fénergy in gﬁe vibrational mode of Nz_to a good
approximat%on if NCOZ is replaﬁed'by NNZ; aﬁd thevgther variables héve
values which,corréspond to the v3' mpde of pDz (i{e., hvq, gé, and Tq).
_An{éxpression forMTI’éaq be 6btained by_H;dding Ey + E, to give E;p, and
H 1re;r£angiﬁg to give: - ‘

‘hul ‘ . R

T, = ) i . ., ' | (4-9)
: 2k 2n[2(2+a)/ {(1-4a(2+a))~1/2 = 1}]

. where a:= E12/(Ncozhvl). Similerly, . fq. (4-8) can be solved for T3

"
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4

giving: e ' o

' ' hv .
oo, . 3 . (4-10)
- : k ln[NCO211v3(E3 + 1] 8 _

- The rotational-translational temperature T is assumed to remain constant
_in the medel, and the input value of T corresponds to the value at the
'peak of’ the gain.

The iﬁstantaneous value of the electron density Ne(t) is

O N -
\‘*2 b - obtained from the relation [126]:
i(e) . )
No(t) = —— . , (4-11)
e Vd A. # .

where 1(t) is thq value.of the discharge ‘current at time t obtained from
measgred current pulses, e is the electronic charge, vy is the electron
- drift velocity, and A is the area df‘cro$§—se¢tion of‘the:discharge (308
cm?). The. ;s in Egs. (4-1) to (4-3) ] aré the effective
électron—vibration ekcitation rates for the vibrational modes. Values
for theNEi's and va ére taken from [24] and ége basedl on E/N values
obtained from measﬁred'voltage pulsgs. ~_

s ; , & s . .
The cavity decay time Ta is composed” of two terms and is given

‘by Tc=(l/Trefl + I{Tloss)_%' Tref1 1S the photon }ifeﬁime in the cavity

. ~\ _ L
due to output coupliqg losses, i.e., Tref1™ ~— 2L/[c Zn(R)], where“L 4s
. ‘ ‘ . \ . N\ ’
p the cavity length and R is thqk reflectivity of the output coupler.

r -

" T1oss 15 the photon lifetime due to’ all losses in the cavity other than

output coupling, and is an important term in the modeling of sequence

lasers, T oss i; given by Tloss™ — Lile En(l—f)],-where L is the total

L4
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This simple method of‘determining'Fo;t' is based on the assumption that.

multiplying by h“laser and F, ., where

' ' E o coo. 103

loss per paSs in the cavity, L. -is defined.as the sum of the internal
optlcal losses L pt? due - to Brewster windows and diffraction losses,
etc., and the loss 1ntroduced by the hot 002 cell The hot cell loss is

given by “hotLhot’ where Lhot is’ the length “and ahot is the absorption

,.coefficient in the hot cell. (“hot is a.function of position_along the

hot cell axis due to- the temperature variation’over.the-length.) .

The relative magnitudes of Trapy) -and iloss determine the -

"fraction of available optical energy that is coupled ‘out of the cavity.;

. . Iy

The total rate-of loss of photons from ‘the cavity is lltc, and Ehe rate

of loss through ‘the 36?;;t coupler is 1/Trefl‘ Therefore, the fraction

coupléﬁ out as useful energy is. given by:

" Te. 0

Four = - S U L4m12)

_Trefl' :

—_ : i
| , . o o

the output coupling’ loss per pass can be.averaged over the cavity

'length Since this loss is only ~15 7/pass in .the case of seéquence

"lasers and is comparable ta the other cavity losses of‘&lo Z/pass, the

-

assumption should be valid. " The output pulse energy 1s determined by o
1ntegrating the stimulated emission term"G0§csﬁsp§c' over time, and

:viaéeéi'is the laser .radiation .

" frequency. _ , o o \}Q )

The model is’; implemented in' the following manner. Initial L
ving : ] SN

energies and populations in Eqs. (4~1)" to (4-7) are calculated by 2

‘ﬁetting T, Tl’ and T3 equal to 300 K. "Successive values‘of,Ne(t) are

determined frig Eq. (4~11) and the‘_measured current pulse, and,the

- ] I '- / | _ ) ’ : - r -‘-
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equations are solved beginning at a time corresponding to the start of

the current pulse. The numerical technique used is the Hamming 2/3

predictor-corrector method (129] and the solutions are obtained msing a

-

DEC ‘PDP~11/44 computer. Preliminary calculations using the model

indicate that the gain dynamics of sequence lasers and regular lasers

_are similar; The differences in I%ser output a?e-pffEErlly due to the

relatlve magnitudes of the gain in the gzgzzzige\and the loss in the hot
cell. Thus, the Sffects of gain and loss in the cavity are discussed in

detail i® the next section.

4.4 Intracavity Gain and Loss Considerations

It is reasonably‘Simple to convert a regular band 002 laser to

~operat10n on the sequence bands by wusiag an intracavity hot CO2 cell.

However, careﬂ&sst be taken when deternining the hot cell operating
g

parameters if efficlent sequence lasing is to be obtained. The most

e

.tritigaliparameter is that of hot ciiigfﬁfssure. While the sequence

tran51t10ns themselves are too high in vibrational energy to produce any

51gn1f1cant 'absiigrion at .a temperature -of 600 K absorption at‘the

.

sequencé frequencies can arise due to pressu:e broadening of nearby

-

absorptlon Lanes, and this becomﬁj?;pprec1able at pressuags in excess of
a few hundred Torr.. The result is%a substantial decrease in sequence -

~output emergy , as noted in Ref. [122].

-hot cell, measurements were made of absorption as a function of €O

To determine the absorption at the sequence frequencies in the

2

pressure using a CW CO0, probe laser. similar to that deseribed in

B

Sect. 3.3, which was capable of operation on both the sequence -and

L

>

. .



- as low as possible. 'However, if one 1is to conbert, an atmospheric

. 105

regular transitions. Results are shown in Fﬂés. 4=-3 and 4-4 for two
pairs of lines. As  expected, the regular transitions experience an
order of magnitude more absorption in Thot co,, butv.absorption on the
seq ce tran51tions becomes appreciable at atmospheric pressure. . The

s€qduence absorption increases approximately as the }square of the
pressure due to the LoPfentzian nature of the overlapping lines (see
(2-20)). .Also shown in Figs. 4-3 and 4-4 is the absorption

calculateq for both the regular and sequence lines. The calculation was

carried Out‘using the theory of Sects. 2.5 and 2. 6&‘ and the gas

’

temperature was determlned from the measured temperature profile in the

hot cell. The same overlapping bands were included in the calculation
N Al

as were used for the overlapping gain calculations of Sect. 3.6 - (see
Table 3—3). However, in the hbdt .cell it is mainly the regular and hot

bands which contribute to tﬁe_ahsorption ‘at  the sequence freqpencies.

The overall agreement between calculatien aég experiment shown inm

Figs. 4-3 and 4 4 is good and the .small discrepancies observable on the

sequence tran51t10ns are attributed té uncertainties in the exact 002
self*broadened linewidths.

The most 1mportant conclusion that can.be drawn from the results
shown in Figs. 4-3 and 4-4 is that the hot cell pressure shoufﬂvbe kgpt

d

pressu e 2 laser to operation on the sequence lines, the hot cell

preySuge cannot be reduced -beloew a certain minimum value. - A1though 100
Torr of 002 in the hot éell produces optimum absorption’ at the line
center of the regular transitions, the large gain bandwidth of an

t
atmospheric pressure discharge enables regular lasing to continue at an

’ &



FIGURE 4-3

-

. . ' 7 » :
Measured and calculated hot cell dbsorption as a function .of 002.

‘pressure for the P(18) regulaf and 'P(15) sequence 10.4—um lines.:

qhét;hot=£n(10/1) where I is the tranémitted probe laser power with\COi

[N
*

in the hot cell andvr Io is the transmitted power for the hot cell

evacuated. See text for detalils of the calculation.
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FIGURE 4-4

Measured and calculated hot cell absorption as é function' of CO

2
pressure for ‘the P(20) regular and 7P(l7) sequence 10.4-um liﬁes.

Further detail is given in the caption to Fig. 4-3.

prey



- 107

o

4

| (aauahbas’) 10‘41 Joqb’

008.

~(4401) 4mm3m) mn_

OON Oow OOm OO¢ Oom OON OO_

O

000

- Q
e
T

O
o
S

oso/|

s
N
O .
5 o
E .
£ -
°

v

t

.. . .. - \\\.\\

-~ loo SNEIP
i.ﬂ o Q 0 . W
o L ! ! f i ,_,._ ._;

700’

O
- Q
N

oo.mn .

?

_ (dojnbayy 10U~ oy,

@

.y



¥

additional‘ gain permits‘ increased output coupling and a correspondiné

108

offset from the line center [130]. The hot cell pressure must be
increased until regular lgsing is suppressed oder a major portion of the
galn profile, and all calculations of net galn must consider the effects

of line overlap and pressurc broadening in both . the discharge and the \a

hot ceIl. . ‘s & ) SRy e

EROr
5 - - . 3

[ Y
In Sect. 3.6, detailed calculations of linecenter gain overlaps.

were verified by experlment at subatmospheric  pressure. These
calculations have been extrapolated to atmospheric Rfeseure and tﬁe‘
Lorentzian lineshape . funcﬁion of Eq. (2-é0) was used to calculate the
gain profile as a function of’ frequency. A rypical gain ﬁrofile is

shown in Fig. 4=5(a). The sigﬁificance of ’ overlaﬁpiﬂg gain

L

contributions on the sequence lines can be seen by referring—{g/

~

Fig. 3-15 of Sect. 3.6, which shows measured rotational gain
distributions in a 425-Torr amplifier. Clearly, many sequence lines = ;B
po sess‘large ‘gain overlaps. Cglculations at atmospheric - pressure ﬁJ/_—N\

Indicat&that ~35 % of the gain on the B(15) (00°2~10°1) transition 1s

. -~ :
contributed by overlapping 11nes. The; presence of fhisfsubstantial

increase in'the output emergies available on the sequence transitions.
. i o~ ) .

Using the gain profiles as shobm in Figt&i—S(a) and calculating

-

hot cell absorption profiles in a similar fashion, one can-determine the

net gain which would exist finside the sequence laser cévity of Fig. 4-1

.as the hot cell pressure is increased. Typical curves are shown in

Figs. 4-5(b) and 4-5(c¢) for hot cell pressures of 450 and 760 Torr. The

effect of different linewidths in the hot (Cell and the discharge is'

- ewddent, especially at 450 Torr. The hdt cell pressure must be ‘

" - o -
- 5= -

..
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FIGURE 4-5

Net gain per pass on the P(18) regular and P(15) sequence 10,4—{m lines

in the laser cavity of Fig. 4-1 Traces (a), (b), and {c) are plotted

_for pressures of 0, 450, and 760 Torr of COZ’ respectively, in the hot

'

cell.
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:eufficient to reduce the net gain in the wings of the regular transitipn

to less than the net sequence gain. At this point the laser will switch
! . co . ™ !

from: oscillation on the regular transition to oscillation on the

sequence transition. In fact ‘the situation is somewhat more complex due
to the'J dependence of gain and absorption. What is actually observed 1n
a nonselective cavit; as the hot cell preSSure is increased from 350 to

450 Torr is that the 1laser switches Ffrom oscillation on the P{18)

B

10.4-pym transition to simultaneocus lasing on rhe'P(IZ), P(14), and P(16)

10.4~ym lines .plus the R(10) and R(12) 9.4-pm lines, and then finally to

oscillation on the P(15) 10.4-um sequence line with some contr;gution

from sequence P(17). The 1ine switching behavior can be understood by

ek

again referring to the rotational gain distribution of Fig. 3~15. The °

 low-J tranmsitions in the 9.4-pm R branch possess large overlapping gain

contri%utions; af does the 10.4~pm P(15) sequence line. The effect of
these overlaps is even greater in-rhe atmospheric pressure sequence
laser discharge because of the increased Ilinewidth. In the hot celi,

line broadening not only reduces the net gain in the wings of Rne

'regular transition, - but also increases the absorption at the sequence

frequency as Figs. 4-3 and 4-4 show. Thus, increasing the hot cell

pressure beyond the minimum value which is required to suppress regular

lasing simply 1ntroduces additional loss on th§ sequence‘transition,

with a corresponding reduction in'outputipower. This point 1s discussed

in grelter detail in the next section.

4.5 Optimization of Pulse Energy

“w The results of the previous section can now be incorporated into
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\ S
the rate -equaticn wmodel described 1in Sect. 4.3. A hot cell loss of

8 Z/pass. (corresponding teo -a hot -cell pressure of ‘~450 Torr, see

Fig. 4-3) is included in the sequence modeling, in addition to an

. optical loss of 4 Z/pass present in both the sequence and the regular

models. In the model, it is assumed that additional gain due to

loverlépping bands can be accounted . for by the “factor G,y in . the

+

stimulated emission term of the rate equations. This assumption 1is
based on the rapid V4 dintramode relaxation time - (see Sect. 2.4) and
eliminates the need for additional rate eqﬁa}ions. Figure 4~6 shows

experimental and theoretical laser output pulse shabes for the 10.4-ym

. S :
P(15) sequence and P[20) regular lines. The output coupling is

. i
.optimized in each case’and the tiue delays are measured from the start

of the current pulsé. The cavity confighrationﬂ is the same as that
shown in Fig. 4-1. The experimental P(20) pulse was observed with the
hot @ell evacuated, while-the P(15) pulse was obtained with 450 Iorr of
CO; in the hot cell. The discharge was operated with a gas mixture of
11% COyp: 167 No:.73% He ét atmospheric presspre and an input electrical
energy ofA 115 J/2-atm.. The measured ‘sequence output energy was 3
J/pulse. The agreement betééénA theory énd‘ exﬁériméﬁf is good,
coﬁfirming the validity of the model. It is appareﬁt from the model

-

c%lculations that"there is uo Ffundamental limitation to the.extraction

of energy on the sequence lines as comparéd with that " on the regular
lines, _This is a direct consequence of the rapid intramode relaxation
:;tes in COZ’ particularly within the Vg ‘mode. However, 1t ﬁust again
be stressed that proper cévity desigh is essential if efficient sequence

operation is toc be achieved. This can best be seen by considering three

P i ]

8
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. FIGURE 4-6

N .

COmparisoh of theoretical and experimental pulse shapes for both the

P(IS) sequence and P(ZO) regular k;IO;Q-um ‘lines. Time delays are
measefed from the start of the current pulse, which has a peak'value of
8 kA.(correspending to the totalﬂ earrent in both discharge sectiong).
The output coupler has a reflectivity of 65 7 for sequenee operation and
36 Z for regular operation, The gas mixture is 117 CO2 16% Ny: 73X He
and the discharge excitation energy is, 115 J/%-atm.
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interrelatéd factors: hot cell 1losses, output coupling, and degree of

excitatien in the discharge.

The origin of the hot cell losses'at,the“seouence freduencies
was described above. Inorder to quantitatively determine the effect of
substantial hot cell loss ~on sequence output,'lthe‘ sequence modell
calonlations were performed foriia'eide range'qt hot cell losses. .lhe
results are presented‘in‘Fig. 4-7. Also,'shown are ‘experimEntallﬂata
points corresponding to the. range‘-of;losses which could be realized

using the preseht apparatus. . The calcnlatediloss per:pass includes a

4 7 éontribution from‘optical 1osses but excludes the 35 % transnission

of the output coupler. The. other experimental conditions are the same

. as those described in the preceding paragraph although similar curves

wexg obtained for a wide -range of operating conditions. The arrow . -

indicates the point corresponding to ‘the minimum hot * cell loss that

* and shows that the output energles

could he achievéd experimentally,
obtained are within 30 Aof the maximum energy which could be extracted
in the 1deal case (1 e., no hot cell 1oss) This'is a- considerable -

improvement over the laser described in Ref. [122], in which the hot

cell loss was 45 //paSS. It would certainly be desirable to eliminate

hot cell losses altogether, however this is not physically possible. By

applying the gain and loss calculations described in Sect. 4.4, 1t was

+,
determined that a hot cell loss of ~6 Z/pass i close to the minimum

- which can be achieved, The optimum hot cell temperature was found to{Pe

W<l 4

. . R

* This minimum hot.cell ,loss corresponds to an. operating pressure
of ~400 Torr. However, under these conditions regular 1lasing ocurred
intermittently. Thus, the hot cell was generally operated at ~450 Torr.

P
]
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FIGURE 4+7

L -

The effect of cavity loss L on sequence . output energy. L = Logg + -
» O orlhot wherg.fspt is the optical loss per pass_ana “hétLhot is the hot
cell loss per pass. The daga'points correspond to the loss . introduced -

on thé 10.4-um P(15) sequence transition for hot cell pressures ranging

from 400 to 760 Torr. VSee text for further details.




114

. (ssod Juad ssoj |oioy) 7
80 \uo wo mo volmo 20 _O 00
T q 00
—G'0
—0°l
0°0= 17
1 ._. ! 1 1 I 1 .m._

f(z'-uz’/f‘) ASMNd d3d- ASY3INT 3ON3NO3S



. - , . 113

in the range 550 to 600 K, while the' optimum length corresponded tc_an
active region equal to qirislighEly greater than Fhe discharge length.*
However, the most critical facéor affecting _het cell loss remains that
"of pressure, and.the; lowest ﬁressnre_needed to achieve sequence lasing
~should always'ne used.

Another major factor 1n the desig{ of sequence lasers is that of
. optimum output coupling. Even in the presence of substan;ial gain
contributions from overlanping bands, 'tne sequence gain will still bex
equal to o}&y ~40 %t‘ef the regular gain. Thus, the high- tranSmission
output couplers used in regularﬂgoé l:sers are not sultable for sequence
operaticn. The effect of eutpug coupling . on pulse energies and
intensities is shown -in' Fig. 4-8 for both eheuf(ZO) regular and P(15)
sequence 10.4—um transitions. -These curves were obtained using model
calculations and cpnfirmed'ny experiment with selected output c0up1eps{
'Optimnm outpnt coupliné is‘Fq the range 20 to 40 % fon the sequence
_laser used in this study. ¥ : . ' - i’ .

TT— .

‘The final factor to be considézegr is that of the degree of .
excitation in the dischafge. In -general, the optimum excitation energy
for sequence lasers Eill'be greater than for regular lasefs because

f“'\\$> efficient sequence laser qperation”’requires a higher value of T3. The

. . N - "“ (
need for maximizing"_l‘3 arises»as a result of two factors. First; the.

. Lnall—signal sequence gain is strongly dependent upon the value of Tq 1nh%‘_//,—¥“
the discharge (e.g., sequence gain doubles as T3 is increased from 1700 '\
* In CW sequence C0, lasers, the eptimum hot cell length is < 1/3° '

of the discharge lengt due to the 1lower value of. regular band
small—signal gain 1n these lasers [9%4]. ol -

ISR}

S
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‘/The gas mixture was 11% CO,: 16% Ny i
i was 115 J/%-atm. The optical loss wa
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Sl , 'te 2100. K, whereas the regular galn  increases by only 35%).

e

"Consequently, use of low excltation causes the sequence laser to operate
~

- e

point where gain équals cavity loss. For the calculated sequence pulse
° »

4

) K, and as a result a suhstantial portion of-the‘gnengx§1nit1ally stored

in the upper laser levels and in the vibrationally excited N2 cannot be

"extracted. Jhis 'is a direct result of the reduced gain values present
on the sequence transitions and the increased cav1ty loss due to the hot
l cell. The effect of thié residual energy can ‘only be minimized by

ﬁ, ensuring that the initial value of T3 is as large as "poSsible.

. i

— -

3
mode of CO2 and in the vibrationally excitld Ny cig_be determined from
!

. o

q. (4-8) and is given to a good approximation by:

) e s - . XBif R :
. : ‘Est/red (NC02+NN ) h“s e T (4-13)
o . ’ i - 31 .

AN

i_ . ‘where the subscript i denotes the initial value before lasing commences.

The maximum optical energy which can be’ extracggd is the difference
between this quantity ‘and the energy stored at the completion of lasing

{denoted by the subscript £) multiplied by the quantum eff/;iency oftthe

’ co, lase§’transition. JHence: : .
: Cx " x .
‘ 31 - 03f :
.“ max _ _ : ‘ - ' -
~ Foprical = 0-41 (Mg, +Ny ) by [——— 1. _ (4-14)
o 1-x 1-Xx . ‘
. 31 3f v

;;9-': ) o » ' The importance of maximizing the initial !alué of,* T3 cdn. be

readily seen in the ~-following analysis. The enefgy stored in the v,

S S . k (stll7
’ S . _ N )

.

- near threshold resulting iy low output engrgies. Second, laser action

‘on the sequence transitions will terminate once T3 is reduced to the,

S

",/ ‘ A - shown in Fig. 4-6, the model predicts that lasing ceases when Ty = 1300

k>
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.oqu the fraction Fout of Ezgiical can be extracted, wher? F

118

In a lossless cavity' (i.e., no losses ather than output coupling

v

lessas)—the oﬁtical energy extracted woﬁld be equal to this value. 1In

the more realistic case of a cavity possessing some loss per pass L,

out 15 glven

by Eq. (4-12). Figure 4-9 shows a plot of percent energy extracteéd as a

function of T31 for ‘both regular and sequence transitions. ng@ént

max

energy extracted is defined as (F Eoptical)/(0'41.Estored)' i.e., the

ou t
ratio of the extracted optical energy to the maximum energy one could.

Eheoretically extract from an ideal system. The two curves are very

similar in that no energy is extracted until thé:;;;Ii-signal gain-

exceeds the cavity loss (f3i = 900 K for regular lagikg and 1300 K for
sequence lasing). As T3i is further inc;eased the residual energy term
in Eq. (4-14) bécomes less important and the curves asymptoticali;
approach a final value given by F

out® WQile Fig. 4-9 gives some ‘

. indication of the importance of . high values ~of T3i' one must also

. remember that the available energy increases dramatically wigh TBi' as

can be seen by éxamining Eq. (4-13). For these reasons the discharge
excitation was increased fromfkéi J/%-atm ito 210 J/iiatm, gs described
in Sect. 4.2, The incfeased excikétion caused T3y to increase from
~1750 X to ~21b0 K,* Vand as a ‘conse:he$ce the measured sequence output
energy increased substantially, from 3 J/pulse to nearly 6?J/pulsé.
This near doub;ing of theh butput energy 13§ in.wggreement witﬁ
calculations using Eq. (4-14),

L o | .

3

* The Tj value of 1750 K was -obtained from small-signal gain data
provided by Lumcnics 8., and 1s consistent with T3 measurements made
under similar excita ditions but at lower presiure. The Ty value
of 2100 K was obtaij Kig. 3-7.

o
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FIGURE 4- 9

—_—— '

Percent energy extracted as a function of Tq; for both regular and

sequence transitions.

Detalls of the calculation are given in- the text.

1
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The gas mixture dependence of sequence laser Qperation\is also
related to the interdependence of gain and T3. The data plotted in

.3

g . .
Fig. 3-7 shog;‘that high values of T3 can og}y be obtained 1in gas

. , mixtures having a low cencentratian of C02. - Th® dependence of T3 upon -

. ;Eg\:onfent exa‘eins why optimum sequence laser gas- mixtures . contain

éppr.ximately oeﬁ—half AITE 'poz -content‘gf rggular-1aser.gas‘mixture5
. (#131]. Optumum gas mixtures for the TE séqdépcé‘lasér in this study
*on;ained 10-15 7% 002, 15-20 % Ny, and the balance He, The dependence -
of sequence laser performance on gas mixture variations within the
optimum range was observed to be weak, This result is'é consequence of
the trade off betﬁeen enhanced gain due to increased Ié and decreased
gain due to reduced C02 number © density, as thé. fraction of €O, is
w ' varied. The maximum measured sequénce laser output energy of 6 J/pulse
) -wgé“gﬁiained with a gas mixture_ 6% 12% COZ; 20% No: 68% He, although a
\\\Jf gas mixture of 11% COZ: 16% Ny: 73% He resulted in more stable discharge
. operation and only slightly Ilower pulse ené:ﬁiigz This output energy
. compares favourably with the maximum 15 J/pulse.that was ob;ained on the
regular transitiomns for a similar‘level ‘of excitation. ///" |
; As a final step in gﬁ;:;::;?iégig the = sequence laser, the‘Cu
mi?ror was replaced with an original grating and the laser was tunedﬁf}
over 'a wide range of sequenée lines, optimizing the hot cell pregsure in ‘
each case. Results are given 1in Fig. N10..and show that an output
energy > 2 J/pulSe can be obtained on’_me 4n 30 sequence lines.
Since the sequence ffnes lie Dbetween the ;egular laser lines, this

3

result represents a significant improvement in the line Eunability

.

available from a TE C02 laser.

<
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| FIGURE 4-10 - :
- .
Measured output energy on ' the 10.4- and 9.4—um sequence band lines for
the grating-tuned cav?ty. The . 65-% reflector was 1use& for all

measurements and the discharge excitation was 210 J/E-atm.
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4.6 Applications of High Power Sequence Lasers

The work described in this chapter was motivated by the need for
' - .

a convenient high power sequence laser to use as the optical pumﬁ source
gh p qu

)

in the development of high power 4.3-um CQ2 lasers. A detailed

experimental 'study of 4.3-uym laser operation is described in the next

importance @f high power TE sequence lasers, and describe other uses for
d

—_— B

the high energy sequence pulses now availlable.
Regular COé lasers have excellent  output characteristics and
high efficiencies and consequently ‘have found widespread use in

applications such as laser isotope sebaration; laser photochgﬁistry and

optical pumping of molecular gases. In many of these applications,

effective use of the laser is limited to a few chance coincidences

between the regular laser frequencies and the absorption lines in the

. . . . ) 122

three chapters. It is the purpose of this section to outline the

gas under investigation. The use of a hot cell in a grating-funed‘

cavity results in a near doubling of the number of laser lines which can
. b
be obtained from a TE CO2 laser, as shown by Fig. 4-10. The improuﬁd

tunability can clearly increase the utility of the TE C02 laser in’'any

- "
frequency-dependent application. One examples is ,the recent use of a
. ' -

"sequen_ce’CO2 laser to produce 12-ym lasing in NH&‘[?BZ].. The P{7) and

. P(17) 9:4-pm sequence lines have closer coincidences with NHq4 absgrption

lines than any of the regular fines. Cdﬂsequently, for identical

pumping powers, higher output powers are obtained wheh'using these
. e

sequence 1inqi\i%;her than the R(30) 9.4-um regular line.
" ‘Another application of a high power sequehce laser :is in the

area of atmospheric monitoring. Since the sequence lines experience
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0 ‘ N
negligible absorption in atmospheric C02, they will have significantly
better transmission “through the atmosphere than will the regular o,
laser lines, particularly .under conditions of low humidity [133]. By

' a ‘

. . L : e ' i
comparing atmospheric absorption. on the sequence and regular lines, one

: S :
can accufately determine CO2 concentrations _qver long path lengths.

-8imilarly, sequence lasers may extend the range of laser Doppler lidar

devices currenrly employing TE 002 lasers to determine wind velocities

[134]. -

4,7 Summary

In this chapter, it was demonstrated that conventional TE‘COZ‘
lasers can be converted tov efficient, high ener?y operatiop_on the
sequence transitions by'-ut!lizing a simple intfacavity hot C02 celi;
However, proper-de51gn of the laser {s essential and factors such as hot
cell length and preisure, and discharge length and degree of excitation
must be con51dered. Implementation of the hot cell technique to produce
sequence lasing greatiy ﬁimproves the llne tunahlllty of‘TE 002 lasers
and the s;gnificahce of Ehis result‘ to several areas of appllcation has

been discussed. One particular application of high power sequence

laseﬁ%;‘i.e.f as optical pump sources in 4.3=im C02 lasers, is.discussed

in detail in ‘the following .chapters; beginning with a- detailed

investigation of the gfln dynamics of the 4.3-um laser. e

P



CHAPTER 5 "

GAIN DYNAMICS OF THE 4.3-km C02 LASER e
/5.1 Introduction \
. ~ Soon after the 'lnitial reportA [6] 6f a 4.3-um Cdz laser
opticglly pumped by a 10.4-pm sequence band ﬁ02 laser, significant
improvepents in pulse enérgy [11,135] and repetition rate [12] were
attained. The 4.3-um 002 laser is relatively simple-to construct and
Aoperété qs‘it uses. only conveﬂtional CO2 laser technology, and it
opgra;é$ in“a wévelength region where few other lasers are availlable.

These éttributes and the potential for scalability to higher output
. : i - - ‘ . ..
energies motivated the. detailed investigation of 4.3-um laser dynanics
which is the topic of this thesis. As  a result of the pregenf study,
4.3-um output energies of 15 nJ/pulse and peak powers of 100 kW/pulse
have been obtained [136], fepresenting the best perform:hce reported to
¥ T
date. o
The study of the 4.3-um C0, laser has involved extensive
expgpimentaljmeasurements and the development of a rate~equation model
[135-142]. The experimental results fall inte two categories:
small-signal gain measurements and enefgy £extraction measurements.
Detailed measurements of small-signal gain coefficients are used in this
‘Chapter to validate the 4.3-um rate-equation model. This is the most

logical first step in developing an accurate model of a new laser

system; sny model which cannot correétly predict small-signal gain in an

»

E‘ - 124 - - ’
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amplifier' is unlikely to accurately model the behaviour of an

oscillator. 4n Chapt.'é, the influence of.coherent effects on the gain

. Mmeasurements is discu;sed and modificétions to the model t: account for
these effects are described. Chapter 7 deals with the eneiéy extractien
characteristics of the laser; extensive measurements of 4.3fum pulse
energies are compared with ‘model calculations, ‘aqd the operatiﬁg'

parameters which most strongly iInfluence thé performance of the laser

are identified.
The small-signal gain coefficients feportéd in this chapter were

measured in a 4.3-um amplifier by using low power pulses from a 4.3-um

-

probe laser. Gain coefficients as high‘as 14 %Z/cm were measured. The

measurements are .compared with a rate~equation model and good
- * . ‘ '
quantitative agreement 1s -obtained over a wide range of 3Pnditions.

This agreement is particularly significant as all of the input
parameters f£or the model are-ﬁetermined“separafely and no adjustable
parameters are required. The rate-equation modei 1s described fully in
the next section. In'Sect. 5.3, . the experimental apparatus and
technique used to measure 4.3-ym small-signal g;in coefficients” ;re

described. The measured and calculated gain coefficients are compared

in Sect. 5.4 as a function of several parameters.. These parameters

st

~include the time dependence and the rotational transition déﬁéndencé of

the gain, and the eﬁggcgi\wgi\évariacionl in discharge excitation, gas
mixture, gas pressure, and Ls,quenée pump Iintensity, Finally, -in

Sect. 5.5 optimization of the %.3-um gain is discussed.

’ .
.
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5.2 Rate-Equation Madel of the Gain Dynamics

The galn dynamics of the 4,3-um CO2 laser are .discuesed in
Sect. 2.7 ‘and are reviewed here briefly. A pulsed electriéal discharge”
containlng a mixture of C02, Na, and He excitee significant population
inte the 00°2 leve§§9f CO2 A populacion inversion occurs between the
00°2  and 10°l levels, and transient gain is created in the 10.4-um
(0092;1001)4'sequence band (see Fig..Z—l)‘ An 'externally eneraéed
10 4—m P(25) sequence pump pulse is timed to arrive at the peak of this
gain, and the optical pulse tranafers population frem1the 0092 level to
the 10°1.A1eve1 " (the pump. pulse is amplified in the process). Under
appropriate operaf?ng conditions, a .tranaient populatien inversion anéJ.
hence gain is.:created‘ in _‘che: (10°l 1000) 4. 3—um band,nh As Table 2.3

shows, transitions in 002 involving the change " of one V4 mode quantum

“possess a strong .transition dipole moment. Thus, the transient.

laversion results in large gain coefficients at 4.3 ym. The rate-

equation model given below simulates the chain of .events 1In the
' r

. discharge, beginning with the arrival of the pump pulse.

’ . e .
The seven—equation model used here' has been adapted from an -

existing 4.3~ co, laser model [13], and is similar to the sequence

-

laser model described in Sect.*k 3. The preseht mo&el is only designed

- to calculate 4,3 sma11-51gna1 gain, and thus a 4.3-jm photon density

equation is not required. TnF set' of coupl

&

differential equations

¥ The use of a 9.4-um sequence pump pulsg wi l generate gain in
the (02°1-02°0) 4. 3—um band.”
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which model géin on the'(10°1—1000) 4.3—um.bénd* 1s as follows:
e ,
dE3
- = - hvSGSGSpsc, ‘ ' ) (5-1)
.dt . .

- e
dE E @Ee' (T) _ . ‘ : : .
dE), 127E%] 2 - o -

= - + hvjoi8epoc, o (5-2)
dt Tyt
/
7’ .

. o
dNoo2 - Npp2(Ty) = Nggp

- agbgpge + . : (5-3)
. de ) er . . .

. ’ 3

dn : K N - n

002 o 002%002 ~ Moo2
: = - g 8.pgc + s o - {5=4)
Adt ‘TR / .
ANy, ' e

101 Nio1 = ¥p01(T),T3) o
' = 058P0 = g , (5-5)
dt 2 . . A 1:101‘ o .
dn o K‘ N -'n

101 1017101 101
: = 958sp5c + — — \ (5-6)
dt : S otp L

- e X ° ) .
Moo _ Mo1 = Mioi(T1Ty)  Nygg - Nopgo(Ty)

(5-7) -
de 101 - T100

i ’/‘-.——_-,.
E3 is the stored energy in“the-v3 mode and Eyp 1is the stored energy in

the combined V)tvs mode. Variables denoted by the subscripts 002, 101

and 100 pertain to the corresponding vibrational levels. NOOZ"NIOI’

. N ., 1)
A 4

¥ Modeling of operation on the '(0201—0290) 4.3-ym band can be

achieved by modifying the equations to account for the different levels
involved. ' ‘ ’

, .{\ j ff—j
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and erOOI are vibrational pqpulaCions, while Ngo2 aqd g are the
rotét{gnal’populatidns of Bhe levels having rotationmal quantum numbers
J00é=24 and J;431=25 (corresponding toc the 10.4-pm P(25) sequence pump
transiti ). §; 1s the inversion on the sequence transition given by
§s=Roo21018002/8101» Where g=2J+1 is the statistical weight of the
rogationél level. og‘is the sequence gain cross—-section calculated from
Eq. (2-17) such that “the product gg8g 1s - the small-signal gain
cqéfficient.' The lineshapes of both the sequence and 4.3-um transitions

are represented by Voigt profiles 'in the model. huJ and hv, are the

- fundamental energy intervals of the. v andIU3 modes, and ¢ is the speed

of light. The photon deniigy of the sequence pump pulse ié giQen by Pge

Koozfvand KlO} are the rotational population factors for J002=24 and

'J101=25 and have.values of ~(.05, calculated‘from Eq. (2716). Ihus,'thé

pfoducts_KOOZNooz and KLOINIOI represent the equilibr;um populations of

‘the pump transition upper and lower rotational levels. The three-

-

Y \

temﬁérature model of Sect. 2.5 is . used to describe the unperturbed

populations in the discharge. Variables denoted with the superscript e.
‘represent the equidibrium value of that variaKle at the temperature

indicated in brackets. At each step of the calculation, new values of‘

T1 and T3 are determined from the current values of E12 an

™~

E3 as

described in Sect. 4.3, and T is assumed to remain constant.

PR . ) )
TN Jhe various molagplar relaxation timéghare dencted by T and are

defined in Sect. 2.4, where the corresponding relaxation rates are also

E

given. The relaxation times are calculated from cthe rates by assuming

constant pressure conditions in the discHarge. Typical values*of the

" relaxation times are ‘given in Table 2-1 .£0 a_'40—Torr gas‘mixture of

-

AN

-
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3% C0,: 10% Ny: 87% He.  Another assumption present in the model is that

. intermode relaxation of the v4 mode (Eq./j}‘ﬁjj&\\j;g‘neneféy tfa?s%er
- P from the N2~\ff}e¢“1es (Eq. (2-9)) can be ignored. This assumptiofi is

justified Qf these relaxation times (13 and Tﬁz, respectively) afe more

: P
than an order of magnitude $1aggr “than\\TVT, which is the slowest

“rélaxation time included in the model {see Table 2—1).?

“The model is implemented in the fellowing manner. The initial

3

. - " . ——
values of T, T,, and T (i.e., the values at the time of peak.séauen
. 1 3 _ b '

gain in the pulsed_disbﬁ%rge) are' input to the progranm and .are used to
) , ‘ . o
calculate initial values for the populations and energies in Eqs. (5-1) -

. -

to (5-7). These initial . temperatures are determined + experiméentally

using techniques described in Chapt. 3. The measured pump pulse profile

Is'used'tq determine the successive values of Pgs and the differential

equations are solved beginning at a time cbrresponding to the start of

”
'JF\EEE sequence pump pulse. The model assumes uniform xcitation and pum
‘ g e 5 | X P
intensity throughout the discharge volume, which is a good approximation

for the experimental conditions. @

Once Eqs. (5-1) to (5-7) have bgen_ solved,.dsaé Jié—um smail—

£~_ ‘ signal gain can be ca%;ulated.from the populations of the 10°1 and 1090

. ) levels. The 4.3-um _.,populatfon' inversion is given by
84=r10117101)1100(7100)8101 /8100 ‘where . njg1(J1g;) and n100(7100) ate

the rotational populations . of the Tlevels® indicated in brqcketi.

h1004j100) is given by the product Kldd(Jloo)NIOO‘ nIOI(JIOI) is given

6 .,‘H . _ : . _ o éﬁ;//

* The slow vy mode e Qfgy transfer terms were included in
preliminary modeling, however it’ was found ‘that they haﬂ'a negligible

effect on the calculatibns:*—’f\

A

-

“a



/ ’ . : B ‘ 430

& s
by the product KlOI(JLOl)NIOI,junless J101=gé’T?E:¢::lp transition lower

level), in which case LAY is. given by Eq. (5-6). These tYo caseé
correspohd to collisionally-pumped 'and"'airectly—pumped 4,.3-um
transitions, respectively. The 4?3;uﬁ small-signal gain-is calculated
from the pfoduct 0,84, where g, is the 4.3—um'gaip cross-section. 0, is
calculated érom- Eq. (2-17) using. the appropriate transition dipole
mdment.{TB],'and spéctroscoﬁic constants [143]; “ ~

At tﬁié ?bizt it is Instructive to wuse the model pre?ictions to
examiné soqf of kﬁe qualitative aspects of t;e ;ain dynamics. /;EEE?E
S—i _shows a-.typical P(25) sequence * pump pulse,‘ the calculated

time-dependent populations " of the relevant 00°2, 10°1, and 10°0

rétationai'enengi).levels' (J=24, 25, and 26 1feséectivély) and the

resulting "directiy~pumped 4.3~ym small-signal gain. The calculation is-
carried out for typical &.3-um discharge cbgditions. Notejthat‘the‘f

population Inversion, and'therefore the gain, on the 4.3-un transition

is short lived combared “to the pump ﬁulse. This transient Beﬁaviour
arises because of the very fast relaxation of the 10°1 level, and the
-facEzthat the lifetime of 'the 10°1 level is ~3 times shorter than that
‘ ~.

d@ the 10°0 level (see Table 2-1). The collisional relaxa:ion mechaﬁgsm
responsible for thlS behaviOur, which is given by Eq. (2-12), plays an
’/;ﬁportanv role in' the dynzézﬂ—__of 4, 3—um laser operation, Another

—_——
characteriscic of 4. 3—ym laser dynamics shown in Fig. 5-1 is the strong

absorption on- the. 4,3—um transition which follows the gain. This

absorptions occurs becayse most of the population de-excited from thei’_"’J'

. . A . . . !
10°1 level goes directly to the 1090 level .{see TFig. 2-5). The

T
P

4

ﬁagnitude-and Eépe'debehdence of " the predi&tedJ{éhsdrption is {{ery

f

N



FIGURE 5-1

. ‘Calculated values of the 00°2, 10°1, and 1090 rotational energy level
“populations as a function'of time” for a discharge gas mixture of 32-C02:

10% Né:' 87% He at 40 Torr to{sl\ pressure and initial temperatures:

T=360 K, T =385 K, and T4=2750 K. The resulting. 4.3-pm gain 1s also’

" b ) . '
shown, as is the sequence pump pulse used in the calculation.

’
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CEZ:if tubes sealed With NacCl $r$wster windows. . A photograph of one of

- g S 132
sensitive to k1003 the rate constant ‘foF collisional de—excitatioﬁ of\
the 10°0 level. As d}scussed in Seet.-Z.é, klOO has been meigured many
times, and there is poor agreement among the results. In Fig. 5-2,
4.3—pﬁ absofpgion profiles calculated for varicus values of Tygp are
compared” with meaéured absorption coefficients (the measurement
technique is déScribed in the next section). Note that the_vaiue for
1106 listed i; }T;ble- 2-1 gives .a much better fit to the e#perimental

data than either the constants of Jacobs et al. [52] or Stark [54]:
r —_— — .

This comparison confi\ms that the appropriate value for TIOO'iS'being

used in the model.

5.3 Experimental Apparatus and Technique f’

Figure 5-3 is a schematic diagram of the experimental apparatus

used to measure 4,3-im gain Eoefficients.‘ The 4.3-um probe laser and

Ehe 4.3-um amplifier are optically pumped by seﬁg;EZe, independently

. operated sequence lasers. The 4.3=-im amplifier is a Lumonics TE

discharge identical .to the one described in Sect. 3.3, except that %he
VR
gain length isfonly 44 cm and the overall length is 76 cm (i.e., one-
half of the module shown in Fig. 3-1). The 4.3-m amplifier is oﬁa‘ated
at pressures from 40 to 120 Torr. . _
\ . - .

The sequence pump lasets also contain Lumonics di harge modules
with 4! cm of gain. These dischargés aré operatéd at repetition ?ates
. . (j{ . > S
of 0.5 Hz with a%loz CO,: 15% Np: 75% ‘He gas mixture at atmospheric
pressure, and an input excitation_ energy of )~a30 J7Z?Etm. The

intracavity . hot cells used in the séquence lasers consist of S—em ID

’ - R

/} - s
, . 2

4
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FIGURE 5-2

Measured and calculated time —dependent gain on the directly-pumped

4.3-pm P(26) line. . The discharge temperatures are given in the caption
~ . : . . :

te Fig. 5-1. The variation of the calculated absorption . as a function

of 7106. is shown. The influen'c“_e of coherent effectgyis explained in

rSe\ct. 5.4. : -
(o8
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i o " FIGURE 5-3

[

.
rd

Séhematic diagram of the experimentals apparatus .used to measure 4,3-um

“ . .
-small~signal gain coefficiegts. The, NaCl windows .on the 4.3-um
1a%

amplifier were tilted’tq prevent parasj ic‘oscillacion.
Alted e ose

| . w oo N
- 27 : -‘\-__-—'



T

HYBRID SEQUENCE LASER

- - L - g j
: —Z AN S
*Ge: Au |
! Q DETECTOR

= B 43' . Ge:Au

-

. AMPLIFIER . DETECTOR
oy | R
T NG 7 *)O, |
| GF “
ATTENUATORS G oSS FILTER.

. - GF

“T=0 af IOum
T~80% at 4.3um.

43,.:.m PROBE LASER

N \ ZE S
DB - T
\| DICHROIC - |
A BEAMSPLITTE
| T~90% at 10
R~87% at 4 ,.;.m

o8 ==~ CALBRATED
., |

|

|

|

|

© SEQUENCE LASER

X —

pH

.Y —y

lJ . ) ‘ ‘.V

—— |Oum RADIATION - >
______ 43um RADIATION

134



AN

e ) : . 135
) JE |

the hot cells is shown in Fig. 5-4, The cell has an overall length of
. N ‘ :

60 em, and a nichrome wire heating coil 50 cm longyls wound inside.

‘ » i ®
Aluminum foil provides_a heat shield, and .an input power of ~200 W

results ' in a temperatufe at the center of the cell of ~575 K. Note in

Fig. 5-4 that the cavity length an;\Joptical loss in the sequence laser

“have been minimized by utilizing a single NaCl window betwedn the hot

cell and the other cavity components. To the 1left of the hot }éli in

Fig. 5<4 isg the TEA.fdischarge, and to the right is a 25-cm long low
pressure discharge which operates with .a 5% COZ: L0%Z Ny: 85% He gas

mixture at 20 Torr. " The 1low pressure gain section makes the sequence

i

- ldser a hybrid laser, and as Fig. 5-3 shows, this pertains only to the

.v

_sequencé‘ laser which optically pumps the 4.3=-pm amplifiler., A hybrid

laser is required in this case to match, the spectral linewidth of the

oump rddiation #Eo' the linewidth in the low pressure 4.3-um amplifier

. [144]. The hybrid pump laser is grating tuned to the 10.4-um P(ZS)

transition, and a 65-% reflectivity output coupler is used. An output
energy of 1 Jnis typically obtained in a ‘Rulse having a FWHM ég ~33§“ns.
This‘ pump pulse ‘is gently focussed dow: the centersof the 4.3-um
amplifier to a minimum‘ beao diameter of ~1\cm. The pulse shaoe and
energy ér;\monitored with &“photon drag»detector—and a calibrated Gentec
ED-500 joul errjiThe pump intensitf profile determined.in shis manner

is used as input to the rate—equation model.

The 4.3-pm probe laser in~ Fig. 5.3 is- grating tunable over many

.J-um lines and produces probe pulses of ~150 nqs FWHM.» The sequence

laser which optically pumps the 4 3-um probe las®r is S0 grating tuned

to directly pump the desired 4.3~ym transixion. An  BO-Z reflectivity

¥

v
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FIGURE 584

- —

Photograph of the hot cell sed in the. hybrid 'seq_uence laser of |,

Fig. 5-3. Th&_ho’t cell is 60 cm long overall.. To the left of the hot
cell 14 a®TEA discharge with 44 c:( of gain, and to the right.is a low
pressure discharge with 25 cm of gaint -
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output” coupler is used -in this sequence laser to enhance the line

tunabiiity, and since maximum efficiency is not a-concern in producing
) ‘ a N

eLhe low power.probe pulses, the sequence laser is not a hybrid laser.

The 4.3—pw probe pulses are focussed into the 4.3-um amplif}ér to a

N

maximum beam diameter of ~0.5 cm to ensure that théy do nbt.pass'through

unpumped regions of the discharge. Two Ge:Au detectors are used to

A -

monitor the 4.3-um probe pulses before and after passage through the
ampiifier, and the two detector signals are displayed simu;Zaneously on
a dual-beam oscilloscbpe to reduce errors caused by pulse-to-pulse

variability of the probe power. Gain is measured at the peak of the

. probe pulsei which can be controlled An time rela;iyg.zo the arrival of

the pump pulse in the amplifier. | Calibrated atltenuators (microscope
slides)  are used to ensdre\ that A measurements are made in the
s;;ll—signal regime, and that the signal intensity at ;ach detector is
approximately ;onstant (~10 W/cm2 peak). .This technique \ minimizes
'problems with detector Linéarity and saturétion even whén asuring gain
coefficients as large as 14 Z/cm. '.Typical gain a absérptioh

coefficients can be measured with a pulse—tq;pﬁlse'Jreproducibili:y of

5% and a day~to~day reprodu '5£I;;y of %10 Z. ;jx

rating parametefs of the 4,3-ym ampiifie: Jére measured

. The o

¢

using the techn ugg described in Chapt. 3 sQ that the measured

parameters could Ye used as input to the rate-equation model. Oncé the

discharge in the 4.3-ym amplifier had been chafacterized in terms of T3,

Tl’ and T, experiments were performed te  measure 4.3-pm  gain

- -

_coefficients as a function of sequence pump ihtensity, gas mixture, gas

. . _l’-
pressure, _é&tc. The experimental results were .compared with the,

i&kl i ) | ‘
. & L - #
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predictions of the rate-equation model, and these - comparisons are

described 1a th®\next section.

. ~ 5.4 Validat{on of the Rate-Equation Model

In initial experiments the time delay between the sequence pump
pulse and the 4.3-ym probe pulse was varied and the time dependence of

the 4.3—um gain was determined. The 4.3~y leset was grating tuned to

probe a ' range of different 4.3—um transitions] Results are shown inL\

Figs. 5=2, 5-5, and 5-6. igute  5-5 dlsplaxﬁ the measured and

calculated time dependence of the 4 3~-pm galn coefficient for two

different transitiens; The gain coefficient calculated for P(24) is in
'exceIient agreement'with experiment. Howeﬁer, the peak gain calculated

by the rate-equation model for P(26) fs ~35 Z too large. This

. .

discrepancy is mostly caused by-pOWer -broadening and splitting of the ’

} ~ : .
4.3-um lineshape by the intense 10.4=ym pump radiation. These effects

: reduce Ehe 4.3-pm gain at the line center, but only occur when,the pump

“and bo3-ym  transition are connected 'by a common level (the J101=25
- =

rotational level in“this case). The density matrix formalism of Panock
and Temkin [145] .has been used to modify the rate—equaE}pn\_model andr
Aaccount for tfiese effects. These modifications and further example f
coherent effects. in 'the 4.3-ym laser are discussed in -detaili(qk
- Chapt. 6. As sgoﬁﬁfin‘Fig. 555; better agreement {is- ofﬁg}ned between

the calculated and measured gain on P(26) when coherent effects are

o
~ Included in the modei although ‘the peak gain is.still-overestimated.
¢

. : A
The 1nflueqce of coherent effects on a longer time scale is shown in

. . . : '
Fig. 5-2. The time dependénce of the"celculated gain in Fig. 5-5 1s in

+



FIGURE 5-5
) B 2
. v
Time dependence of the medsured- and calculated ﬁ.B-um ‘gain on. the - -

 directly-pumped P(26) line and the collisionally-pumped P(24) line. The N
10.4-um P(25) séquence pump pufse has a ﬁeak‘intqnsity of ~3.5 MW/cm2.
The discharge temperatures dre given in the captignr te Fig. 5-1 and

details of the model caléulations are given ‘in the text.
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1%’IGURE'. 5-6

—————
-

P-branch rotation#l distribution of &:3—um gain obtained by pumping with

N oa 10.4ruﬁ P(25) sequence pils of ~3.5 MW/cm2 péak inteﬁéity.' The' two
sets of s&mbols represent tle m&asured gain, and the gain which has begn
corrected by using meaéured éverlapping absorption boefficients.f The

' P(26) line is directly _ﬁumped é;d-thus has much higher gain than the
other lines, which are collisioﬁally pumped and co:respbna‘to the model
calculationgyshown. At 80 Tbrr, the initial discharge temperatures are

: . . . L~

T§392 K, Ty=420 K, and T3=2900 K. The 40 Torr dischérge temperatures

are the same as those of Fig. 5-1.-
b ] - :

t
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good'agreement ﬁith experiment7for bgth P(24) and. P(26). On both
transitiops the gain lifetime is shorter than‘ the duration’ of the pump

*
.

pulse..(see Fig. 5-1 }or -a typical pump pulse) due to the short

collisional lifetime of the’ 10°l level ' v | | ' .

Fhst rotational transfer in the 1001‘ level ensures that the

entére. (10°1-10°0) ‘band is inverted. Figure 5—6 shows typical gain

" distributions measured at. the time of peak gaiﬁ by grating tuning the

probe laser.. The measured gain coefficients are correoted for.

-
-— . o,
L] . t

overlabping abSorption bands, and the corrected results form a smooth,’

thermalized distribution” withdan anomalous ‘peak on.the directly—pumped

~

P(26) transition. The calculated gain distribution is in very good

4

~

agreement with experiment at both 40 and 80 Torr, and similar agreement

T [

- 1is obtained at a discharge pressure of 120 Torr. ‘This agreement
. a\:" s )

confirms the accuracy of the rate~equation model .particularlyf the

J—dependence of ‘the 'collision-broadened linewidths (Eqs. (2- 22) -to

« (2-24)), and the value of T measured in the 10. 4~pm bands. o

LS

The results displayed in Fig. 5-6 can be used to assess the line

;unability of the 4, 3-pm laser. Clearly, significant tunability can be

attained‘with a single pump transition, although optimum performance

-

always occurs by directly'pumping the required transitton. The-é(lA).-

and P(BO) lines, are missing from the rotational gain distribution as
they suffer severe overlapping absorption from other 4.3-pm bands, and
as a- consequence do not Jlase in the probe laser. In a\discharge,
population is excited into many . C02 energy levels, each of which has an

associated 4, 3—um absorption band. The _ind1v1dual lines of these

absorpgion bands are pressure broadened and overlap nearby 4.3-um laser

4
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f

transitions. Overlapping absorption occurs to” some extent*on all 4,.3-um
. . %

laser transitions. Thus, the measured 'galn consists of the ‘actual gain .
- . -
on ' the laser trauSition, reduced by the overlapping absorption. In
" - .

Fig. 5- 6 both the meaSured and corrected gain are shown, the difference

.being _the 'measured overlapping absorp;ion.* N In " most cases this-

absorption is snall ‘relative ;o the gain. quever, the® absorption is

.

nonsaturable -and can create’ signiflcant losses in a’4.3-um laser. The

effect of overlapping absorption on the eutput enérgy from a 4.3-um
oscillator is treated in detail in Chapt. 7, where measurements and

calculations of overlapping absorption are also discussed.
. o .

5.5 Optimization of'4.3—um Gein «:'

-

An important step in optimizing any laser system is to determine

“-f. .’.

. [
Ehe operating conditions which maximizev the ‘small—signall gain.

.

-

Therefore, a study-wés carried out of the 4.3-um sﬁstem to determine
fhpse‘paramefe;swrwhich ’ most strongly influenee the“snall—signal gain.
As a first step, the .variation of small-signal gain’ with 'T3 was
Tinveséigaied. Results are shown 'in = Fig, 5-7. T3 An_ the amplifier
secsion was-peried by -changingi the storege 'eapaeitdr;‘and charging
voltaée, and for each data.poiat T3, Ty, and T were'_measured'by the
techniques described in Chapt. 3.° The gain lifefime; defined as the
time for which the gain 1s positive (see Fig{-5r5), has only e_minor

dependence upon T, as the lifetime is dominated by the collisional

——

« ¥ All of the measured 4.3-pym gain coefficients presented in’
Figs. 5- 2, 5~5 to 5-9, 6~4, and 6-5 have been corrected for overlhpping
'absorption. In general, this is a very Small correction, particularly
for the directly-pumped P(26) line.

LY



* FIGURE 5-7 ) ‘ ' *

Peak gain and gain lifetime as a function of T4. The 10.4-ym” P(25)

Sequence pump pulse has a peak iptensity of ~§.5 MW/cmg. The measured

————

values of T and T, range from 313 and 335 K (at T3=1540 K) to 392 and
1620 K- (at T3=2900 K). The calculated peak gain coefficients have been

scaled by a factor of 0.85 (see text).

e
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1

relaxaticn of the' 10°! level. However, the peak gain increases
dramatically as Té increases. ; The results shown in Fig. 5- 7 clearly
demonstrate the lmportance . of &creating as high a value of T3 as

possible. To further illustrate this point the dashed line in Fig. 547>

P

is calculated for fixed . values' of T, and T, rather. thén\ the

.experimentally measured valuesl"It is clearly important * to de51gn ar

)

discharge circuit which maximizes the exc1tat10n of the “3 mode of COZ’

.

and minimlzes heating of the Ul and V5 modes and thermal heating of the
gas. - The  pain coefficients calculated by the model for the
directly—pumped‘ P(26) 1line overestimate the gain,'ﬂevenf with the

inclusion of coherent effects., TBerefore, all{of the"calculated values

have been scaled by a factor of 0.85 before ulotting the results in’
. : [ .

Fig. 57. Except for this minor discrepancy, the experimental

.dependence of  gain nagnitude “and lifetime upon T3 is very well

L3 . v -

reproduced by the model.

~

- Recalling Fig. 3-7, which shows the variation'ef the vibrational

temperatures T; and T3 with CO, content, it ‘is* clear thetrthe hign:T3
and low T and T, condltions. required for optimum 4.3-um performance can
(be obtained by using low C02 concentrations in the discharge. However,
as’ the COZ content is progre551vely reduced the 4. 3—um gain will
eventually decrease due to the reduced number’ density of COZ‘KEIEEules.

.

The combined’ eff%ﬁt of these proceSSes is illustrated in Fig. 5-8, where
= /\

. peak gain is’'plotted - as a function of CO2 content in the gas mixture.
These ueesuréments were made on the directly-pumped Pk26) transition‘and
once again the caltulated peak gain was scaled by a factor of 0.85. The

model a‘curately predicts the varlation in ‘peak gain with CO2 content,

.-



T o FIGURE 5-8 -

"
.

Peak 'gain and gain 1lifetime as a function of o, content in the

discharge. The gas mixture contains 10 % N, with the balance He. The

- calculated peak gain coefficients have been scaled by a factor of 0.85

(see text).

P ]
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‘The lafgesﬁ ﬁbasured gain coefficient was ~I4 Z/cm at 40 Torr and 7.6%

co,. S
: e

The data diépla&ed in Fig. 53-8 ecan be used to &etermine the
oﬁtimum di;charge mixture and pressuré for ? 4,3-1m laser.. The eﬂergy
stored in the 1001 level is approximately proparcional to the product of
small-signal gain (fractional inversion) and pressure (number density)
\yhus the stored energy is maximized for a 5% C0y mixture at 80 Torr.

However, the gain lifetime is inversely proporticnal to the Cd2 partial
\ o

pressure due to the rapfd de-excitation of the 10°1 1level by near-

resonant collisions \(see Eq. (2-12)). As the €O, partial pressure is

increased the gain lifetime becomes mueh shorter than the duration of
’ -

the Sequencg phmp pulse, reduéing the efficiéncy of the system. In

additiog, the nonsaturable absorption due to overlaps by the Lorentzian

. wings of nearby essure-broadened lines increases with the square of

the total essure, resulting"in "very inefficient extraction of the

stored energy at highér .nressureé. ansequén;ly, 4.3-um lasers are

S

found to give optimum performance with a 4% CO2 mikture at 60 Torr total

Pressur

, as is deigribed in Chapt. 7.
As ; final stage in optimizing the 4.3-pum performance, gain
coefficients were meésured-as a function of sequence pump intensity.
Fiéﬂre 5L9 shows results obtained at a‘discha?ge pPressure of 40 Torrgi
As with the other .calculations of directly-pumped gain, ‘the model
slightly overestimates the magnitude of the gain but accurately predlcts
the pump intensity dependeqce' of the gain, and the time taken to reach
the ;ﬁeqk gain. Note that the peak i gain in Fig. 5-9 remainé

approximately constant at pump intensities > 100 “kw/cmz. A similar
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Peak gain as a function_ of the 10.4-ym P(25) sequence pump ‘intensity.
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Also shown is the time delay between the start of the pump pulse and the .
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peak 4.3-ym gain. Discharge temperatyres are given in the capw®ion to
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effects on 4.3-pm gai&\if-iiicueseo in detail in the nekt Ehapter. .

i‘_ ' T el s

P .

result was obtained at 80 Torr with pump intensities >200 kW/cm - _Ihese
» ‘ ' N

results show that for most efficient operation,' the pump beam used in

the present _experiments‘ should be expanded‘ and used ‘to  pump a

u

large-aperture 4.3~um laser. ' e . .

5.6 Summary _
.o e

This chapter presents'ae&etailed experimental and”.theoretical
study of the gain dynamics of‘ the 4. 3-yum COZ laser. The neasured gain.“
coefficients are typically of the order of 105$/cm, but tée gain TSf'
generali& short- llved (a2 few hundred ns}. A rate—equat}on modellis
developed which gives good‘_agreement-with‘experiment over a wide range
of operating conditions. Tnere are no adjostable ;parameters in the
model as allr the input_-constants“are determined by_enperiment« The
parameters which signifioantlyﬁinfluence the gain have been examined and
the optimom o:erating conditions identlfled for the 4,3=ym amplifler.
Discharge\sxc1tation is most imﬁ;;tant,‘ with high vaiues of T, being;
necessary to obtain the maximum gain. DiScharge‘ preSSure and’ CO2
content should be kept low (<100 Torr and ~SA CQZ) _Dtherﬁise, the
4.3-um upper level lifetime becomes much shorter than the duration of
the; sequeﬁoe pump pulse 'andf the overlapping absorptions increase,
leading to less efficient operation; It is shown that the inolusipn of

coherent effects improves the agreement . between theory and. experiment -

for the directly-pumped 4. 3—um transition. The ‘influence of coherent

s .
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CHAPTER 6 /
INFLUENCE OF THE DYNAMIC STARK EFFECT ON THE
SMALL-SIGNAL GAIN OF 4.3-pm €0, LASERS
'6.1r Introduction : . - ‘ T

~~  In the 'previous chapter, meaedred 4.3-ym  small-signal gain

 coefficients were compared with the predicfions of a rate~equation

model. Tt was _shown that the mEasurements and .calculations were in good

agreement for 4.3-um lines that obtained a population inversion through
collisional coupling from nearby rotational levels. However, the MOdel

always overestlmated the magnitude of the gain on directly .pumped 4. 3-

Jdines (i. e., Iines hav1ng a rotational energy level in common with the-

“seqdenée pump transition) 'In thisg chapter, experimental results are

preielted which show that the dynamic Stark effect is responsible for

the reduced gain which is observed on directly~pumped lines.

It has long been recognized that, coherent effects play an .
inportant role in the -dynamics of optically-pumped infrared lasers. Thé"
presence of an intense pump field connecting two,energy levels of a.
molecule results in a level splitting giving rise to tge Autler-Townes

effect or dynamic Stark effect [146]. This splitting can be observed by

monitoring a probe transition which has one level in common: with the

- pumped transition‘[l&?], or. by monitoring the fluorescence from the pump'

transition itself (148). "cw far—infrared lasers ¢ften operate with one

qommonr level connecting the pump and laser fields (inverted-vee

2
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configuration), and dynamic Stark spiitting has been observed - in

oscillator-amplifier experiments with Ffar-infrared lasers [149;150].

However, in most experiments involving the aynAmic Stark effeét, the

intense .fiéld which causes’ the 'éplitping. also prbéubeslsignificanq
o .

) population transfer between the pumped levels. This population transfer

S
.

can obscuréhthe dynamic Stark splitting, and makes it_gore—dfffic;it to
carry out comparisons. between theory and éxperimént. "

In thié )Ehabtet, a double-resonance infréred experiméqt ‘is
ée;cribgd-in which dynamic Stark shifts in cozg aie -examined in”~ther

absence of population transfer.” Figure 6-1 is a simplified energy level

¢

diaéram of CO, showing the transitions wused in the méaSufements. An
intehse 10.4—um sequence band CO2 laser _pu{se optically. pumpé‘ a
room-temperature CO, gas mixture. .The vibrational levels wﬁ&ch aré
connected by the pump 'transition; 10°1 and 00°2, lie > 3700 ém“l above
the ground state; and hence have no-‘significant popuiétion at room
*témpetatﬁfe. The intensé 10.4-pm field \simply splits the- specific
rotational—viﬁrational levels cennected by the pump, but has ;egligible
“effect on thé p&pulations'in the low lying levels of C02.= As shown in
Fig. 6~1, the dynamic Stark splitting - is' nonitored by measﬁring
“small~signal absorption on thé -(10°0 - 1061) 4. 3~um béndnwi£h low power
4.3—um probe lasér pulses. Experimentaliy, :it is observéd jthat the
Q.Sfuﬁ absorption at the line .center can decrease by mofe-than a factor
of five in the’ bresen&é of the intense lO.&-uﬁ<;pump. (Noge that

population transferred out of the 10°1 level would result in an increase

“ .

in absorption.). .The measured decrease . in absorption 1is in good

agreement with thecoretical calculations 1if the pump intensity is used as



4
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Simplified energy level diagram of CO2 showing the pump and ,probe

transitions used in the double-resonance measurements.
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an adjustable parameter.

In addition to providing a clear‘and unambigﬁous demonstration

of dynamic Stark splitting, the measurements made in room—temperatureJ

o™
& .

C02 tan be used to develop .4 more agcurate model for predicting small-

Pt

sxgnal gain on directly—pumped 4.3~um llnes. The production of gain in

the 4. 3-um laser depends upon population transfer from the 00°2 level rto

the 1001 level by the sequence pump pulse. Of course, the sequence pump

Pulse will also produce Stark' splitting of the upper rotational level~

belonging to the directly—pumped 43 34p ransition.' The purpose of this

Chapter is to -account "for the influence‘of coherent effects on the

o

4.3-um gain. It is shown that mich better‘agreement,withlexperiment is

obtained 1f" the’ rate—eqdation model of the 4.3éuﬁ gain dynamice'

(described in Chapt. S) is modified to include these effects. The next

section describes ‘the theoretical model used to predict the. influence of -

the intensé 10.4-ym radiation on the 4.3-ym absorption in room—

. s

tempeéature C05. These predictions are shown to be in gzpd:agfeement

6.2 Double-Resonance Experiments in Unexqited Co, |

with experiment. Section 6.3 deals with the 'influence of coherent
effects on 4,3-um gein under cenditiogi/ typicel of 4 3-um lasers, and
modifications to the rafe—equqtion model are described

A g .\.\.

.

~

Severel theories have been developed de$criblng the interactlon

of two laser fields Wlth a three—level molecular . System {145,150 »151].-

-~ .
The model used in the present work is 1dentical to that of Heppner et

- "{150], and assumes that the rate of change of pump 1ntensity is slow

K

compared with the relaxation times (steady-state assumption).: The

ki

-
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presence of'degenerate M componentg.df the_rotational levels is handle@
by negleéting M-changing collisions and gumming‘over a suberpbsition-of
nondegeneraté ;hreejlével- ;%étems. As negligible_popuiation,trénsfer
occurs in  unexcited -COZ’ thist.lis a..gooa approximation, for Lﬁe
exggrimental conditionsﬂ- The M dependence of the tranﬁition ~dipole
mome;t -[1521 caﬁ be modified in - the model- to' account .for
linearly-polarized ' pump aﬁ&  ﬁrape beams with polafizations which arel
parallel or perpendicular to each ;ther. |
- Figure,6—2'illustratgs‘how the'c;lculated 4.3-um lineshapes are
changed bf‘ the presence of *intense sequence pump }aéiatibn. The.gés1
mixture ana preésure'chosen for‘thg calqulatiop are .similar to thOSé
used in 4.3-um co, lasersf Tasle ﬁ—l\lists the input data for the m?del
(78,102,111]. At zera pump intensify, -the' lineshape is-simply'a.Voigt‘
profile. (fhe‘ col}isionj. énd Doppler—bro;denéd linewidths (HWHM) are .
iOO MHz’and 65 Miz respectively.) With a resonant ﬁumb i#tensity'of:Z.S .
MW/gmz the avefagé Rabi frequency is ~250 MHz and significant sblittiﬂg’_
of éhé lineshape occurs for both combinations of polarization: The
" minor differences in the two %ineshapes afé caused by the M depenéence
ah& polarizatiopn depgnaénce of the transition dipole moment‘[152]. |
It is 'c1ear " from- Fig. 6~2 that a significant decre#se in
absorptioﬁ at tﬂe line center shou;ﬂ'-be observable at high pump
intensities. To ‘measure_ this decrease, the experimental apparatus
déécribed in the érevious chapter (Séct. 5.3) was uséd. An inténsé
10.4~ym sequence pulse aﬁd a weak 4.3;um probe pulse Weré combined at a

dichroic beam splitter and propagated through a 76~cm long absorption’

cell '(i.e., the unexcited 4.3-um amplifier shown in Fig. 5-3), which



W

FIGURE 6-2 S r

Calculated lineshape of the.4.3-um trandition ig a room—temperaturehGO2
gas mixture as a function of the sequence pump intensity (Iséq) and the

relative linear polarization. of the pump and probe radiation. The -

calculated_linecehtef absorption with Iseq=0 is 2.9 Z/cm.
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TABLE 6-1 o . -

-

C02 molecular data. for the model described in.SectJ 6.2. The decay

Fl

_rates and fractlonal populatlons correspond to a 10/ C02 10Z N,: 80% He

gas mixture at 300 K.

N
Frequency Transition Dipdle Moment
Transition
: ; (cm—l) (Debye)
; . " i
10°1 - 00°2 , P(25) _ 937.393 - 0.0556 a)
10°0 -~ 10°1 , P(26) 2304.285 ~ 0.3116 bY
Rotational 7 Fractional Decay Rate ©)
Level . _ Population (s-lTorr;l)
_ -12 ' 75107
J002 —.247 1,02x10 1.57x10
‘ - : i -11 ‘ 7
Jyop = 25 9.58x10 N 1.57x107
= ’ -6 , X 7 -
J100 = 26 6.34x10  L.57x10

- a) Ref. [111].

b)'Ref;'{78]

-

c) The decay rate is. given by 2wAv, where ay is the coliision—ﬁroadened

linewidth (HWHM), taken from Ref [102].
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contained a 10% €O, ibz'ﬁzz 80% He éas mixture at.40 Torr. Absorption
coéfficients were measured at the peak of the 4.3-pm probe pulse, which
was varied in time relative to the pﬁmp pulse. Figure 6;3 displdys the
tfméjdépendent 4.3-um absdfp;ion-‘me;sured during the pump pulse. Note
that at the peak of the ﬁump pulse the measured absorption coefficient
decreases ‘to- 0.18 of the unperturbed ,v;lue, in agreement with the
calculation shown in  Fig. 6-2. | It shoﬁldd Be émphasi;éd that this
décrgase in absorption ‘was only observed with'the 4.3-4m probe laser
tﬁned.to the connected P626) transition; - no change in absorp;ion was
observed with the probe laser.tuned to the nearby P(22), b(é&), or P(28)
-1;nés. ;ﬁhen tﬁe pﬁmp laser was operated - on thé P(23) (10°1—Od°2)”
trapsition,-then the decfease in 4.3-um absorption was only observed on
the copnecced P(245 (10°0~1b°l). transition. fThése resﬁf&s confirm that
coherent éffects'rathet than popuiaﬁion transfer arelresponsible fér the

.

decrease in absorption.

-~

Also shown in Fig. 6-3 is the caleulated absorption determined

at the;line center of. the 4.3-um-traﬁsition. A complete calculation
includiné integration over velgcity classe; is represented By the solid
line. - The éequence pump intenéity was choseﬁ as.tﬁe only variable
pafameter in making this -calculaéion. ;pe~agreement with experiment
shﬁwn in Fig. 6;3 was obt;ined with a fitted pump intensit; of 2;8
MW/cm?. The fitted intehsity is a factor of 0.55 less than the measured.
intensity.. This is atiriﬁuted to the lfact that the éalculatiqﬁs are .
carried out aééuming ‘that both pump and “probe radiation are idéal

monochromatic fields, whereas the experimental 1laser pulses have a

frequency spectrum corresponding to a few longitudinal modes (spacing



FIGURE 6-3

"
{ Time dependence bf.ﬁhe. sequence pump pulsé andﬁthe_4.3—um sﬁall—siénaL
absorpcion_in_a room—femperature 002 gas mixture. The sequénce puﬁp
pulse has a measured  peak intensity éf 5 MW/cm2 and the pump and probe
beams have parallel linear polarizations.  The 4.3}um absoiption
coeﬁficggnt, a, fis nprmalized lto- the unpumped value e, (measuréd as

®,=2.60.3 %Z/cm). See fgxt for details of  the calculation.

-
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an

~65 MHz) and a few Eransverée modes. Thé finite frequency spectrum 1s

‘probably also responsible for the fact that it. was impossible to

experimentally obsérve any -significanﬁ dependence of gbsorption upon

Ce
-

relative polarization.

_AWﬁile the Tresults shown in _Fig. 6-3 provide a ‘very clear

demonstratlon of coherent effects in a coupled? three-level syétem, an

exact comparison with the present - theory [150] would trequire the use of

single—frequency pump and probe lasers. However, the 'mo:ivatién in

carrying out this work was.to account for the effect of'qoherence on

~small-signal gain measurements made in a 4.3~ym amplifier. As described

in Chapt. 5, the gain measurements were made with pump and.probe pulses

. 1dentical to those émployéd here. Hence, the scaling factor of 0.55

used for-Fig; 6-3 is entirely appropriate for the calculations involving

small-signal gain. With  this motivation ' in mind, a further
. s , S - . w

: ' B . —
simplification can be made by neglecting Doppler broadening effects in

the calculation and scaling the_ﬁeésured pump intensity by a factor of

0.3 to give the dashed line shown in Fig. 6-3. 'Once again the agreement
with experiment is very good, and justifies"pﬁe assumption that
integration over velocity classes can be “ignored in carrying out the

calculations on 4.3-;m gain whichfare‘described in the next section.

v

 6;3 Influénce of Cohereunt Effects on 4.3-um Gaiﬁr‘

In the experiments described in the previous section, the pump
: . ) P

‘pulse'caused negligible population éransfer, and it was possible to

determine how coherent effects influenced'the measurements made-with the

4.3~um prébe.laser. Now one cahvtaéklef the more difficult case of a



- T

4.3—umkamplifier, in which COZ molecules are first excited into the 00°2
level by an electrical discharge, and then transferred to the lO°1 level
by an intense sequence - pulse. 'The 4 3—um probe laser monitors the

time—dependent -population inversion between the 10°1 and IQ°0 levels.
. .‘ . . SRR
Provided the 4.3-ym probe is not tuned to the ‘transition directly
. connected to the 'pump, the rate—equatlon model described in Chapt. 5

accounts for all the. dynamlcs of population transfer. However if toe
4.3-um”nrobe is tuned to.it he di%ecﬁ}y,pumped transition, population
'tranSfer and dynamic Stark splitting must be con51dered simultaneously.

| It is worth taking an iqftial qualitative look at some results

before considering the.details of the calculation.‘ "Figure  6-4 shows

pesy

measq@ed‘ and calculated. 4.3—um gain coefficients for a l"/'CO2 gas

-

v . o
mixture at 40‘Torr. (This mixture was chosen to give a relatively long

v

lived 4.3-um . inversion.) Note f-that the“"raté;equation model

overestimates the measured 4.3-um gain, particularlﬁsat the time of the
- - : A - ‘ . . :

peak seouence‘intenSity. Just as the- presence oi the pump pulse *reduced

—

= .

the absorptlon at the line center in Figs. 6—2 and 6~ 3, the -same dynamiér
Stark shifts reduce the meaSured gain.‘. . ' Z

= . In order to include coherent effects in thewcalculated gain, . the

time—dependent population of each M component must' be known.' However;'

‘all of the M, ycomponents within .a rotatlonal ~1eve1 perturbed by the pump -

may not have.the same populagiont because the tran51tion dipole moTjB;‘

is M dependent Jfi52]. 0 1 initial calculations, - the degree» of

f . L .
'anﬁznequ111brlum between-_'M-component‘,populations ﬂwas estimated by

P . . .

including an extra rate equation.in the model of the gain dynamics to

ldescribe the population of a single ""component in each of the

-



— : ' |FIGURE 6=4 . S

. '

Tim# depéndénce of the.measdre and calr,;ulat:ed 4.3=um small-signal gain
for _a' discharge gas mixture containing 1 % 002.. The sequence pump pulse

¥

. has a peak intensity{of ~3V.S'MW/c: 2, Note- the. improved :agre'em_ent with -
Ieicperiment when .th ‘cal@,'atio . includes coherert effects. Both
Y " - N . .
- - ~

or’ pa.rallel polarization of the probe .

pump radiation. - ' o o

-

=
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rotational levels connected by the pump transition. It was found that
very fast collisional coupling from nearby rotational levels tended to
equalize the M -component populations. This thermalization occurred

because the collisional coupling did not conserve M in the model, an

-assumption which is supported by experimental evidence presented later.

Consequently, in subsequent calculations it has been assumed that the
populations of all M components within each rotational level are equal.

This assﬁmption greatly simplifies the calculation and is justified by

the good agreement obtained betwedn the calculations and experiment.

The time-dependent populations of the M components in the J=24

rotational level of 00°2 and in the J=25 rotational level of 10°1 are
given by’ mooé(¥)=nooﬁlgdb2 and mlOL(M)=n101/g101, respectively. The
4.3-pm lower levels are not perturbed by the sequence pulse, and hence

the M-component populations in the J=26 rbtational level of 10°0 are

. < v . i
given by mlOO(M)=K100N100/glOO' - The subscript denotes the vibrational

- ' N

level, N represents the vibrational population, n is the rotational

popuiation,! K is thé rotational population 'gactor, and” g 1is the

degensracy. All populations are cglculéted using the rate-equation

‘ N -
model described in Chapt. 5. The 4.3-pym gain at the Tine center is

caléﬁlated from Egq. (9)- of ,Panock and.Temkiﬁ [i&S],\and the gain as a

function of M is given by:

" s
ew L (8(M)7)2
B4(M) = 6, (M) [ myg (M) = mynn(M) ] [ 1 - .
4 4 101 100 WY
, (BenT? o
F o) | mgga(M) ~ myg (M) 1 [ __ I (6-1)

1+ (B(M)T)2

N

\\
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The 4.3-pm gain cross-section a4 (M) is calculated as in Chapt. 5 with a
transition dipole moment that is boﬁh M dependent and poiar%zation
dependeﬂt [152]. B (M) is the Rabi frequency on the sequence transitioﬁ
and is given in MHz‘ by -5(M)=6.9IUM11/2,'where uM‘is the M-dependent
transition dipole moment in Debye andr I is the intensity of the
radiation in W/szy' The relaxation :time r' is~-given by 1 = 1/(?nAv),

yhere~Av is the collision-broadened linewidth (HWHM). The first term in

Eq. (6-1) represents the reduction ‘in 4.3-pm  gain due to the intense
L C ’

“10.4-pm pump field (gr>1l), while the second term is related to a small

- Raman gontribution to the gain.. The total:. 4.3-pm gain is given by

summing ga(M) over all M.. Complications due to Doppler brqadening‘and

-

the nonmonochromatic nature of the radiation ' fields are accounted for
in an empirical fashion by scaling the measured sequence intensity by a
factor of 0.3, as explained in Sect. 6.2.¥

The'4.3—um gain calculated uéing Eq. (6-1) is shown in Figs. 6~4
13 . N i .

and 6-5 for two. different gas m;xtufes. Note that significantly better

-
]

fjgagreement is .obtained between theory and experiment when the cohefent

effects are included in the gain calculation. . Alsc shown in\Figﬁ 6-5 1is

.

.~the gain calculated for perpendicular pblarization of the pump and probe’

‘fiéids. Careful measurements with both parallel and . perpendicular

polarizatLgns failed to detect .any sighificant differences in the

-experimentél gain coefficients. This result 1Is not surprising in view

A )

* Note that the intensity scaling factor of 0.3 is only valid fq}
@ discharge pressure of 40 Torr. As the discharge pressure increases,
Doppler broadening effects become less significant  and the scaling
factor{increases. . N

1

v



FIGURE 6=5

L8

‘TimefdependEnée of the measured and calculated 4.3-um small-signal gain
" for a discharge gas mixture- containing 3 % €0,. The sequence pump pulse
" is the same as that of Fig.‘6~4. - The Yexperimental resulfs are obtéined

with parallel polarization of the probe radiation relative to the pump

. radiation.
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of the ctypiecal error bars- shown' in Fig. 6-5 and the féct that no

polarization dependence could be observed -in absorptiqp mgasureﬁénts

-

(see Sect. 6.2)., A much m;re sensitive measure of relative gain-is to
.place the 4.3—m amplifier in a polarization-insensitive optigal
resonator. The 4.3-um radiatioﬁ.with.the maximum net gain will dominate
the observed output. Experimental measuremenés cdnfirmed'that fq; a
. variety of directly-pumped transitions, the 4,3-um ;thué pulses wére'
alﬁéys poiarized pafallei l;},l:o- the 10i4=ym  pump fadiétioﬁ. As the

) . e

» polarization of the pump radiation was ~rotated, the 4.3-um polarization

followed sqit. This behaviour was ‘very different from that of the
collisionally—pﬁmpéd lines. ’Tﬂese transitions obtain inversibﬁf-by
collisional transfér, do not have -‘gain that is .sensitive to
polarizétion, ;nd al@ays give randomly polarized 4.3ru$,pu1§es from a
polarization-insensitive cavity{  This is étrong evidence in support of
the earlier assumption tPét éollisiﬁnal population transfer between
rotational levels doeslnot:gbnSeryé M. The polarization'characteristics
3f both types qf transitioné provide another'.indication of the
importance of coherent effeé;é in.4.3—um lasers. |

* 6.4 Summary - . . : .

) 3 " The resulps'presented.fn this chapter clearly démonstr;éé that
’ coherent two—photonheffécts must be included in an adcu{ate calculation
of the -smail—signal‘ gain ié a Q.S—ﬁm COz‘;asérf  The dynaéic Stark
effect causewe Q.B—um l];.ne;shape to \E‘;plit and réducés the gain.at the

. & » . )
line dﬁnter. The inclusion of coherent effects in fhe rate-equation

: A B . .
madel is reasonably simple, and good ‘agreement is obtained- between
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theory and experiment. The theoretical treatment described in this
chap;er can be applied to othér'optiCally-pumped pulsed laser systems,

and | this work has demonstrated the importance of inclugding coherent

effects in considefations of directly-pumped transitions. . .
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CHAPTER 7

| )
- OPTIMIZATION OF PULSE ENERGY.FROM 4.3~um COy LASERS

T

7.1 Introduction ¥ _. - -

——— . " .
e 4.3-um €0, laser first reported by 2Znotins et al. [6]-

‘.produced thput ‘energies of ~50 uJ/pulse. The laser appeared to be

scalable, and increased output energies of 250 pJ/pulse [11] and one

mJ/pulse [135] were soon, reported. In the present ~ study, ‘the

k performance of the 4.3-,m €0, 1laser 'has been optimized, and output

{

nergies of 15 mJ/pulse and peak  powers of 100 kW/pulse have Dbeen
obtained from an 88~cm long by 11-cm? aperture discharge. This

represents the‘higheét output energy reportéd to date from a 4.3-um-C02

laser [136]. ' ' _l ‘ !

R N
There are several other laser 'systems which operate in the
A ’ ‘

4.3-ym ﬁavelength region. As mentigned in Chapt. 1, other excitation

‘ischemesvhave been used to obﬁain 4.3-ym lasing in C02. These incluﬂe.

bromine transfer lasers {7], optical pumping with HF lasers [8,153], and

n
pumping from 0ptical parametric oscillators [9]. ) Among these; the
highest pulse energy was 0. 5 mJ/pulse and was ﬁhoduced by the bromine

'transfer laser. 'Bromine transfer pumping has also been used- with HCN to

~

.obtaiwh‘z—mJ pulses at 3.85 pm  [7]. Frequency doubllng'of‘9.4- and

10. 4=pm~CO, laser radiation results -in pulse energies of up to. 8

nJ/pulse {154—156]. Several hydrogen halide lasers operace in the 3~ to

'S—um wavelengeh region, and incléﬁ% Dﬁ HC1, and HBr lasers f157] HC1 .

_-166-—



167

-and HBr ‘lasers operate from 3.6 to 4.5 um, and produce up to 30 mJ/pulse

on a single line from a 3x3x50 cm3 dlscharge volume [158]. ' Scaled up

-

.. HBr lasers in multlllne operatlon have produced/pulse energies ranging

.

from several hundred mJ [159, 160] to as high as 1.4 J [158]. Energies

- “

. of 'up to 800 wJ/pulse, whlch are- wavelength tunable from 3.6 to 5.4 um'
] can be obtained by difference frequency generation [161]. - . The r’q ’
AN - : ‘ . L
] performance af the sequence ldser pumped 4.3-pm CO2 laser compares

favourably with these "other -sources. - This 4.3-um - laser is based

entirely on well-established 002 laser technology, and therefore has the
advantage of'relatlvely simple construction and operation. In addition, £
scalablility of the pulse enérgy to several hqndred mJ using existing
punp pulse energies is shown ‘in this-ohapter té be feasible. “The 4. 3=um

C02 laser should prove useful - im applications  such as ‘laser

re
-

f photochemistry, optical pumping, and atmoepheric monitoring.

i : * .
i

In this chapter, a detaited gtudy of the output .energy

ﬁ characteristics of the 4.3~y CO laser is descrlbed The rate-equation

.
.

model which was wvalidated in Chapt. 5 by comparison w1th small-signal

gain measurements is used to predlct output energles. The model is
found to 'be in. good agreement with experiment over a w;de fange of E

operating conditiens. Wlth.the aid of the model, the three.fq;tors

i .

1
which* most stromgly -influence T/the ‘performance of the ldser are
- ) . ‘- Cow . } . .
identified.* These *factors are: thé short - lifetime of the upper laser

v tlevel due to collisions with'COz, the degree of electrical excitation of
ﬁéip! } the disoharge, and the existence of interfering absorptions in +the

. discharge. As a consequence of thesé factors, obtimum performance of

the laser is obtained for low CO2 content gas mixtures at relatively low -
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pressure (4 7% » C0, at 60 Torr). The i licérions_for scalabiiity to high
pulsé’onergies are discusséd and th;piggématé performance limits of the
4.3-umllaser are presented. ) -

In the next section, a rate-equation model is presentpd which is
similar to the gain model of Chapt. 5, except- for thep‘appfopriate
modifications which enable pulse energies--to‘:be calculated. The model
is used to illustrate 'rhe ma jor energy transfer kineties involved in

4.3-ym operation. The experimental apparatus is described in Sect. 7.3.

.. In Sect. 7. 4, ’COmpaZisioné i

* and optimizar‘;gm- of t ﬁ)pe PAhg conditions is discussed. Section 7.5
>| P. .
deals with scalabillty to hlgher pulse énergies, and Sect. 7.6 describes

a sinplified cavity désign which'incorporates .the sequence and 4.3;Um

' Ff\_/’“ lasers iIn the same optical resonator. Finally, Sect. 7.7 discusses the
r

feggibi}ity of translating the 4.3~-ym o, - laser pumping scheme.to N,0,

-with the aim of producing 4. S—um lasing.

-

) / .
7.2 Rate-Equation Mopdel for Energy Extraction

/’/—\)TO obtain a better understanding. of the energy extraction

K

characteristics of the 4.3-um % or, * the small-signal gain

R . co, 1

S ] o , é% o ‘ & -
- rate-equation - model of Chapt. 5 was m?ijffiiﬁ\ro calculgte pulse
energlest. One additional equation was inel €d “to describe the 4.3=-pm

; Tl & ) \ -

sa . -photen ggﬁgity in tpe cavixy, and extra .terms were added to the
- appropriate equatlons to account for populatlon transfer by &is—um
stimulated emission. In particular, the perturbation of the rotatiomal.

population in the 10°0 level was included in the model. -The eight

diFFerenE}al equations governing laser action on the (1061—1000).4.3-um
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band® of C02 are: L /~

dE, o ‘
— = 7 hug(og8gpge + 0484p4¢), (7-1)
de , _
" dE VEyp = E® (T) ° . .
12 2 Epp 12¢T) ‘
— = . '+ hvjo 6.p e, T ‘ o S (7-2)
dt TVT "
. . - /
1] -
dNgga - -  Nog02(T3) - Nohg; : .
- . = - GS6SDSC + - —y (7-3)
dt : : 27 ' S )
. V3 ~ . S
o - . ~
dNjo1 Nio1 = ¥y01(Tp.T3) , : .
- " - = GSSSPSC - 046494(: "' - —-=y (7" )
. N T ’ ‘4
T101 N
e . ) <
M) 00 Nro1 = N7p0)(T13T3)  Nygg =X¥04(T))
= 0'45494(‘. +' - = » (7-5)
, dt T 101 * T100 '
s ' 85 = (Koo2Nop2 ~"K101M101 2002/8101)
: = = ZO’SGSDSC + 046ap4c - » (7—6)

. : : TR

[
&,

84 =-(X101¥101 ~ X100N100 £101/8100)

— = o 6 0 - 2046'4949'- ’ (7-7)

dt TR

dpla ) - P4 ) ) ‘

dt - Ta o ~ . - :
L | - o —

The notation used in Eqs. (7-1)} to (7-8) is&lentical to that used in

F ]

¥ Mo}éling of operation on the.(02°1~02%0) 4.3~ym band is achieved
by modifyi¥ng the equations to account for the different levels involved.

J

SN
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I .'f,‘:; o

"the rate-equation model of the gain dynamics, and thus most of the

[

. : U,
. . varimbles are defined QP Sect. 5.2. The remjining vari#bles are defined

& »

i;ﬂ; as follows. The 4.3-um photon density is given by Py~ F is the_caVity:

filling factor (i.e., ratio of discharge length to total cavity length},

and BKlOl 101 1s the 4.3=un SPOR\‘BEOUS ‘emission term, as defined in
Ref. [128]. The cavity decay time .To 1s composed of two terms and is
given ty Tc=(1/Trefl,+ I/Tabs)—}.' Trefy; 1s the photon lifetime in the
_cavity due 'to output coupling losses, i.e., Trefl = 2L/[c Zn(R)],

is

where L is the cav1ty length and R is’ .the cavity refle\tivity. Tabs

the photon lifetime due to interfering absorptiouns. in the discharge,

. which are in general nonsaturable.. Tabs 1S glven by Tab?_ll(Fcu)' where -

- R - R v

@ﬂ e Ca is the nonsaturable absorption coefficient in the discharge. Other
l V“L losses {such as diffractiocn losses) are generally much smaller than this
absorption 1oss,.and are neglected. The influence of the nonsaturabler
.absorption on the calculation of energy -extraction ‘from the oscillator
%“ - is tteated in.Sect. Tedo2: . : :- ‘.' e |

. The model is implemented in the same manner as the galn dynamics

““ . model of Sect. 5.2. The inifial values of T, Ti» and. T3 (i.e., the
| 7

v values at the time of peak sequence gain in the pulsed discharge) are

x input to the wmodel and are used to calculate initial values for the

LI

. . .
populations  and energies in Eqs.4(7—l). to (7-8). These initial . .
temperatures are determined experimentally using techniques described in

Chapt. 3.- The measured pump pulse profile is used to determine the

»

) successive‘ values of the sequence photon density Pg> and the

differential equations are solved beginning -at -a time corresponding to

the start of the sequence pump pulse;
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directly- pumped 4, 3—um transitlon (i e., the 4  3—um transition having a

k] . K

rotatlonéﬁ energy level ~in _common with the pump transition). <Thls

-~ transition was shown in Chapt. 5 ‘to have the maximum small—signal gain,

N

andllasing‘generally takes place only on _the directly~pumped_transition:

Minor modification to tﬂe equations is requlred - to account for .

. llne—tunable 4a3\um operation on ncndirectly—pumped transitions in a
r ) . VoL \ ; .
wavelength Felectlv . cav1ty, but only the dlrectly—pumped'transition .
. . : )
will be considered hergl Coherent effects 'play a significant role in

- the dynamics of the directly-pumped transitlon ‘as the results”of

r
>

» Chapt. & show, and‘ cause a reduction in the small signal gain at the'
line center of the 4. 3—um transitlon. Nevertheless, the dinfluence of
coherence has been neglected in the present work on energy extraction.

» . J

. - This 81 lification enables one to avoid .the complexities of'dealing

with two 1nte£se fields interacting with a degenerate three-level system

NG . [145], and can be justified on the baSlS ‘that populatlon. transfer by

- - : stimulated emission is the dominant saturatlon mechanism in the 4.3~pm+""

/ laser. The rate—enuation model accurateiy computes population transfer,
and hence calculates output pulse- energies.hhich are in good agreement

with- experiment, as described in Sect..7 4.
The rate equation model gives an overview of the energy transfer

>

. < :

dynamics of 4.3—um operation. 'Figurei.7fl' shows a sequence ,pump pulse

o " and the calculated output pulse from a 4. 3 —um’ laser under typical
operatfr conditlons.. Also'"shown i the time dependence of several

energy transfer and energy‘storage mechanisms. In each case, the number

density. of COZ_molecules involved has been multiplied by hv3 and the
)

The model desaribed by Egs. (7-1) to Q]-B) conéﬁders the -



. ' FIGURE 7-1 ,__,/’1
Calgulated enefgy tranéfer mechanisms 1in the 4.3-1m Qaser for a gas -

mixture of 4% €O, LDZ/;Z:_ 86% He at GO\Torr, and initial discharge
cemngacﬁfes of T=ﬁob' K, fimazs‘ K, yand Tj=2870 K. The dashed lines
represent the stored energy in the vibrational levelg ;nd the -solid -
lines represent energy fran;fer into and out of the 4.3-um‘uﬁper laser
level. Also shown is the 30—mJ/cm2 sequence pump pulse used as input to

* the model and the|ca1culated 4.3-pm output pulsg.’ See text:'for further

~

details,

.[-\,/ | T



A

172

. TIME (_nsec)

¥
— 1 | | | |
12 __ T~ . ]
| f\j ™S '
. \\ _ e :
1ok E\ooa ~
e S~
9 gb g
- 10.4-pm Shmuloied Emission
E Info 10°1
> L —
O 6 .
(0 ot -
ow - Collisional Loss From 10°]
Z al-
g
L 43- ,.Lm Stimulated .
| 2 Emtssnon Out _Of lO°Tl
oE=—2 -
N .
E l? | 4.3-um Laoser
s | ~Pulser(l 2 mJ/cmz)
2 .
Z 10 : N
- E N Seq‘ue‘n‘ce Pump .
% StPulse (x0.25) . -
S ol + 1 A
O I00 200 - 300




173

discharge length (88 cm) to give the equivalent 4,3-unp energy per unit -

area. The most striking result of the. calculation shown in Fig. 7-1 1is
that only 1.2 mnJ/ecm? appears as useful output energy, even though §
mJ/cn? is transferred to the 10°1 1level by the pump pulse.‘VOne—ha £ of
this transferred energy is- lost as .a consequence “of the very fast

de—excitation of the upper laser"level-lool by near-resonant collisions

’
v

'with CO2 {see" Eq (2-12)). ihis process directly populates the

nrelatively long lived lower 1laser level 10°0, and causes - 4.3~um laser

'action to end approximately halfway through the pump pulse. As a

"t result, mixtures with a high partial pPressure of 002 glve 'short 4.3-upm

pulses, poor energy extraction, and reduced efficiency. Figure 7-1 also

shows the importance to 4.3-um operation of the fast 55' intra-mode

-

coupling rate. Note that the energy stored in the 00°2 1level was

-

_reduced by only 4 mJ/cm » even though 8 mJ/cm -was transferred by the

pump pulse. The additional 4 mJ/cm was obtained as a result of

collislonal coupling into 00°2 from the rest of the V4 vibrational mode.
The results of Fig. 7-1 illustrate one of the dominant characteristics
of 4-3“Dm CO2 lasers: the competition between collisional de-excitation

-and stimulated emission de~excitation of the 10°1 level..

In the sections which follow,.experimental results are présented

.

which are used to validate the rate-equation model, and’ to identify the

t

‘parameters which are important in optimizing 4.3-um laser performance.

e

".7.3 Experimental Apparatus

«

Figure 7-2 is a schematic ,diagram of the experimental apparatus

used’to study the Output energy characteristics of the 4. <3-um CO2 laser.

\

—

P



FIGURE 7-2

-

"Schematic diagram of‘the experimental apparatus’ used to measure 4.3—m
energy extraction. The_§F6_is used to absorb the residhal 10. 4~um pump
radiation. The inset oscilloscope photograph shows the time dependence

of the 4.3-um pulse relative to -the 10.4-pm pump pulse.
L . )
s
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The pump pulse is derived from a gfating-tunable hybrid sequence la%gr
" which isudescribed fully in Sect. 5.3." The pump radiati&n islbougped
into the 4.3-ym oscillator through the dichroic mirror, and the pump )
» beam can be focussed or éxpanded. Pump. energy and pulse shape: are
monitored with a .calibrated Gentec ED-500 joulemeter and alphotoﬁ drag
deteétor. The 4.3-pum oscillaﬁor.tontains ‘the full-length (i.e., 88 cm
}of gain) Lumonicé dischérgé module which is described in detail-in
Sect. 3.3. This Hischarge is operated with COZ:_NZ: He gas mixtures at
pressures from 40 to 120 Torr. The- measﬁred experimental parameters
suc? 2; presgure, gas mixture, &iseharge temperatures (T, Tl’ and T3),
and pump intensity profile are used as input to the rateJequation'model.'
The output from the 4.3fumroscillétor,. which Vgonsists of both thg pump
pulse and the 4.3-Pm bulse, isl paésed Fhrough'%.éﬁoft cell (15 cm)
céntaining SF6 iA N2 to totally absorb the 10.4-um pulse.‘ The .4.3~um -
pulse -shape gpd eneréy a:e‘ mqnitofed By ‘a “Ge:Au degector {(~8 ns
risetime) and a' Scientech model 36-~0001 éalorimetér: Thelday-tojday'
’reproducibiiity of the measured.pulsé energies ~is bgtter than * 10 %, |
The 'experimental arrangement is—used to measure 4.3-mum pulse
energy as a‘ fuqction- of pressure; pas mixtur?, dischargé\excitation,
pump energy, etc, Since all of t;; pagameters‘;equired aé inqu to the
rate-equation ‘model ., are obtained Vexpérimentally,‘. quantitative
comparisons can bergade.betwggn tpe measured'aﬁd calcul;ted 4.3fum,pubsef

N 1
energies. These .comparisons ar¢ descrdbed in the next section.

.

2?4 Optimization of Output Energy

Comparisens between measured and calculated 4.3-um output pulses

L
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.+ are presented in this section. Most of téé experimental results were

obtained by gently focussing the pump pulses down the center of the
4;?—um oscillator amd observing the 4.3~um output oniy'frem the central .
region of the discharge (~1 cmz).-_In this mamner, pump efergy densieies
es high as 350 mJ/cmz'could be utilized while maintaining a'reasenably
uniform spatial pump intensity profile,. and 4.3-um‘osci}lation.oeeurped
in a region of the discharge which was uniformly excited. This‘resulted
in a more accurate ‘comparison with Eﬁe. rate-equation modeL; whice
assumes uniform discharge excitation and‘pump infensify. . %:. s .

Initially, it waé\\verified that the model predicts the ‘correct

4,3-um pufse shape. Figure 7-3 shows an - oscilloscppe‘ photpgraph of .a

\ : : - L
typical sequence pump pulse and 4.3-pm ocutput pulse. The structure on
‘the 4.3-pm pulse is due to transverse mode beating. -The lowef portion

of Fig. 7-3 is the pulse shape predlcted by the model, which is in good

agreement with exberiment. Tﬁé fast risetime of the pulse is a result
of the high peak gain which occurs inr thé 4.3-um laser (~10 Z/cm, see

‘ . : : ' : : 1
Chapt: 5). The gain is short lived, however, and is quickly replaced” by

stropg absorption, causing_laser actiqn to étep abruptly beforte the pump
pulsg ends. As discussed in Sect. 7.2,| this/behaviour iimits efficient
4.3-ym operation to gas mixtures with a“low partial_pfessurefof COé. It

has been found experimentally that the maximum 4. 3-um pulse energy is

obtained with a gas mixture of 4% 002 107 N2 86% He at 60 Torr, ﬁ,J

dischaigf\jmcitation circuit whlch maximizes T3 . The ’ importance oF%

maximizing T3 and the effect on the optimum gas mlxture are discussed in

the following section..

23
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FiCURE 7-3

\ |
_ Time dependeﬁce Bf ﬁhe measured and ;alculated 4.3-pm outpqt pu;se. The
measured P(26) 4.3-um\Pulse.is shown in the oscilloscope photograph
together with therP(ZiQ'lO.é—um pump: pulse. The Idischarge condifipns
- and/the sequéﬁté.pump engrgy are given in théngkZ&on to Fig. 7~1. The
measyred and.calculateq 4.3-um pulse ‘energies ‘are 1117 +.0.1 and 1?5

L

mJ/cmz, respectively.
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7.4.1 Discharpge Excitation

The performance of the 4.3-ym laser can clearly be imnroved by
increasing the population of the 00°2 level of CO2 in the discharge
(i.e., by-increasing‘T3). To demonstrate this experimentally, T3 was
varied by changing ‘the inout electrical excltation .energy to the
discharge. The temperatures T, T, and‘Té neie determined for each set, o
of conditions. The 4.3-pym puise énergy was then measured as a funetion
of T4.. The results are plotted in Fig. 7-4 for a 3% COZ:‘IOZ.NZ: 87%.He
gas mixture~at 80 Torr. Note the drametic increase in 4.3-pm pulse
energy with increasing value of T3. Slmilar results are obtained at a
discharge pressure of 40 Torr. Also shown in Fig. 7-4 is the pulse

. * .
energy predicted by the podel. The solid line was calculated by using

the measured discharge ‘temperatures and 1is in good agreement with
experiment. THe dashed line, whitch was calculated w1th fixed values of :
'T and Tl’ shows thaﬁ the pulse energ; contlnues‘ to increase’ linearly
with Ty if T ang Tl remain constant. Unfortunately, heating of the
combined Vy kv vibrational }mode ‘and  heating of the gas dreAﬂa\\
consequence of the increased dleeharge “excitation necessary to'maximizeA
Tq. The optimum discharge ‘conditions for -4. 3-um operation are clearly
those which max1mlze Ty while minimizing T and Tl' Such conditions can

be obtained, fﬁdependent of total pressure, by‘reducing\fae-coz content

e

]

of the dischaj gas mixture (see Fig. 3-7). However, this also reduces

tne number densify - of -COZ molecules and the stored laser energy\ The

‘trade off between these two factors is. shown in Fig._7—5. ‘The output

T

energy from thé~ 4.3-um osc1llator \was meaSured as . functionfof;CO

EN

N

2
contunt in the-gas mixture for a discharge pressurelof 60 Torr. THES\Q;\

> T e
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FIGURE 7-4

Heasured and calculated‘4 3~pm pulse energies as a function of Ty The

values of T and T, range from 328 and. 350 igf$at Tgy= 2080 K) to 390 and

420 K (at T —2900 K). See text for details of the. calculatlon.
) £

o
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FIGURE 7-5 o ‘

Measﬁred and calculated 4.3-um pulse energy as a function of CO2 content

of the discharge. See text for details of the calculation.
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= - ‘h. > .
‘ measured discharge temperatures Were used. as 1nput to the model, and as

0 ‘Fig. 7 -5 shows, very good agreement was obtained between calculation and-

experiment. In constrast, the upper curve in Fig 7-5 1s calculated for.

. E"E,
" T ~ . »
J/é' o o fixed discharge temperatures corresponding to the conditions measured
\,_,__,_,____\/q-'“._‘ B : . .
: . fer 1 % COZ‘ The difference between the two calculated curves clearly -
, .o < - illustrates the limitations in energy extraction which occur due to the .

decrease in T3 associated With increasing C02 content.. If this decrease -
in-'Tél could be avoided, optimum mixtures would contain >f5 ? 605.
However, the‘dsaturation of ‘T3 imposed by electron de—excitation in
self-sustained . di cn rges (see Sect. 2.3) results‘ in  maximum

experimental A.B‘um energy occurriag for a 002 content of 4%,

Another factor which Iimits. the energy ‘available from a 4,3- pm

laser is the presence of interfering absorptions in the 002 discharge.

These are discussed in‘thennekt section.

3

- ' . . . B .
7.4.2 Interfering Absorptions
The experimental results presented so far were. cbtained by’

operatingkthe 4.3-ym laser on the (1061—1000) P(26) line. Operation on

’

.. other 4. 3-um laser lines always produces lower output energy. The lower
',energy is primarlly a result of interfering absorptions which are caused
by the C02 in the discharge gas mixture. Every vibrational energy level-

of 002 has an associated absorgtion band in the 4.3-um region. In
L unexcited COZ only the lowest energy levels are Sigﬁiﬁiﬁfﬂfly_'
7 -y o2 _ .
, : populated. ~However, in diséharge excited CO2 many higher lying levels

become'pqpulated,uresultigg/’in many additionalrabsorption lines. Thi

effect is illustrated in the inset of Fig. 7-6, which shows:a tunable ,



b

-

FIGURE 7-6

Pressure dependenc_e of‘ measured and calculat'ed absd;’ption.cpefficients
for the P-(24) and P(26) 4;3-;um laser lines in a discharge. The
e_xberimental dis.(lzharge t:em'pe atures were approximately T=410 K, TL1=450
‘ K, and T3=2.700 K (the temperatures varied with pressur;aj. Details of".
the caiculation are given in the tg_xt. The inéet shows .a tur;able diode

laser s.cén of the region around %2_6) in a low pressure C0, gas mixture.

s e
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diode laser scan taken near the P(}ﬁ)‘é.S-um laéer line in both an;
unexcited low pressure gas mixture and ;n the presence of a CW
discharge. Note the three absorption lines whicﬁ.apﬁear as a réSul;'of
the discharge. The éituation‘ is similar in the pulsed 4,3-ym
oscillator, but the gas is at much higher pressure. As a cohéequen;e,
the absorption‘lineé become pressure broadgned and overlap nearby 4,3-um
laser lines. Small-signal aﬁsorption-coefficients have Been.meééuréd on
several- of ;the 4.3-um _laser'tlines.* Typical results are shown ;n
Fig. 7-6. . The. magnitude of ﬁhe‘overlapﬁing abédfption was cdlculated by

. %
considering 70 different bands in €O, in the 4.3-um region and assuming

i

the individual 1lines have a '°Voigt prdfile. The best available

spéctroscopic donst&nts'{78,143,162—164] and the theory of Sects.. 2.5
and 2.5 were’ used in the calculation, together with ghe measurgd
discharge temperatures (T, T;» and T3}, Figure 7-6 shows a comparison
of the measured and calculated absorét%yé coefficients. Tbere is good
agreemeﬁt ovef-a wide range of pressufe for both Pf26) (affected littie
by overlapﬁingv absorpﬁion)' and P{24) | (f}gnificant‘ overlépping
absorption); Alsé'shown in Fig. 7-6 is the absorption due to Fhe P(26)
laser transiéi&n alone. This absorption turns.into gaiﬁ‘ﬁn the presence
of a sequence pump pulse; the additiohal ab;orption shown in Fig. i—éris
due to overlap ffqg nearby linés. Since it is generally the Lérentzian ’
wf%gs of these ﬁearby lines which overlap the laser tranéitions, the

absorption tends to be nonsaturable, and increases as the square of the’

¥ The absorption coefficients at 4.3 um were measursd using the
apparatus and procedure  described in Chapt. 5 for small-signal gain
measurements, except that the discharge-excited €0, gas mixture was not
optically pumped by a sequence pulse. )

P
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.. Fig. 7-7 is the pulse energy - pqeqicted by the model, including a
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discharge passsure. As a result, the output coupling. for 4.3-pm lasers
must be very large'(~90 Z) te minimize losses to this nonsaturable
absorption, and the total discharge pressure cannot be increased much

above 100 Torr without a significant los® of refficiency.

‘The reduction in 4.3-ym gutput energy with increased overlapping

By . . .
absorption was investigated experimentally. Output energy was measured

. on'botﬁ_the B(24) and P(26) 4.3-ym lines .as a function of sequence pump

energy. at a- discharge pressure of 80 Torr. Both lines were directly
-pumped, using the 10.4-um P§23) ‘and P(25)2 transitions, regpecgively.
Thg results are ploéteé in Fig. 7-7.  aThg. P(24) . pulse eﬁé%gies are
significaqtly smaller ;han \QESfe measured for P(26) becéuse P(24)
sufferé from a much 1arggr _6ver1appiﬁé aBsorption. . Also' shown in

d

calculation for P(26) where ﬁhe‘oveylépping absorption a has—been. set

>equa1'to zero. The, differenéer between tﬁis célculation-and that which

uses the cqrreét overlép indicates that ~20 % of the 4.3—um\photods are

lost to the absorption, even though & is very small (0.18 %/cm) compared

with- the small-signal gain (~10 %/cm). This result is in agreement with

calculations describing a similar®situation in excimer lasers [165].

The method that has beén uséd to éalchiate-thé‘loss of enérgyfto

! ' .
the overlapping absopption is as follows. The rate—equatiocn model is a

point model, i.e., ff assumes thét "éhe 4.3-ym iptersity and igain
satu;ation are uniform;tﬁro;ghout &he' discha}ge. ®Hence,” it has been
as§umed ,tHa#- the 4.3;um phoécn creaéion ﬁer*unit volume ié-uniform
thféughoué the discharge. This uﬁiformkdistrifution of photons then

~

exits at one end of the cavity in the presence of = . donsatuyable

-
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FIGURE 7-7
-

Measured and calculated 4.3—um pulse energy on the P(24) and P(26) lines
as a function of the sequence puﬁp eﬁergy. The Hgifharge temperatures
are T=390 K, T,=420 K, and T3=2900 K. The large difference in output

energy between P(24) and P{26) is ‘due to the difference in overlapping’

abscrption a.
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absotption « in the discharge. The fraction of phetons which are not
absorbed, and thus give useful output, is given by:
(1-R) [l-exp(~2a2)]

n = ; , . o ' (7-9)
2al {l—R exp(~2ag)] _ v :

: ! , o
where g 1is fhe discharge length. This equation is derived in Appendix
p .

C. The output'ppLse‘enepgy from pﬁe nodel is obtained by integrating
the 4.3-um stimulated emission term 046494c of Eq. (7-8) over time, and

multlplying by n and hu3. This manner of calculating pulse energy gives

/ .
good agreement with experiment, as shown in Fig. 7-7, for both P(26) and.

P(24).¥ (In Chapt. 4, a simpler method was used to aecount for hot cell

losses in the sequence laser cavity {see Eq. (4~12)). In that czge, the

-

6utput coupling loss per pass was small and it could be treated as a

uniformly distributed loss over the cavity length. In contrast, the

output coupling 1s generally large in 4.3—um lasers (~90 %). Thus;,ther

output coupling loss cannot, be considered. as a uniformly distributed

o

loss, and Eq. (7-9) must be used to calculate the enefgy extraction

“

efficiency.)
To determine the optimum -value of - output:coupling for the 4. 3—um

Bl
laser, the variation in“pulse -energy with cavity reflectivity was

measured. The results for the P(24) and P(26) lines (both directly

S : \ .
pumped) are shown in Fig. 7-8. The discharge was operated with a
. oper .

s

* The small-signal value of the " overlapping absorption -on P(24)
cannot be considered nonsaturable because one of the overlapping lines
has a' very small frequency offset from P(24). Cadulations indicate
that the saturated value of the overlapplng absorpti ranges from a
minimum of 1.2 %/cm to -the unsaturated value of 3.1 Z/cm, and the
appropriate values have been used in the calculatlons of Fig. 7-7.



FIGURE 7-8

Measured and calculated A;B—um Pulse energy as a function of cavity
e .
reflectivity, The'calculated energies are scaled by 0.87 ro agree with
.the measured P(25)«energy at a reflectlvlty of R=0.07. The overlapping&
absorption values used in the calculation for P{(24) and P(26) wer q~;2

%Z/cm and 0.18 Zlem, reSpectively. The discharge temperatures afe given

in the caption to Fig. 7-7.
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3% COy: 10% Ny: 87% He'géé mixtu?e at 80 Torr, and a éequénce pump

energy of 250 mJ/cmzﬂ was used. fhe'measured pulse energiﬁs represent
the total output from both ends: of the 4.3-im oscillator.¥ ‘Du‘e% the
¥ high vé;in of the 4.3-um system (see ,Chapt. 5);- lasing was easily
obtained with a very low-reflectivity ¢ vi?y consisting of two uncoated
Na?l ﬁlats.ﬁgA slight increa;é ip output - energy was“obtained'by using

the cavity configuration>of Fig. 7-2, i.e., one .dichroic éirrﬁf‘and one

NaCl flat. Further increases in cavity feflectivity significantly

" nonsaturable . absorption i i rge. As the reflectivifk

increases, the average time spent by a in the cavity increases

The variation of output ené}gy with cavi reflectivity is reasonably

/and P(26); which have very

This agreement provides
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further validation of the energy extraction formula given by €q. (7-9).

. -

The optimum output coupling is ~90 % in both cases (i.e., R=0.1). The
experimental value of output coupling which is closest to optimum

' . Al
corresponds to the dichroic-mirror/NaCl-flat cavity. ‘This cavity
. - . 1] .
configuration was therefore 'used for all other measurements.
. ) ] N , N \ -
The performance of a line-tunahle 4.3-um laser is " strongly

affected by overlappingengorpt§;;§T' However, the available pump energy

¥

* A1l of the pulse energy measurements presented in this chapter <
represent the total output from both ends of the cavity. However, fof/’—
© ; the dichroic-mirror/NaCl-flat cavity of Fig. 7=2, 95 % of the output
/ energy is transmitted by the NaCl flat. . - .
. o
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and gain of the pump transition (relative to the peak of the rotational
distribution) are also importanﬁ, The highestr 4.3-um pulse energy has

been obtained on the P(26) (10°1-10°0) “line, both in this 'si dy and by
w5 v

others [6,7,11], primarily due to the small overlapping absorption‘on.

P(26); By expanding the sequence pump pulse to £ill the aperture of the

4.3-ym oscillater, P(26) pulse energies of ~15 mJ were obfained with a

4% €0,: 10% Ny: 86% He gas mixture at 60 Torr. Figure 7-9 shows the-

4.3-um pulse energy measured om P(26) as a function of sequence pump

-y

. energy from both the full ‘aperture and from only the central 6 cm?,

Model calculations, afe in g vag%eément with theruIseAenergies
ﬁeasurgd %rom the " central 6 cmz; ‘where the discharge excitation,
sequenée intenéfty,-and 4.3-um Intensity are reasonably unifbfm. The . -
4.3-ym pulse shape‘.from the ‘full a;efﬁure is shown in fhe insef
ostilloscope photograph of Fig, 7-2.% T inﬁesfiggte lite tuna&ility;
the 4.3—um'os§illator was tuned through seéerai liﬁes 'inL both 4.3—um,
bands (i.e., tﬁgk(lpol—lOOO)' band ;nd the (0201;6200) band) by gréting
tuniné-the pump laser.¥¥ Outpﬁt‘ energies were measured and the results

are presented iﬁ‘Tabléé- 7-1 and 7-2. Since the 4.3-um oscillator was

" not grating tuned, laser acfion occurred on the: directly-pumped Iiine

. p o . -

¥ The 4.3~ym pulse of Fig. 7-2 ,i§_ of - longer duration than that
shown in Fig. 7-3 “Ybecause of nonuniformities in the excitation and
optical pumping‘ﬁ?\&ii full discharge aperture. This in turn causes a
variation in the iming of 4.3-pym- emission over the area of the
aperture, and hence an apparent léngthening of the pulse, )

Lo # The pump laser was. tuned through only the P bfggchés of ‘the 9.4~

and 10.4-ym sequence bands, because all P- and R-branch 4.3-pm lines can
be directly pumped in this manner. In addition, the higher_?—branch
sequence gain (relative' te the R branch) in both the pump laser
discharge and the 4.3-um discharge is beneficial toqaggformance.

f‘f"\\\-

-
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W FIGURE 7-9

o, =

. : Y . ' . 1
Measured pulse energy on the P(26) line from the full-apertufé 4.3-ﬁm

oscillator as a function of sequence pump -energy. The measured output

from the central 6 cm? of the
T -

with the rate-equation model.

o ‘8 p
apertur%’}s‘also shown, gnd &S compared
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S © TABLE 741 L N

Measured pulse energy on 4.3-um. 14 lines of the 10.4-um pumped,

(10°1-109Q0) band. The 40 and 60”?orr gas mixtures contained 5 and 4 %

*

Coggyégpectively, with 10 Z Ny and the - balance He.

'

: ’ C o lat d. » S
10.4-ym Pump 4, 37pm Output Calculate ' Measured 4.3-im
‘ Overlapping N y
: . - . A 21) €.
Line E?ergy a) Line Frequeﬁfy b) Absorption (z/cmff,.Energy‘(mJ)- .
(wJ/cm?) (em™)

40 -Torr 60 Torr 40 Torr 60 Tor

v

P(13) 140 ©  P(14) 2315.10525 0?2?‘-;* .10 0.1.

R(12) 23@6.17322 ' 0.28 0.44 < 0.3
P(15) 150 P(16) 2313.36384 0.36 . 0.59 S 2.7 .. 2.4
. - . / }
P(17)} 150 . P(18) 2311,59761 1.42 1.66 : 2.3
BN R(16) 2338.9059 0.30 . 0.44 1.5
P(19) 140 "P(20) 2309.80658 0.44 0.70 9.0 8.3
P21) 130 R(22) 2307.99077 - 0.46 | 0.5  ~ 7.3
- R(20) 2341.53792 ° 0.08  0.14 2.0
CP(23) 130 P(24) 2306.15022 1.56 2.55 5.7 4.8
P(25) 125 P(26) 2304.28494 0.07  0.13 12.0 5.0
P(27).- 80 P(z§)JGg3oz.39497 0.05 0.09 7.6
R(26) 2345.29668 0.13 0.25 - 1.5
P(29) 75 R(28) 2346.49907 " 0.07 0.12 2.8 _
P(31) 55 R(30) 2347.67616 - 0.57 0.89 . 0.1
_ : _ ' LN -
'a)_ Measured over the central l.cm2 of the é;hht~Aperture to the 4.3-um
oscillator. ’ P

c¢) Uncertainty in the measureﬁénts-is + 10 %

b) Ref. [143]. i : . (:_-”
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TABLE 7-2
ZABLE 172

Measured pulse '"energy on 4.3-um laser lines of the 9.4-—;1:11 pm

(02°1-02°0) band. The gas mixture contained 5% CO,: 10%Z N,: BS5% He.
. ‘ 2 - 2' . ’

s

9,4=ym Pump 4,3-um Output + " Calculated Me'asured 4.3=-um
: Overlapping - )
- Energy a) Frequency b) Absorption (%/cm)  Energy (mJ) ©
Line . 2 Line ) . .
(mJ/cn®) (em™). 40 Torij- 40 Torr
P(15) 40 P(16) 21@.22514 0.16 . 1.0
r(1® 70 P(18) 2317.46766 0.29 2.0
P(19) 70 P(20) 2310.68662 0.12 - 3.4
P(21) 70 P(22) 2308.88203 0.32 . 1.8
R(20) 2342.45100. 0.27 0.2
’ A - .
P(23) 75 P(24) 2307.05393 1.32 1.0
P(25) 55 P(26) 2305.20235 0.20 - 3.0
" P(27) 45 P(28) 2303.32730 D.44 1.5
CP(29) 40 P(30) "2301.42883 . 0.24 ‘ 2.2
(2 0 e
P(31) 40 P(32) 2299.50696 .  0.12 2.5
JB) 50 r'/\P(34) 2297.56171 " 0.58 o 0.5
, R(32) 7349.83920 0.18 0.1
P(35) 60 P(36) 2295.59311 0.23 1.5,
P(37) &0 P(38) 2293.60119

10.48 0.7

a) Measured over the central 1 cm® of the input aperture to the 4.3=-im

oscillator.

b) Ref.

f143].

. : ’ :
c) Untertainty in the ‘measurements is * 10 7\3
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with the Highest net gain. 'This was generally a P-branch line, although
. _ N
in some cases both a P-branch and an R~branch line, or only an R-branch

\ . .
line would lase.@’(Note that for every sequence pump line, there is a

== L
directly-pumped P-branch and R-branch 4.3-um line,) The 4.3-um lines

.

were identified with a 0.5-m spectromgtexr, which was - also used to

determine the ratioc of energy between two lines lasing éimultaneously‘

For most. lines, the . aptimum discharge pressure -was 40 Torr with a

5% C025 10% N,: 85% He gas mixture. Laser action was observed on 28.

+ 4.3-ym lines in all. The pulse energies measured in the (02°1-02°0)

4.3-ym band were generally .low because the 9.4-pm pump pulses had
relatively slow risetimes and low energies, and t ful apertdre of the

4.3=ym oscillator ébuld not - be efficiently pumped. Improvements in
: . . i

these areas would lead - toe -improved 4.3-um pulse energies, and a’
' o

gratingjzgggd 4.3-um oscillator would result in lasing on wmany
A .

additional lipes.

-

7.5 Scalability to Higher Pulse Ener

Increasing the pulse energy * the 4.3-um €O, er cannot be
achieved by simﬁly increasing the CO2 content and.the operating pressure
of the discharge. fhe reasons fof thia?have_been discussed above, i.e.,
the 10°1 lifétime is sﬁortened, Ty is reduced, and thé\loverlapping
absorptions éncrease. As a result, optimum perférmance ié oﬁ;ained with
a gés mixture of ‘AZ€C02: 10% Ny: 86% He #t 60 gf; It ha;‘also been
found_thét the 4.3-um pul:? energy tannot be ingreased significantly byl

l‘\an'n:'t‘aasing‘ the optical pump energy. The cutput energy onﬁP(ZG) was

measured as a function of sequence‘pumpJenergy for the optimum discﬁarge
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A

conditions. The pump beam was focussed t¢ provide high pumﬁ energy

.

densities and the 4.3-um  output from only .the central 1 cm2 was
. . - . E
measured. The results are shown in Fig. 7-10. Also shown ig the

calculated output energy, which 1is in ‘excellent agreement with

experiment: Note that the output emergy saturates with increasing pump

energy. This result is commod to all -discharge operating conditions

(see Figs. f;7 and 7-9). Clearly, increased puise energies can only be
obtained by expa!dlng the pump beam to £ill a large dlscharge aperture.
The results of Figs, 7-9 and’ 7 -10 show that 4.,3~unm pulse energleg of
~1.2 mJ/%m can be obtained from 30-—mJ/cm2 Rump pulses, giviﬁg a
canersion efficiency . of 4lZ. Medsurements usin& the full auerture of
the 4.3-pm, oscillator - indicate that the output -energy lscéles
approximately linearly with aperture size (see Fig., 7 9) By using 3-J

pump pulses, which can readily be obtained on the P(25) sequence line

(see Flg. 4-10), a 10 x 10 cm2 ,discharge aperture could be pumped to

obtain 4.3-pum pulse energles of ~100 mJ. The dlscharoe length coyld be

1ncreased without u31ng additional pump energy because the pump pulse is

: Eﬂﬂlififg in the discharge. However, the maximunm discharge léngth is

limited by the overlapping absorption to approximately one absorption -

r

dength (i.e., 1/u) for efficient operation (see Eq. (7=9)1.,

In Fig. 7-11, an atteTPt has been made to summarize the

- performance characteristics of the 4.3~um laser. Two Tepresentative

- discharge lengths (1 m and 3 m) are chosen, and the 4.3—um>pulse energy

and pulse duration are plotted as a function of total discharge’

pressure. At each pressure, the gas mixture and cavity reflectivity are
B }
optimized (representative values are shown). = The sequence pump pulse



a5

FIGURE 7~10

‘Measured and calculatéd pulse ‘energy omn the  P(26) 4.3-mm line as a

function of the sequénce pump energy. Output from the central 1 em? of

— .
the aperture was measured. The discharge Temperatures-are given in the

captionfto Fig. 7-1.

i
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FIGURE 7-%¥1
. . * L
\ o

-
Calculated pulse energy on the P(26) 4.3-um line as a function of
discharge pressure for discharge lengths of 1 m and 3 m. At each
pressure, the discharge conditions are optimized and the pump pulse

duration (FWHM) is set equal to the 10°l lifetime. See text for further

details. : . ®
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input te the calculation has a FWHM equal to the 10°1 lifetime, and
- sufficient energy to generate 75% of the saturated 4.3-um output energy
(see Fig._7—16)ﬂ Typical 4.3—um pulses oave a FWHM equal to o;;—half of
the .pump pulse FWHM. . ' " : : ' //
" Under. the optimum conditions illuStrated in Fig. 7-11, a 3
discharge has a conversion effrciencyr of 3572 at 30 Torr. This
D ‘efficiency drops to 17% at 85 Torr, but ‘a 4, 3—um pulse energy of 5
| mJ/cm? is obtained for an input pulse energy of 30- mJ/em2. Thus a 10 cm

x 10 cm aperture will glve a 500-mJ output pulse from a 3-J irput pulse.

Further 1ncreases in discharge .,pressure result in reduced performance‘

for all discharge lengths, and require very short and intense sequence

‘pump. pulses. This' prediction is in agreement with the exberimental

observations of Bertel et al. [1ll] who found that 4.3—pmllasin§)beased
at discharge pressures greater than 400 Torr. However, in Ref {11] the

—

poor performance at hlgh pressure was attributed only to' the risetime of
the sequence pump pulse being too slow for the high pressure conditions.
In contrast the present' results show that overlapping absorptions are
largely responsible ‘for the reduced output energy and efficiency at high
pressure. - Thus, discharge operation at high pressure does not appear
'very promising even if very short and intense sequence pump pulses are

-
utilized. ‘ o

- P\ ) . .
7.6 Simplified Cavity Desi ~

ign

N Py N
The experimental arrangement for the 4.3-um laser described in

this chapter consists of a separate pump laser and 4.3-um oscillator, as

shown 1in Fig. 7-2. This dis the most convenient -setup for making



. _ 198

parametric studies of the 4.3-uym oscillator and for comparisions with
calculations. However, more compact cavity configurations arg possible
in which the sequence and 4.3-um cavities are '‘combined [12,166]. A

combined cavity suitable for pulsed discharge operation has been

~

constructed' [139] and described in'thié section. The ca ity operateg
with -bothv the éé—cm TEA discharge and the 88-cn 1low pregsure TE
discharge to produce'LO—mJ 4.3-um pulses, or with only the low pressure
d%sdbarge to produce l-mJ pulses in a cascade mode.

A cavity arfangemént which combines the sequence and 4.3-um

. . ]

oscillator in the same optical resonator is shown in Fig.\?-iZ. Gain ét
4.3-um is created';n #he 88-cm 1long low pressure - dischafge. This

discharge is common to both the sequence and 4.3-um cav%;ies. ~The

sequence cavity, also contains the &44-cm long TEA' discharge, and the

A

‘\\q6079m long hot CUZ cell described in Sect. 5.3. The dichroic mirraf is’

required to separate the 4.3-un osciilator from the hot cell and TEA
discharge (where large 4.5—um absorptions =re present). The low
. { .

pressure TE discharge fires first, makingrlhe sequence laser-a hybrid
laser and thus enéuring a good lipewidth match between the pump
radiation and the 1;w ﬁressure discharge. 'The 'maih sg&gence“energy is
provided by the TEA‘diséharge, and the intraéavity csnfigurgtion_resultS'
in very high sequence pumping intensities.

‘ , ?
either an SF6 Q-switching cell or a rotatirg mirror Q-switch to hold off

It was necessary to ‘insert

largd, was firea,

sSequence oscillation until the at%osphéric pressure”dis

cell and the
. : - ; N

rotating mirror restricted the aperture of the resonator.to the central

feu cm?,

and teo ensure a fast rising sequence pulse. Both the §

/



\

FIGURE 7-12 - -

Schematic diagram of a éimplified‘ﬁavity arrangement- for the 4.3-um Co, ..
laser. Two alt'ernative Q—sw‘i&tching teéhni—ques are indicated: The 12-cnm
long S‘E‘f> cell contains ~1 Torr pure SFg, while the rotating migror spins ‘

at ~100 Hz. \
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The two Q-switchiqg}techniques gavew very simllar results in the '

combined cavity configuration. The sequenc r was tuned-to thir// -
- . . ”
" 10.4-um P(25) line resulting in 4.3-um operation on theNJ(26) line, and
. w N : . w{//
the optimunm 4,%:pm gas mixture of 4% Co,: 107 NZ:"86Z He at 60 Torr.-wis
" -

4 - 1

used. Both the'SF6 celi and ;hé’ﬁrotating mirror configuration produced

4.3~um pulses of »2 mJYEﬁZ from the central few cm? of the discharge.

- Maximum pulse energy was ~ld?;J in each case, but would have undouhtedly

_increased to 15 - 20 mJ if the full discharge aperture , was . urilize

The SF6 ~cell  had the™ advantage of simplicity as electronic’
. N ' - - ) . * T

Vd N
- synchronization with the discharpe was not required. However, the

-,

rotating mirror gave slightly bettgr pulsefto—pu}se stability. The

energy ‘extraction results for the cémbined cavity; (22,mJ/cm%) are in
.agreément with the opéidum ‘4.3—um energles éxtracted frém the separate
cavify configu;ation‘(see Fig: 7;10). A " further increése in energyl
Jf\\ﬂextraction 'is anticipated with the: usé of a dichroic ;irror having -
. , _ ‘ -

. \_-—_\‘ E‘-
greater 10.4—ym transmission.¥

: - .
As a final step in simplifying the production of 4.3-um photons, '
R . . . . ' Y ’ . N
the TEA discharge was _removed from the cavity shown in Fig. 7-12. 1In ~
. i N

its simiiﬁgj'form the cavity now coasists- of a single low pressure TE

discharge, a hot - cell, and an SF¢ or rotating Mirror'Q—switch. The g
, . ‘. ) \

.rotating mirror produced 4.3-ym energies of ~I mJ/pulse, while operation

with the SF6 cell gave ‘erratic output energites of ~0.3 mJ/pulse. The

reduction of 4.3-ym energy occurs because the intracavity sequence
7 : ' ‘

intensity is'now much lower, but this simple cascade laser systemsz:j,
. L s

+ : - . .. >
" Removal of the present dichxoic mirror increases the ihtracavity
sequence intensity by a factor of four. 'J\
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: Oy
* find application where 4.3-um’' pulses aof only moderate energy are

required. '

' 7.7 Feasibility of 4.5-ym Lasing in N,0 _ -f

The pumping gtcheme described in this thesis for producing 4. 31

lasing in o has been used with isotop? 13CO2 to obtain 4.4—km 1asing

[166,167]. The potential also  exists for . obtaining diﬁferent

wavelengths by using other molecules, which haue the appropriate energy .
‘level structure. As discussed in Chapt. 3, 20 has energlk levels and
‘laser tran51ti:hs similar to co,, 1nc1uding a regular (0001 10°0) and

sequence (00°92-] 0°1) laser band centered at 10.7—Um. The possibility

exists for 4.5-um lasing on the (10°l—10°0) band of de by‘opticaliy

pumping discharge exelited N20 with a sequence pulse. An attempt to

produce 4. S—um lasing in NZO is described in this section. The.results

"

of the experiment were negatiye, i.e.,’ 4.5—Um .output was not observed.

It is shown that several - characteristics- of .the N20 system are

1
. -

respon51ble for the absence of -4. 5-um 1351ng.
The apparatus described in Sect. 7.3 was used'for_the 4, 5~um N,0

Efxperiment.”nﬂowever, the 'pump laser was not operated‘on the sequence

g
band of N,O. Instead it was operated on the 10 4~um P(42) "regular band

transition of]’ COZ' P(éZ)//i"‘bffset from the P(16) sequence transition.

3 M -
of N20 by only 40 MHz [92] and thus simulates .an® N,0 sequence pump line.

A a
This 1s a, convenient c01nc1dence, because the performance of sequence
| " 20 1asers is Very poor, and- the avallable output energies {97] are teor\\_/)
- A 0 ‘l -
'low to be useful in the present experlment. Figure 7 13 is a simplified =~

;Jr ' -,

energy Jlevel diagram of NZO sh6wing the pump and A 5 =um transiﬁéons.

. . - . . ~ T
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The P(42) pumprpulse,.of ~2 J/em? energy, directly pumps the P(17) and
R(lS) A.5yum N,0 lines. Falcula;ions .using the theory of Regf [95]
indicate that the overlapping absontion is minimal on both of these
li;es at p;essureé ;ess tban 100 Por.

The 4.5-um oscillator consisted of a totally reflecting Cu
mirror with a JS5-m radius of cupvature, and a dichroic mirror. The
“dichroic mirror actiﬁ aSQQQ input coupler for the pump radiatioﬁ, and a
high—reflectiyity output coﬁpler‘For'the 4.5-um cavity. A dichroic beam
splitter and a GF:Aﬁ detector were used to monitor the output from the
4.5-pm cavity. ‘Tﬁe discharge in the 4.5-pm oscillator was operated over
a range of‘pressures frqm 20 te 80 Torr, with various gés mixtures
cdntain;ng up to 3% N,0. The gas mixture also coﬁtained ISZﬁNz and the

balance He. In  each case, the discharge excitation was optimizéd as

'
+

1
described in Chapt. 3.
—

® . Laser oscillation at A.S—ﬁm could not be obtained under any

circumstances. The reasons for this result are best illustrated by

comparing the N,0 and , CO systems. Recall the comparison of T, values™
2.3/2 3

in N,0 and COy wh ch was made in Sect. 3.4. For a gas mixture

containing 3 % N,0 the md%imum attainab T4 value is™®H00 K, compared
2 shes A 3

with 292? K for C02.‘ The influence of Ty on gain and energi‘extraction

o
in the 4.3-um COZ laser i1is 1llustrated in Figs. 5-

A
respectively. Both of these figures show that at the low values of T3
- . » ﬁ/ %

typically found in discharge excited N,0 (1600 K 'to 2000 K), 4.3-pm gain
[ j ’
and output energy are very low. The same low owlBut could be expected
L 4 \

from a 4.5~ym N20 laser, 1f all other parameters"were equal; However,

‘ 1 . ‘ .
thaﬁﬁzqwsystem has several additiohalgﬁisadvantaggs other than low T,.
PR .

) ; . i‘ a‘ . \

Lan S8

©and  7-4 7

BN
u
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h N 1]
The A.S-Um,transitioﬁrdipole moment is only 0.25 Debye in N,0 [95],

compared to 0.32 Debye imr 002 at 4.3-um [78]. 'NZO readily dissociates

in an electrical discharge; for the gas mixtures used in the present

'study, it is estimated that 15 to 25 % of the N,0 dissociates [95]. - The

L

relaxation of the 10°1 level of N,0 by near-resonant collisions with N,0

molecules is slightly slower than the analogglis process in CO2 [9], and
is thus favourable for 4.5-um operation. /However, N20(109l) is more
rapidly de~excited by colf?sions with Ar than is C02(1091) [9), which
suggests. that N2 and He are also more effective in _de—exciting
NZO(IOOI). When allsof these factors are considered, espe?ially the Io?l
value of T4, it is not surprising that 4.5-Um lasing was not obtained.

Yany of the factors describgd above are ' also responstble for the poor

performance of sequence NZO'lasers. The energy extraction from sequence

N,0 ldsers is only 0.05 J/Z+atm [97], while 5.9 J/fL:atw can be obtained
.  J - . .
from COi sequence 1asers (see Chépt. 4). Since many of tbe same factors

optimize sequence and 4.3/4.5-um operation (esp®ially high T3), Eye

£3

(’\Eomparisoh'of sequence operatign gives an indication of the &ompargtive

performdrice to be expected of

o

- 3-um C02 and 4.5~um NZO lasers.

- St .
The present experiment should not be interpreted as definitive
proof that 4.5-im-lasing in N20 is- unattainable. Howeéer, it" is clear

that a 4.5-um N20 laser cannot 'be"e§pected to perform as well as a

- 2 . . Co
3 4.3~um CO2 laser. If 4.5~um lasing were to be obtaiq?d in 0, the
. x, ""'E

output energy and effiedency would be .extremely low, chiefly because”of

the low value of Tj. : T -

. ‘ ™ . L »

L]
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7.8 Summqu

In this chapter, a- detailed study of the energy output

characteristics of the pulsed 4.3-um C02' laser s described. A

rate-~equation model of the laser. _is  presented and validated by

comparison with experimental measurements vaer a wide range  of
J- o

= . .
conditions. The factofs which dominate the operation of the laser are

described. ' In particular, the shor lifetime of the 4.3-um upper laser’

. ' L} . .
level, the dég}ee of discharge excitation, and the presence of
interfering absorptions result in an optimum discharge gas mixture of

4% €0,: 107 No: 86%Z He at 60 Torr in the 4.3-um oscillator. The maximum

measured 4.3-um output enérgy is . 15 -mJ/puise,’ and the experimental

—

reshits'shoy that scalability ‘ﬁé _several hundred Zgg/pulse ;éah .ﬁé
obtained by using a large4aperture di%chgfge. Witﬁ theupregent laser,
;uﬂability over 28 lines from '4;26 to 4.35 um is demoﬂstrated. THis
4-3—um CO2'1aser provides a powerful source of coherent radiation in a

wavelength region of interest for laser photochemistry, optical pumping,

"and atmospheric monitoring. _—

A

In addition- to .the detailed 4.3-um CO2 laser study, the

feasibility of makigg a ‘435—pm _sz laser .is briefly exaﬁined. Laser

oscillation could not’ be obtai@ed at 4.5 ko, and the Nzo system is not ___‘~\73
b . .

n

s . “ .
very promising in comparison with the 4.3~um CO2 laser.

. *
. |
- | ef/\

23R




CHAPTER 8

CONCLUSIONS

In this.chapter, the iQFortant results and conclusions of this

thesis are summarized. An overview of the study of 4.3-ym CO2 laser

dynamics is given, and the major results -of each chapter and their

. overall significance are discggsed. Finélly, applications for 4.3-uﬁ
o

CO2 lasers are described.

The aim of this work is to provide quantitative data regarding

" the opération df the 4.3-pm 002‘ laser, so that the pulse‘energy can be
maximized and scélability to higﬁer ~energy accurately predicted. This
. g : ’
task is accomplished thiough an extensive éxperimgntal and theoretical "~
study of 4.3—ym small:%ignaltgain and energy extraction. The results of‘_
this studflhave led 4o'a,better unde%standipg of the processes involved
F—

laser. Ih\iippoft of the detailed study of é@3‘pm laser dynamics, it %

- in 4.5-um lasing and significant,improvement in EEE\?erformance of the .
was necessary to measure flany characteristics of dlschargettxcifed Co,,
such as mode temperatures, degree of excitation, collision~broadened
. . Vs a
linewidths,'and overlapping gain and absorption. esa measurements

P .

_,/; provided accurate fnput data for use- in computer modeling of the 4. 3-um

dynamlcs. In addition, a high power sequente band C02
v .
designed and built to optically pump the 4.3-im laser. ma jor

results and conclusions®of each chapter are discussed in greater ﬁ%tail

below,

- ' - 206 -
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L—Chapter 3 describes in detail the chéracterizatiqn of discharge

exciéed COZ in terms of the temperatures T, T and Ts. Tq determine
th;se temperatures accurately: froézsmall‘signal gain measu;eméhts made
in the 9.4~ and 10.4-um bands, a detéiled knowledée of\gain overlaps an&T
collis;on—broadened linewidths is necessgr}. Therefore, gain
measuremgnt; Qeré made on ovér 150 lines and the results were used to
verify Qii::}ated gain co?fficients._ It was found that the majority of

the lines in qigh pressure C02 lasers possess. significant additional

gain due to overlaps, confirming prévious calculations [110). Im

. addition to,gain overlap, the J dependence’ of the collisicn-broadened

linewidth was found to influence the- determination of ‘rotational

temperature T. Since no reliable experimental data was available for

C02 Iinewidths in He-dominated laser gas mixtures, measurements were

A}

made using a novel experimental technique. 'The téchnidue utilized.
l}nécenter and offset probe lasers ECW COZ‘and N50 lasefs, respectively)
tsﬂmeasure gain ratios; linewidth was accurately deduced by assumipg a
Lérentzian lineshépe. In this manner, the linewidths of nine
transitions from P(2) to P{46) in the 1oﬁa-um bind were determined.
These linewidth measgﬁements’are the first. ﬁo. be made {in a TE 002

discharge, and represent the most accurate and extensive measurements

available for He—brbadened €0, linewidths as”a function of temperature:

it -

and rotational quantum number.

. ‘ . } i . .
¥ A high value of Ty in a €Oy “laser discharge significantlye

' improves tﬁé performanée.of the laser, particularly a sequence or 4.3-um
__laser. In Siapbv-B, it is shown that T3 is maximized by minimizing E/N

‘and maximizing input energy'to the diseharge. The variétion of T3'wi:h

i
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. ®gBas mixture is alsp 1investigated. Régardless of the‘type of discharge
excitation (pulsed or CW) and independent of pressyge, hféher‘values of .
Ty ;re always - obtained? with low C02. SOntent gas mixtures. This
imporﬁant-fesulc has Seen observ?d p?gﬂiously'[45,46], and is due‘to the
effects of electron de-excitation [41,42]. The results rQ; Chapt. 3
concerning discharge characterization and optimization are im%ortant to
the study of A:B—um laser dynamics and also. to many other aréas_of C02

- laser research. ' |
Chapter 4 concerns the development of a high powef TEA seqdencq
Jdaser. The results show that‘ thg hot cell technique is aﬁﬁgfficient
'méans of produéing;TEA-éequence lasing, contrary to the conclusiqgs of
Ref. [1221. Howe;er," proper cavity design is eéséntiéi and the.
1R . importance of factors such as hot cell Ioss and degree of discharge
] exciﬁatio; are'diggusséd. Sequence output eﬁergies as high.asr6 J/pulse
are_obéerved from an 88-cm long by 11-cm? aberture discharge module, gnd‘
;mi;siqn from a grating-tuned cavity includes 54 sequence lines, of

. N
which 30 have

energies > 2 J/pulse. fhis& sequence laser no; oﬁ?§
\%rovides a powerful pump source for 4.3-um C02 lasers, but is also ideal
for many 6thgijapplicatioﬁs as discus#ed in Sect.\ﬁ.G.

In hapt.‘S,j a defailed. experimental and theoretic;l study of
the gain dypamics of the 4,3-um CO2 laser’ 15' presented. The measured

gain coeffieients are,typigally'of the order of 10 %/cm, but the gain is

generally shtort lived (a few hundred ns). A single sequence line

. ‘ 2om
‘:produces gaih on many rotational-vibrational transitions of  the

-

(10°1—100b)_ 4 0\3—pm band, enabling line-tunalle operation. The”

rate~equation moc which is described in Chapt, S-usgs ne variable
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parameters, and ~ is validated by comparison with experimental fésultsig
over a wide range of operating conditions. The parameﬁers which most

#

signifiiijtly influence the gain ave identified. Discharge excitation
. 4

)

is most\important, with high values of T3 belng necessary to obtain the
maximum gain.oq The requiremenf for - high T3 dictates the use of
relatively low C02 content éas mixtures. In addition, the fast
coilisional;de-efcitation' of C02(lO°1) and, the presence of overlapping

absorptions requiges the use of low dischégle preésures and low CO2

-

contents.. A ma§ mum small-signal gain of 14 Z?cm is obtained with

dfécharge\conditions of 40 Torr -and 7.5 % COZ’ whereas thé stored laser

, . ) .
energy is maximized at 80 Torr and 5 % COZ. The 4.3-uym gain does not

ihcreése signifi&antly with gu%% power once Ehe pump Intensity reaches a
certainygaturation value (100 kW/cm?  at 40 Torr), suggesting Ege use of
an ‘eranded pump beanm and large-aperture 4.3-ym discharge for best
efficiency. ' B

The only significant discrepancy between Jthe 4.3-=um small-signal

"

gain model and experiment is the overestimation” by the model of the péa

gain on directly-pumped 4.3-pm lines. IFIn Chapt. 6, it dis shown that
. - ’ .. .
this discrepancy 1is a consequence of the dynamic Stark effect. The*’

intense sequence pump radiation splits the #%3-um line and reduces the

gain (or’absofption) a;-the line center. Dynamié' Stark splitting was
. “' 3 i ' '
observed, without the’ obscuring‘\effects of population transfer by

measuring 4.3-um small-signal absorption in an unexcited CO2 gas(;:;:::;ﬁ

b
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Q . .
measurements. This factor was wused in a modified version of the rate-~
¢

'equatlon model and better ‘agreement between measured %ﬂd cal ulated

4 3- ym  gain coefflcients was obtain{é;’ The results of Chi

demonstrate the impertance of including coherent effects in
considerations of dlrectly—pumped tranSLtions, and *fthe same theoretlcal
treatmeet can be applied to.other optlcally pumped pulsed laser systems.

A detailed study of energy extraction from a 4.3-um oscillator

is presented in Chapt. 7. The rate-equation model which was validated
3 ? .
in Chapt. 5 by comparviscon with galn measurements istused in Chapt. Z to

»
.

‘ . . ' i ‘ ‘ ”
calculate 4,3—um pulse energies. Good agreement is obtained between the

-

model and expefiment, and the conditions for optimum perdormance are
identified. In general, the conditions.which op ize small-signal gain
e -
also optimize energy.extraction (i.e., high T3, low pressure, and low Co,
content). » However, the discharge pressure and 002 content which,
maximize ererpy extraction are lower than those which maximize stored
la%gr energy. This 1is because losses to the overlapplng absorptlone
severely limit the amount of stored aenergy which can be extracted ‘as the

. > »
discharge pressure and CO2 content increase. A high value of output

coupling (~90 %) is alsc necessary to - minimize _losses' te the
absorptions. Optimization of the operating conditions has resulted in
single-line 4.3-im energies of 15 mJ/pulse from an 88-cm long by 1l-cm?

aperture discharge. This "represents a sequwpce to &4.3-um energy

conversion efficiency of 4\%. Tunability ove 28 4.3-um lines was

1/J —gbtained. Based on experimental results, scalability to 4.3-im pulse

’ S
energies of several hundred millijoules 1is shown to be fhasible using a

large—aperture ‘diséharge (10x10 cmz) and currently avail e‘squence
v . . .

n
‘r
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pump lasers (l.e., the sequence laser described in Chapt. 4). In an

effart to simplify the 4. 3*um laser system, ga c0mpact cavity arrangement

witich combines the sequence and 4.3—um lasers . in the same optical

resonator is investigated. Good performance . is -obtained. in

Chapt., 7, ah.attempt to translate the 4.3-ym pump g to the N20

molecule and produce 4.5-um la51ng is described. However, 4.5-um lasing

was not observed due to the low value of T3 in discharge excit%d NZO.
The 15-mJ 4.3-um pulses obtained in the present study are useful

for many applicdwions. Optical pumping eiperiments are presently

underway in our laboratory using the 4.3-um pulses to pump‘high pressure
o . -

co, () 1 atm):' At . sufficiently high-pressure {~20 16;31 contiuuously~
tunable operation from 9 to 11. ym  should be possible. 0f greater
interest however, is the production of ‘ext;emely high T3 values (~5000
K}, which may be attainable in the absence ot electron de-excitation
effects. These investigations will provide greeter 'ius ght linto the

, efficlent excitation of COé lasers,
New‘wavelengths are constantly gn. demand fqr laser isotope

, \ . K
separationgyand laser photochemistry applications; particularly in the

region where few- lasers operate. Pulse energié%?%s low as
= :

4+

are sufficient for . many laborae&ry studies in these

provides pulse energlles > 1 mJ on 21 lines, should prove usefuyl in such
applications. 1In addition, isotopic .C02 could be used to increase the™

number of avai;qple wavelengths. Alreédy, 4.4—um operation on several

. lines has been_geﬁgnstrated using isotoplc 13CO [166 167] The 4. 4~um

C02 lass well suited_to atmospherlc monltorlng apilleatlons becaue,e
' ' _ ¥

- M -
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the output is shifted away from the strong absorption at 4.3-um due to
X

atmespheric COE, and there are few othér atmospheric constituents which

absorb in this wavelength region.

A The results presented in this thesis enable one to maximize the

pulse energy of a 4.3~um COZ latler. The work is restricted to ZIow
. # .
repetition rate operation using _TE discharges. However, the results

apply equally to high repetition rate Q-switched operation using CW

-

discharges [12], and operatio using ise;opic CO2 (166,167]. The same

.

factors are important in o timizipg berformance in ail caées. Improved

o pulse energies in Q-switched operation, or the use of high repeti&ion

N

‘rate pulsed dischargeq should result in high average powers. Sealed.off'

operation or the use of a closed gas—recirculation system would enable
the use of isotopic COZ; Furtﬁermbre, the 4.3~-pm C02 laser is scalable
to pulse energies cf several hundred milliJoule’J providing a powerful

source of coherent radiation in-the mid-infrared region.

-
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APPENDIX A S _(ﬂﬁ\\““:“ Vel

REGULAR BAND CO, LASER RATE-EQUATION MODEL

The model deseribing operation on the regular’ C0, l4ser b;fhds is
" similar to the one described in-Sect. 443 for sequence oper tion¥ e;xcept

~

+ rthat the equations are modified to account for the different ! levels

ir’wolved‘. : ' o ) ‘ S . ) J

The seven di@al'equations goverz{ing regular operai:ion of -

o ik
\a TE C02 laser on the 10.4=um (0001 10°0) band are as Eollows
v | b - | . .‘
I . ' o oo
. dEa § By~ E8(Ty) ¢ Ey S s
=N (t)NCO h\J3£3 F—_—e e = e - hV3G0vUr5rpli_C y. ) B (A_l)
dt . TN ' T3 o b -
2 i - N\
L : ‘ l o ' e
dEyp . B3 Epp - BN(D - -
— =N (t)NCOZhUIZEIZ *o— - —_— + h"lcovar‘srpl:'c’ (a-2)
de o T3° YT - '
9By L By = EgS(T) | 5 ‘
‘_-4"_4 —' Ne(t)NNzhv324 — T - . . . B . . (A‘3) . ::
de . X CQ“ ‘ . ‘ .
L . _ 2 3 -
dNgo1 - x3l¥ggp = N001(T3)] Nggp -
S =T Gy S at - 7 _ T J . - (A-4}
- dt- . # ‘ T\)3 . - T3 o | . ) .
= - ’ ’ e :
Moo _ N1op = N 10p(T1)
, - vOr8pP e = e - .
s, ~< S¢ = (Kgo1¥o01 ~ X100%100 8o01/8100)
_= - 2G0vcr5rprc - - -
dt ) - TR .
. : . r
’\’, .
¢ - 213 - . -
D . B y
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Ssame as that.described in Sect. 473 for the sequence model.
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dp,. ' Pr ) L
= FGovchrpIC;f'j“ + FGQVBKOOlNOOl' (&7)
dt/ TC- . 2 . v . .

@

The wvariables and cong®ants are analogous to those deseribed in
. 0 . .

Sect. 4.3 for the sequence mbdéi;-ekcept'that the subscript r is used to
denote regular (as opposed.to sequénce) opération, aeﬁ the 00°2 and 10°1
R ~ . : - . .

vibrational » levels have been ;fébléced by th& 00°1 and 10°0 levels,
3

intra-mode collisional -coupling term, which is the second term on the

respectively. The difference in levels results in a different v,

right hand side of Eq. (A-4). The origin of. this term is descffbed in

.

detail in Appendix B. The implementation of the reguldr model is the

4

S
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APPENDIX B :
S
DERIVATION OF COLLISIONAL RELAXATION TERMS FOR RATE EQUATIONS

e~

The rate—equation models presented in this thesis iﬁTSects;'4.3;

5.2, 7.2, and in Appendix A possess terns which are derived from the

collisional'relaxation processes described. in Sect, 2.4, The_procedure

7

followed .in deriving these tﬁrms is outlined in this appendix.

- A typical ' V-V -collisiohal relaxation process involving

population transfer between CO2 levels that are close in energy is:

S M . o
C0,(10°1) + M .. C0,(02°1) + X, ) (3-1)
. k ’ . . .
: M

where M represents the collision partner and kM and k’M represent the
forward (i.e., left to right) and -reverse_reactions, respectively. The
relationship between kM and k’ M is obtained by the principle of detailed

‘halanee. In egﬂilibrium,' kMN IQINM is equal to k’ MN OZINM’ where Ny

‘represents the number - density in the state i, and the superscript e

. denotes equilibrium. Thuey kM and k’ M 4re related by

© N® . - - ' -
021 P P

. ) (8=2)

N101- ' l L

- : ) A

1f the 10°1 level is perturbed from equilibrium and N101 > NQIOI, then

kM =k’

the rate of loss from the\10°1 level is MNIOINM’ and the rate into the

¥

10°1  level is k’ MN 021+  The difference between these terms is the

rate of change of Nygi» which 1is simplified by u51ng Eq. (B-2) to give

- . .

- 215 -
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. " AN o, ‘a’_.‘ s ‘ s .
L R T N ,‘1_‘ ) . " ) w
) = o leOl k/( e s _‘.\ - \ B .
% “r (— =t N (le - N® 101) o T e . (B-3) H
B ‘b . \dt X .- e . -, E . [P

- *

. . ! ) ' ) T ' : o
L . h e N
' - V. - . P T s Lo - "
. . - - . 3 - . \

— s

- . Equation (B-3) represents the rela&ation of th ‘1001 lgzsi,due to the

“ process. given in Eq.‘(B—l) and the ,collision partnerzﬁ
"‘v, o L 'ﬁ";f-/' - ]

.

is also de<excited by ollisions 'vith“ COZ molecdles due( to the. .-
near-resonant V—V‘procéss: o A T, .
. . - | . _:- L
Coz(lodl) + C02(00°0) - 002(0001) + COZ(IOQO).q [ (B-4)
) -, . . . ‘kl » - (_ -.- - to- .
. L .
’ _-_ N ]
- g The relationship betwden k and k' in' this case Is given by
L ad . .
’ 7 Ne Ne* \ .- . ' .
: 0 100 .- N
Tk = 00U 100 k", , (B-5) .
e e . - . ST
¥ 101% 0do N
- ‘ wherélthé popuiations- Nei are defined by Eq. (2-15). If Nyjgy 1is

E

perturbed, the net level 'due to the

from the 10°1

-

rate of - loss

nearﬁresonant process of Eq. (B~4) is k(NIOINEOOO"N¢001NEIOO)’ which can

be simplified to give kNeOOO(NIOI_NelOIJ: If all other.near-resonant

processes inﬁolviﬁg higher lying levels are inéluded, then:

)01 ‘ e I P
.( it Jnear~resonant = ~ kNC02 Moy = Mio1ds ' p (B-6).
r . . . ' l . ' “ - . . .
. where NCO2 represents the total density of COZ molecules, and it is

same for

assumed that k is the the processes involving higher lying

‘levels. If all collision partners and relaxation processes.aré included

in a single relaxation time,

defined by 1/1'10l = kNCO2 + kyly + ...

 then the total rate of change of NlOl is glven by‘

The 10°1 levelp



- N | 217

Mo o | | . —
SRR 1} I - ‘ :

-

~ The format'ﬁsed in'ﬁq. (B—?ﬁ is that which is used in the rate-equation -
N ) ] . N R . . * .

13 N -

models described in this thesis. = . S

(The sequence laser model of Chapt. 4 and” the %.3-im laser models
of.Chapts. 5 and- 7 all contain the ‘relaxafion ;é}m (Nobj—Neooé)/(2{V3)a

The origin of the. facter of 204§ as follows. "Consider the Vg intra-mode

relaxation process given by Eq. (2-13), i.e.: - ’ : ‘

. ~ w0 : :

k ..
C0,(00%1) + 002(0001) = . .€0,(00°2) + C0,(00°0),"
Y | K

>, -
. N N :
!

where k=ku3; but the subscript .is deleted for convenienée. The forward

E . .
LA Lo
and reverse rates are found to be - approximately equal™ by the -same

analysis that 1led to- Eq. (B-S). SQppose NGOZ “is pérturbe& from '

'eqpilibrium a“d-NOOZ <fN9002. Then the rate of production of ¥a02 is

.
.

(l/ZJk(NeOOI)Z ;?d_ the rate of .loss of‘NO02 is (1/2)kN005N8000: “The

factor of«1/2 arises because the collision partners, on thef left hanhd
L 4 . .

> - »

side of Eq. (B-8) are indistinguishable [63]. . Thus, the_ne;gfate into
the 00°2 level is (I/Z)k[(Neoél)Z_NoozNeooo];. which ‘simplif}es to giye.
(1/2)kN9000(N8002-N002). ~ This is equivalent to the term used in the
rate*equat}gn models if NgOOO is'rep;aced by NC02 and l/TUj=kNCOZ.

The final relaxation term which will be considered is on® that

appears in the regular ~laser model of Appendix A, 1i.e.,

'k3(N001-N5001)/rv3, where X3 is defined bf Eq. kZ—l&).‘- This term

differs considerabl} from the one described in the preceding’paragrﬁph,

.even thouéh both of thiﬂ;évelé concerned belong to the V3 mode: When



e

©ode

JE N

‘Eoneidering the v3-fntfa—mode relaxation process given by Eq. (Big), we

are now concerned-with the change .in SDOI,‘and the faétef of 1/2 due to

P

indistinguishability is not relevant [63]. 1If Nool <LN?061; then the

net rate into 09°lhis |k[Ne002N?OOO_(NOD£)2]i Qh?ch is  equivelent to
< ~ i - . .. .

k[(N3001)2—{Nb01)2]. This - can be simplified to give .k(NeOOI+NOOI)

(NeOOI"NOOl); yhich is{approximately‘equal- te ZRNEOOICNe901'NOOij' The

major ‘difference between this result and the relaxation terms discussed.

.

X ‘ S : . ) ’ Te ) . a
previously is that k is now nultiplied by N 001 _insteaq qf N 000°

Collisional coupling einto 00°1 from mény other 1levels 1is also

significant. For sexample, conslder the process given by Eq. (B 43.
this cese;.;he net rate into OO°1.is _'101§N.101N pOO-NOOIN 100),_ which
simplifies to klOlNEIOO(NEOOlfNOOI)'TH Similar terms are obtained due to

coupling from the 0111, 02°1, 0221; and other levels, and thus the total

.
" : ?

ate, into 00°1 4s: :
dNoi1 C o e . g'_i. 'é ) !‘E
= (2, N0y + %1018 150 * ko1 1010 + -+ ) (¥%001~Ngo1)s (B~9)

.
. -

where subscriﬁgs have been added to the k’s to-lavoid confusion. 'The

summation includes thé "populations of all levels except the ground
state, and thus the total rate can be approximated by k (NCOZ N& 000)
(N 001 NOOI)’ where the weighted average of the rate constants ‘is

assumed to be kv3' Further simplification resultg in "the . expression

kv3Nco2x?(NeOQl—N001), and by letting 1/t =-FU3NCO2, the desired

V3

relakxation term is obtained.
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APPENDIX C
~ OUTPUT COUPLING EFFICIENCY IN THF, PRESENCE

- OF A LARGE NONSATURABLE ABSORPTION

L}
IS

~ Equation (7-9), whiéh expresses tﬂe fragtion of photons not lost

te the overlapping absorption iﬁ a ﬁ.3—um Cbz_laser, is derived below.
Consider a laser cavity “cnﬁprised of 4 total pef&eqtof and an
output coqpler of reflecfiyity R. The cavity conéains a discharge of

length g, and in  the diécﬂarge.‘is a2 nonsaturable absorption with a

- . ' B !
coefficient o. It i$.assumed-that the photon generation per unit length

-

is uniformly distributed over the discharge, and is givén by NO/E. If x
is the position in the discharge ~ (x=0 at the output ceupler end of the

discharge), then thé'ﬁUmber of photoﬁs generated over a length dx, which

are then coupled out of the cavity is given by: s
dN = __ [{T e™®X 4 z T o7 GX 4 52 7 g=a% 4 eed}
2 - T

+ (T e0{287K) 4 5 7 @mal227%) 4 22 7 o=a(207%) 4 |, }] ax, (c-1)

B}

where T = 1-R and 2 = R exp(=2al). Two terms are’ present because there

are two 'countef—propagating beams in the cavity causing stimulated

emission of photons. Equation (C-1) can be simplified as follows:

dN = % [{T e70% + T e~a(22-%)}({} + z + 22 + ...}] dx. (c-2)

22



" of interest, and>Eq. (C;?) can be writtén:

Y L ’ 220

N

. { . ,
Theé infinite series can be expressed as 1/(1-z) since,z < 1 for any case

[
’

.

-

N, (1-R) {e™@% 4 g-@(28-x))

dN = dx. - ' o (c-3) *

28 (1-2z)

The total number of photons coupled out of the cavity is obtained by

integrating Eq. (C—B) over x; i.e.: -

o 1ty o
N=_ [ [ &7 gx + o204 [ e™ dx J. (C-4)
28 (1-2) 0 3]
The integrals in Eq. (C-4) are easily solved to give: .
. ¢ . _ %
N, (1-R) [l-exp(-2a2)] S
N = — — . ‘ ' (Cs5)
2af {1-z) ° : ,

The fractiqn\of photons not lost to the absorption, 7, is then given by
N/Ny, which is the expression of Eq., (7-9).

H . ‘\
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