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7%§§ow discharge
znanavenoéi.o the laser axqs | Re]ated top1c ‘3
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nd research are v}fr'thft h-‘“
“ : rev1ewed in the flrst part of th1s the51s ‘ ' ;'; T
R - Inithe 1n1t1a] phase ‘a 1aser was constructed’ﬁm@hnﬁgs _
"ﬁ~coid~cathode glow d1scharge was estab11shed between a strip azode and

. L a mult1 e]ement cathode arranged across a rectanqu]ar cavity, taanavenae T
. to. the, ]aser ast -Gas Flow Was open-cycte low veﬁOCAty‘ and coll&nean f:_?ﬁ;f
Li/;1th the laser axjs v Incorporat1on of.a w1re mesh grld between anode g
:jgand cathode ra1sed the’laser qa1n and powen(yy a factor of two to three. ,'-_ftf
’ftv-I characteristtcs are 11]ustrated The effect of cathode-fall on Jﬂ. 5e:f;+re

5&1aser eff1c1ency 1s emphaszzed. b

. . . jou
Lh ' e BN : ko

In the second phase, a mu]t1 e]ectrode DC taanavenae ; o

-;dIScharge laser was deSIQned and constructed emp]oy1nq hcgh—velocxiy g
:hgctoaed-eycle f]ow thanéuenae to the laser and dtscparge axes Heat .'fﬁjhﬁﬁ
ffremoval by convect1ve cross flow ra1sed the laser power and efficwency ."':fi_h
;dby an order of magnltude over d1ffus1on domIn;ted f]ow Interactton of o
fhthe d1scharge and flow IS descr1bed Theoret1ca1 gain calculat1ons

g]are compared w1th experlment
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o
AN A

~ INTRODUCTION

l l Electrical Excitation of ) CO2 Lasers o R
. The electrical glow discharge is an effective means of | '”i
’ excitation of the CO2 laser as shown by the early experiments of Patel .,
'e;;~T[l]* Since that time conSiderable research has been conducted into the f'yi“
';ff: improvement of the vvlumetric efficiency, that is, increasing the 'H “
output pouer per unit Tolume of active medium. The aim is the ﬁ;,fi??"‘
development of a. compac', effiCient high-power laser of many kilowatts
\\~for industrial applications.g Initia]ly high output powers were achieved
3'.j by construction of long cylindrical tubes requiring many kilovolts of
potential for operation.l Gas heating of the central core maintained o
an approximately constant output power with diameter [2], consequently,}l N
higher output pgrers were achieved by adding sections to an already 1b§~vi
long system [3] Attempts were made by Freiberg and Clark [4] and -
Sedgwick and Segu1n [5] to reduce the high running potentials by
providing excitation perpendicular to the laser axis.- Discharge
instabilities. houever, forced the use of segmented electrode structures
As a result active volume was sacrificed for the low voltage operation
o : The CO2 laser process is a strong function of gas temperature.-hi_-f
The translational temperature has to be low to prevent thermal population o

[

| 'i of the louer laser level uhich leads to a decrease in the population

"ff * Nunbers in [ ] refen,to references listed at the end of the Chapter.: .;;ff
‘ References are listed in the order in which they appear in the text
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| f:};l"VETSlOH and OUt‘Ut Ppower.. - To increase the efficiency of heat

"».1additional feature of this system was the use of closed-cycle flow

g ftransfer convective'Famoval of the heated gas was demonstrated by | ‘!{,
- =Tiffany. Targ and Fo ter [6] with a cross-flow system using relatively

lpflow flow velocities.;p'he cross-flow technique resulted“in at least an

”iworder of magnitude imprdvement in the volumetric efficiency A no

l;ff"which for 1ndustrial applications is of cons1derable economic importance

. Since that time many schemes have been attempted to effectively
'couple the electrical energy into the flowing gas mixture Buczek et al ‘
: [7] used a longitudinal discharge. that is, along the laser axis. | |

' ‘la; stabilized against the transverse flow by a small magnetic field Brown

ixi laser in which cool co2 was

| y i Strgan of the electrical discharge
' fjand Just upstream of the resonator. Th_s schene, however, is probably

'limited to open cycle f]ow.; Hill [9] sed aerodynanic techniques to

:1»'stabilize a’ large volumé>multiple-electrode excitation established in .v".;’

' 'f:'the direction of flow.< A closed-cycle systen was designed to’ operate at

'f},,ﬁoutput,powers in the 20 KH range Finally Seguin and. Sedgwick [10]

P ”.adapted a multiple-electrode a""aﬂgtiment transverse to both the flow f“

»y.the laser axis. This feature exploited both the low velocity convective

S heat renoval and the lou running potential of transverse excitation... e
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2 Glow‘Dis'c}harge-l"henomena

. S e : : : .
Since most of the investigations of this thesis uere concerned '

'7ﬁjfw1th cold-cathode glow discharges some of the pertinent aspects are f;'j{vffki"

:Toutlined in the following paragraphs\ Glow discharges are comprehensively

>]Qtreviewed by von/Engel [ll], Francis [l2], and Cobine [l3]

| First1 the ViSible light from a low pressure D. C discharge _
';*in a long tube is divided into several more or less distipct regions DU

,as indicated diagrammatically in Figure l l(a) Beginning at the cathode

”"T¢isuccessive regions are labelled l - Aston dark space,“2 - cathode glow,,,”'

. 3 - cathode dark space, 4 - Negative glow, 5 - Faraday dark space._,-.ﬁﬂ‘wli -

*t:6 < positive column, 7 - anode dark space. 8 - anode glou / As the gas_

”:’f'pressure is raised to a few millimeters regions l 2 3 and 7 have o

"-f;contracted toward the electrodes to such an extent that the tube is filled

";by the negative glow, the Faraday dark space, the positive column, and

"?the anode glow. For a long tube the positive colunn filis most of the length:ff
o2 Negmue GLow and. Fanaday Dwik Space R SRR
o For the experimental gas pressure of Chapter 2. typically lunn

R the cathode dark space was very thin and the negative glow appeared to

”'ficover the’ cathodes The negative glow extended outuards to a distance ;;}

’sffigoverned by the cathode material. electrode surface condition, gas

;»T'fconstituents. gas density and the discharge»current. ‘As indicated in

' g_Figure l l(d) a relatively large cathode-fall potential V occurs across

,:;; the cathode«fall distance. d V is produced by . a po$itive space charge ift*tf

”bfin the cathode dark‘space.: This space chargeﬂaccelerates electrons

:*Q;‘leaving the cathode to produce sufficient ionization that each electron ff:

5ﬂﬂ _is replaced by positive-ion bombardnent of the cathode.‘ This requires

L .‘, SN TER SRR S R
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E“Z\\;;~;”s; o
_,,_aecertain minimum potential related to the Paschen minimum for the
_breakdown vo]tage In other words, the distance d is such that the
fvproduct of d and pressure, p, corresponds approximateiy to that for
'f[fthe Paschen minimum From this con51deration, then the observed T7F"'W
'1,;decrease of d (and cathode dark space) with p?essure maintains the S
| 'eoptimum vaiue of . pd 1' | | g v;’ : ’v E '{‘ |
| For 1ow discharge current, ID’ the negative g]ow does not COmpieteTy i
tTCOVer the cathode Raising ID causes the g]ow to expand over the | I 5
Surface with a constant cathode drop potentia1 (and current densﬁty)"
f;_freferred to as the "nonmaz cathode fa11 A discharge operating-jj'
b.in this regime 1ikewise 1s termed a normai glow discharge. Once the hfh"i.
) }g]ow has comp]ete]y covered the cathode however, furtheréraising of'l;;f ’
_ B,

, hfID necessitates an increase 1n the potentia] drop to ggbvwde additional

'”fﬂionization This p051t1ve re51stance region is term@ﬁ ‘the’ “abnonmat" o

~:.‘glow A negative re51stance region 1s eventua1 ytkffched where . ‘f h‘
’,”tranSition takes p]ace from the abnormai g]ow'll ; high]y contracted 'f;_;f'

‘f]ow vo]tage arc discharge The ba]last rgei 33

"31pressure transverse discharge ]aser of Chapter 2 In this the51s _

}fvtransverse ddscharge refers to e]ectrical exc1tation estirlished across,n

: the sma]lest/dimension of the laser cav1ty and thereby perpendyfular*‘
to the laser axis Schenatic representations are 111ustrated 1n“d:>
::Figures ](b) and (c) Avlarge V (severai hundred volts) produces S

-ﬂfan extended negative g]ow of . low 1aser gain undesirab]e gas heating

e‘;and is responsib]e for 1ow overal] efficiency due to the con51derab1e
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| 'power dissipated 1n the cathode region According to Cobine []3]

" the cathode drop, V 5 increases near]y Tinearly w1th the work function

' of the materia] Francis, [12] however states that "modern" va]ues

3 w1th work function, as Franc1s p01nts out, may be expected 51nce V

: show no proportionaiity That V does not show a 51mpie re]ationshap

v°:is probab]y determined by the coeffiCient for secondany en1551on, y,.»'

"which depends both on. the cathode materiai and the gas

The negative g]ow TS the region of most intense ionization

: fw1thin the discharge The intense 1onization is caused by eiectrons |

-

;7'wh1ch enter the negative g]ow w1th severa] hundred ev corresponding

‘ 'to the cathode drop potentiai The thh energy eiectrons lose energy

‘5irap1d1y at the cathode edge of the. nEQative g]bw, however probe |

_studies in the middie oftthe negative giow indicate the presence of

» three groups of electrons primary (>25ev), secondary (4- 7eV), and

;auitimate (~0 5eV) Most studies have been of pure gas mixtures such

'_fas helium [14] and neon [15] however, it is expected that a 51m11ar _foi;

' 551tuation ex1sts 1n the negative giow of the CO2 Taser mixture

.»fTowards the Faraday dark space most of the eiectrons become slow

'f(ultimate) but even in other regions of the‘g]ow there are. many more -

p'siow eTectrons than fast The ro]e of the eiectron energies of the . §'f -

‘njnegative giow in connection NJth a grid 1nserted into the Faraday |

) dark space is. discussed in Chapter 2

The fact that the secondary e]ectrons appear to have an

-energy range for pumping the CO Taser prompted Hi]]et and Janney [16]
2

,Vto 1nvestigate a hoiiow cathode discharge in CO2 The device gave on]y R

_,Tow gain 1n a Coz'-'He mixture The reason is unciear but probabiy

o
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R was dye in part to the gas heating assoc1ated with the reiativeiy
Targe power dTSSTpated in the cathode regions Freiherg and CTark [4]
jfg aTso observed that the negatlve giow and Faraday dark space produced
"\Tow gains That the Faraday dark space shows only Tow gain is _ffh
| expected since the Tack of v151b1e giow from thTS region 1nd1cates f'd
Ifﬂ Tow. eTectron energies As the-calcu]at1ons.of Nighan [17] show, :n~g>;‘
1.' eTectron pumping of the CO2 laser 1s drasticaTTy reduced for an f‘ |
| average electron energy less than 0 5eV The current 1n the Faraday
dark space is by diffu51on from the concentration gradient 1n the :‘t
negative gTow with the e]ectron current to the anode dominating The-f
transition fran the Faraday dark space to the p051t1ve giow 1s . ‘"
control]ed by charged particie defUSTOﬂ losses to the wa]ls Ihi R
l other uords increased loss neceSSitates higher electron energies -
for a higher ionizatton rate and the p051tive co]umn expands at the
expense of the Faraday dark space | . '
] 2 2 PbALIxue CoZumn iyidbh.“;”.j? ..f"h.‘e 'Ji ’jihh
»l Hhen a discharge TS struck w1th1n the confining wa]]s of
a long tube most of 1ts length TS filled w1th the p051t1ve glow or |
i coTumn. The positive glow represents the region of maximum pumping of
the CO2 laser mixture A measure .of the optimization of this "active".
medium is obtained through the similarity parameter E/N the ratio
of the electric field to the total neutra] concentration The reduced
fie]d E/N, is d(fectly related to the average energy of the e]ectrons
In thlS regard Nighan [17] has perfonned ca]culations to show the
variation of the average electron energy uith E/N.
L v The value of E/N required to support the discharge is:
controlledcby charged particle Toss from the plasma Forsthe.case;ofh;r~
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Aa longitudinal discharge E/N lS controlled by ambipo]ar diffusion
¢

5to the conf1n1ng walls._ Consequently, E/N shows an inverse relation- ! ;_.'

aship Hlth tube diameter This was experimentally confirmed by Tyte ;rzéa L
and Sage [18] for the CO2 laser m1xture. If the walls are made

'suff1c1ently remote a 51tuat10n can arise where the high gain p051t1ve
) T

'column is absent [l3] and the Faraday dark space reaches to the anode

'as reported by Sedgw1ck and Seguan [5] for a transverse structure,
nF1gure l(b) In thisfcase, a. gr1d was found useful for creating a.
fp051t1ve glow as illustrated 1n Figure l(c) '

' Hhen an electrical discharge is’ subJected to’ high veloc1ty
’cross—flou, as. An Chapter 3 additional loss mechanisms take place 1n f
the fbrm of convection 1nto the afterglow and turbulent diffusion to o
'the walls. If a plasmains subJected to turbulent gas flow the charged--
particles acquire the turbulent motions of the neutral particles - |

Turbulence can change both the_microscopic and macroscopic properties

3°f the plaSma. F°r 1nstance changes are produced 1n the particle rg;if”‘f't

-energies and den51t1es whi]e the overall plasma shape may be mpdified

,Experiments performed by Gar051 et [l ] w1th a longitudinal discharge

1n low pressure argon support the fact that ambipolar diffusion e
ontrols the loss for low flow veloc1t1es while for higher flow rates ,l
,ambipolar losses are augmented by turbulent diffu51on to the column
boundary. The laser structures of‘Hill [9] and Eckbreth and Owen [20] _
emplbyed flow conditioners upstream of a segmented electrode structure -
in- rapid-flou\long1tud1nal discharge arranqements "The 1ncreased
turbulence caused the plasma in the v1cinity ‘of the: electrodes to
diffuse more rapidly. As a result local thernel inhomogeneities were

reduced thus permitting a: higher stable power loading of the discharge

e ) :



C Convectlon agg/tUrbulent d1ffu510n uere assumed to have.
7_5cons1derab1e effect on the cross f]ow discharge of Chapter 3. The-

' decay of the f]owxng after-glow may aTso hav

een 1nf}uenced;hy

.;turbu]ent d1ffus1on to.the: channe] waT]s -

e 1,2 3 Etea‘)baéﬁecu kS e
B (1) Glow to arc tran51t1ons '-:f?54-";;'ﬂ 5';%33

For the exc1tat10n of a Targe voTume through a |

“transversely app]1ed f1er it 1s des1rable to have cont1nuous ;'_ - .‘:ijh

';lelectrodes extend1ng the fuTT Tength of the structure The formatlon |

74:3 un1form cont1nuously operat1ng, as opposed go a - puTsed d1scharge ' .

iy,

B over: Targe eTectrodes 15 not.read11y rea]12ab1e vq pract1ce Th1s is true, T-
part1cu1ar]y at the gas and current den51t1e§ of the CO2 Taser The
break down of the d1scharge 1nto a h1qh1y contracted or more lee]y a 'ﬁn;‘A
h1gh]y destruct1ve~arc mode 1s greatly enhanced by'locallzed gas i
heat1ng. Heatlnq causes a reductlon 1n Tocal gas denSIty whlch the

i /d1scharge then favours The net result. 1s the ]ocallzatlon of the fuT]

\
d1scharge current wh1ch rapidTy deveTops lnto an- arc

‘s#-, The cathode pTays 2 dom1nant roTe in these gTow to arc _
.trans1tions The cathode current dens1ty 1s rough1y proport1qna] to ‘\
the square of !he pressurz P, a and the Tength of the cathode faTT
region 1s 1nverse1y broport1ona] to p. As a result the energy
dlss1pated per un1t voTume an the v1c1n1ty of the cathode TS
proportwona] to p [21] “To reduce the cathode dlss1pat10n an _
eTectrode materia] 15 de51red that g1ves the Teast cathode drop when n

: used w1th the CO2 laser gas m1xture As po1nted out earT1er th1s does ';“_:f“

not necessarily mean the materIa] of Towest work functlon s1nce the

A

A



'.1mportant parameter is y, the coeff1c1ent for secondary‘emtsston xwllv
- - Cathode metals w1th Tow heats of subllmat;on exh1b1t a: sudden
l trans1t1on from the glow to the arc The suggest1on is that local1zed
'g1ncreases 1n vapor dens1ty are accompanxed by an 1ncrease 1n current
fden51ty Th1s process 1s cumulat1ve and results 1h an arc spot.a.prﬁi :gf-f
3,the metals are arranged accord1ng to themr heats of subl1mat1on the f:;
;order is the same as when arranged accordlng to the m1n1mum current to‘
llproduceﬂarc1ng [22] Mercury and cadm1um are at the top of the l1st
‘4wh1le iyngsten and carbon are at the bottom 4 o
E Masxrey and Dugdale conducted exper1ments in wh1ch arcs were af_h
jffound to be 1n1t1ated at the s1tes of 1nsulat1on inclus1ons [23] e‘i--”
'ﬁpresence of volat]le contam1nat1on was found to be conduc1ve, if not s
-necessary, for 1n1t1at1on of th1s arc1ng The contam1nat1on also
~fcaused a marked 1ntrease in the cond1tion1ng t1me of thegelectrode
lisurface.i The mechan1sm proposed for arc. 1n1t1at1on is a burst of
'_cathod:c vapour as a result of dt!lectr1c breakdown of an 1nsulat1on »
'i1nclu510n There seems to be no difference 1n«1n1t1at1on 1f the f,.f'
»fpart1cles of low conduct1v1ty are s1tt1ng on the surface Th1s
fsuggests that metals that chemlcally react wrth the dascharge to form
fh]ghly res1st1ve surface layers are llkely to show a dhch h1gher '
'-tendency to arc, as found for Al in the Cg lasfr mlxture [5]

-

(2) Surface chennstry o | .
, ' The surface chemtstry of the‘;lectrodes has a strong

1nfluence on the gas composit1on particularly, for sealed Qf f - systems
flow1ng or. non flow1ng. As already mentloned Al appears to react fa1rly”;f:'

qu1ckly to produce a h1ghly 1nsulatrhg surface layer [5]

oy,



A Mo]ybéenum, n1cke1, and tanta]um are more stab]e g1v1ng h1gher =
reproduc1b111ty of 1aser character1st1cs 1n ahsealed-off ]aser [24j‘"f
L Copper shows a re]at1ve1y rap1d adsorpt10n of CO2 Plat1num produces j‘
B very 11tt1e d1ssoc1at1on of’CO2 | It 1s assumed that th1s 1s pr1mar11y

due to the cata]yt1c act1on of p]at1num 1n the ox1dat1on ot CO [25]
Unfortunate]y, however, p1at1num has a h1gh "sputter1ng" rate wh1ch
ﬂ‘jh makes 1ts use as a cathode mater}al 1mpract1ca] In exper1ments w1th
:'; a sealed CO laser us1ng a N1 cathode Carbone[26] observed a N1 f11m

V sputtered on the adJacent tube wa]]s wh11e a carbon depos1t fOrmed
beneath the electrode Oxygen reacted w1th the Ni- f11m to produce N10
Freudentha] [27] ana]yzed a depos1t formed near a cathode‘of p]at1num
A comp]ex mass spectrum was obta1ned 1n wh1ch 1t was d1scovered that
both carbon and oxygen were d1m1n1shed by the format1on of the depos1t
- (3)’tathode geometry | S f' h} o
:}}2J’;f: | : As ment1oned prev1ous]y 1n sect1on 1 2 1 the negat1ve v»‘;:h
o g]ow represents a reg1on of High gas heat1nq and low laser ga1n ‘.u"
a ~Consequent1y, a reduct1on or e]1m1nat1on of the negat1ve g]pw from the i
& 1aser cav1ty is. des1rab1e Once the surface of a f]at cathode 1s covered
w1th negat1ve g]ow any further 1ncrease 13{d1scharge current resulfs 1n -
an 1ncrease in the cathode drop potent1a1 and a 1engthen1ng of the | f‘ﬁ'“
vi negative glow 2 ,'ﬂ '[7'v '_1j],,t f‘fq_’f‘ A | v‘d N o

| B The ho]]ow»cathode ‘has" desirab]e features [28] F1rst most"/.
-’t of the negat1ve g]ow 1s confined to the 1nter1or of the tube w1th an

",\

1ncrease 1n the usefu] discharge length and a reduct1on in gas heat1ng. 3 f.l
\> g

Sgtondly, by proper choice/gf ho]e dfameter a h1gher current can. be

g
v"

drawn ovei'that of the flat cathode ﬁor the same cathode-drop potent1a].

Lf 1t is desired to 1atera11y extend the discharge several ho]]ow-cathodesf~

ﬂu
"z! S, Lo 7- LU e,



. .éi» . o,
ow . .

:p:mayEﬁE 1ncorporated 1nto a s1ngle surface produc1ng an. 1nverted brush
"electrode [29] Here the proper ch01ce of hole dxameter 15 controlled

"vby the mlnnmum hole s1ze that w1ll Stl]] force the d15charge-over the

. f‘“;complete electrode surface for the des1red operat1ng current Holes Jg[

d i.lof too small d1ameter w1ll result at worst, 1n a SIngle hollow—cathode

»

. supply1ngq$he necessary d1scharge current w1th a subsequent reduct1on ’j.

S l'1n d1scharge volune An alternatlve is’ to: prov1de an array of closely

"“ilbspaced 1nﬂ;§'dually ballasted H%llow-cathodes of small d1ameter as used
'1n the experlments presented 1n Chapter 3’ , ‘ _ ,' ,‘_ e
B The prev1ous paragraphs emphas1ze the role played by the f; .

'cathode 1n-cold cathode glow d1scharges. The anode presents less

57'3d1ff1culty 51nce the anode potent1al fall 1s the order of the least

""} 1on1zat1on potent1al of the gas m1xture [30] YhIS is an order of -

magn1tude less than the cathode fall._ As a\reSUTt the anode plays a

- ﬂfmuch smaller role 1n gas heat1ng and glow to arc trans1t10ns._ In ChapteH

'7_\w;2, the exper1ments were conducted w1th a s1ngle continuous strlp anode

:Al 3 Energy Transfer Processes v
o In the electr1c d1scharge CO laser energy lS coupled from hvf

. the electr1c f1eld v1a the electron component of - the plasma dlrectly

',@fand 1nd1rectly to the upper laser level. (00°l) of the CO2 asymmetrlc

if'3v1brat1onal mode, The lower v1brat1onal levels of the var1ous const1- t

“ff_jtuents of an 1n1t1al C02/N2/He m1xture are 1llustrated in Flgure 1 2

B . Co and 02 appear by way of d1ssoc1at1on of CO2 as d1scussed later 1n
'sectlon l 4 CO2 molecular structure, spectrOSCODy, and transfer |

rfprocesses in the laser gws mixture are comprehens1vely rev1eued by

T Cheo [31] Reference 1s made to more recent experIments 1n the '
. . . “\ : .
"'follow1ng paragraphs wh1ch d1scuss energy transfer processes and their

..
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“_s1gn1f1cance 1n estab]lsh1ng a popu]at1on 1nvers1on between the ‘T-;:’ '];::
' ,(10 0) and (00 T} v1brat1ona1 Tevels of CO2 The st1mu1ated em1ssion ;h'

fprocess is d1scussed Tater 1n Chapter 3, sectlon 3. 2 Dl
;
Exc1tat1on of the (00 T) leve] occurs both by 1ne]ast1c

q .

7:co]]1s1ons w1th eTectrons and energy transfer frongvibrat1ona}1y //\ N

,;jexc1ted N2 and CO Deact1vat1on of the (00 T) Teve] occurs v1a
1'Aspontaneous and st1mu1ated emiss1on mo]ecu]ar coTT1swons and as
dﬂrecent exper1menta1 ev1dence sugggsts, c0111s1ons with e]ectrons
aaThe spontaneous 11fet1mes [32] of the 1nvo]ved Tevels are much Tonger
‘than c0111s1ona1 t1me constants for the usua1 gas dens1ties. _;af?ri‘-”
A.VConsequentTy popa]at1on den51t1es of the‘upper, (00 1), and lower, A:'
f_(]0°0), ]aser ]eveTs are a strong funct1on of coTT1s1onaT re]axat1on
:_ and the 1ntra cav1ty f1e1d 1ntensity _ S " ';_' . -v
| : o The rotat1ona1 Tevels of each v1brat1ona1 Tevel have energ1es bf .
asma]]er than the average therma] energy of the mo]ecu]es The average ~l
: thermaT energy of a moTecuTe at 400 K, say,‘1s approxImateTy 417 cm ]
7,ras opposed to a rotat1ona1 quantun energy of approx1mate1y 45 cm ] |
’:Consequently, rap1d exchange of trans]at1ona1 and rotat1ona1 energy
i:occurs by collls1ons [33] and the rotat1ona1 levels are assumed to S

g_have a Bo]tzmann d1$tr1but1on at the translat1ona1 temperature

1 3 1 thna,twnal - w,blzaxxonal .t/z.anAﬁe)L : '

| A near resonance ex1sts between Tevels w1th1n a g1ven "
f¢v1brat1ona1 mode Th1s resuTts 1n rap1d equi]ibration of the Tevels fv:"
':w1th1n each mode through near-resonant energy transfer [34] Prov1ded
-fthat th1s rate is: more rap1d than exc1tat1on of the var10us Tevels and
irelaxat1qn 1nto other modes, the mode may be considered in equi]ibriun i

f at some v¢bnattona£ temperature Th1s assunptxon is baSIC'tO the

.\"



thermodynamic model [35] used 1n the ana]ys1s of Chapter 3 where each
.,mode ls assumed to have a Boltzmann distr1butlon S _
' Both Nz and CO have large cross sectwons for v1brat1ona1
: excttat1on through e]ectron lmpact [36] These v1brat10na1 levels are :”;
;nearly resonant wlth levels w1thin the CO2 asymmetr1c mode The .f‘ |

_ resonance together w1th the Iong rad1at1ve l1fet1me of v1brat1ona11y

5V homonuclear -
exc1ted/d1atom1cs leads to h1gh1y effect1ve pump1ng of the (00 1)

I3
,laser ]eve].. Intermo]ecu1ar v1brat1on-v1brat1on transfer 1s

‘exemp11f1ed by co]]1510ns of the fo]low1ng type
: b

LOZ(OOO'I) £ N (v-O)—-COZ(OOOO) 40N (v— ) + 18cm ,“

co<oo°1) +(co(v—o).—:co (oo°o) + CO(v—l) + 206cm -1 o
z,_uz<v=1 ) + co.-.=*~z'<'vfo>- . :cc(v?wf-a'ss.cv_n'?‘ o

k-rate constant for the exotherm1c process

'Large rate constants for v1bratlona1 egchange have been measured for o

',coz N2 (k 1. 9 x 104 sec 1 torr™. ) [37] and €0,-C0° (k 8 x 103 sec” -1 torr ),., E

l
“references [38] and [39],'where K 1s the rate for the exotherm1c “;_??i‘
}vprocess., A slower rate has been measured for N2 CO (k 325 sec torr ), -

0,5 W1th N2 and CO

i the,CO asymmetr1c mode is: considered in equ111br1um w1th the :

';reference [40] Due to the fast equ111brat on of co,

o v1brationa] levels of N2 and CO for the ana1y51s of Chapter 3 where j: :

,fcross flow veloc1t1es less than 100 m/sec were 1nvestxgated
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,n; In the absence of a radiation field the upper laser level.v; r:,.
"1s deactivated by 1ntramolecular vibration-vibration processes. CoER ‘

vThe follow1ng reactions are close tofresonanCe
COZ(OOOl) + n--coz(nlO) i n + 272cm ‘ '-j o
o (oo°1) + n._c02(0310) + 4l6cm -1
o (oo°1) + M“C02(04°0) N 204cm
-'~'Mc¥ collision partnen ,‘{;'fu'?”'
fiExperimental data for the relaxation of CO2 do not specify the final
‘fstate.‘ By u51ng rare gases as collision partners with COZ’ Yardley SRR
f'and Moore [4l] concluded that the probability of a relaxing collision_fe}:
dis more likely when an energy of less than 300 cm 1 is exchanged with;
-translations. Also processes to levels below the laser level are
.{likely to dominate In the analySis of Chapter 3 the first of the
;above reactions was considered as the dominant mechanism in the

'“heavy-particle relaxation of the upper ]aser level A discussion of ff-'ff:'

;the rates for this reaction is deferred to Chapter 3 section 3. 2 _'ﬁ’ :

l 3 2 Deactcuat&on 06 the Zowen Laaen lcvel L N
| :hf:- The lower laser level. (00 T3. and the (02°0) level of thef}:”'
"bending mode are closely coupled due to Fermi resonance [42] |

ziTheoretical calculations by Herzfeld [43] for pure CO2 give a fast

frate of energy exchange between these levels. e
co (1o°o oz°0)' '+ M,_co (1o°o oz°0)" M iozcm'

collision partner .



»

.'; The 1eve1s (1000) and (0200), each become a m1xture of both leve]s due
: 'to Ferm1 resonance and are des1gnated as (1000 02 0)' and (10 0 0200)",'

‘g3reference [42] A rap1d exchange due to Ferm1 resonance of (0001)

f'fand (02°0) ls usua]]y 1nvoked to s1mp]1fy laser mode]s 1n that the n't--' -

thsymmetr1c stretch and bend1ng modes are 1n equ1l1br1um and descr1bable u
vby a s1ng]e v1brat1ona1 temperature., Rap1d equ1l1brat1on 1s assumed
“'w1thin the bending mode As a result the re]axatlon of the lower
:ibend1ng leve] (0110) to trans]ation becomes the rate determ1n1ng

]‘fprocess fpr deact1vat10n‘ﬂ$ the 1ower laser ]eve]

. tl"" ".

coz(mlo) + M.._’ co (oo°0) + M+ 557cm 1;}'].’. '-

T M = co]l1s1on partner

“&;A summary of rates for the exotherm1c process are g1ven by Taylor '

tdiand B1tterman [44] Pure CO2 has a rate constant of 194 sec” ] torr LA

:;'thus 111ustrat1ng the effect1veness of He co]11s1ons for deact1vat1ng

;”the (0110) level For. CO2 CO a rate constant of 2 5 x 10 sec ] torr ]‘ e
j_“ws listed 1n reference [31] show1ng that CO is- also a very effect1ve R

: C°1]1510n partner : - ) . . 4 .. . v | . AN

Recent experiments by Rosser et al [68] have tndlcated that '

2

2 the (10°0) and (0110) leve]s are not. closely coup]ed contrary to the

‘above assumptions In pure CO2 and mixtures of CO2 and Xe the measured

<f,wh11e the rate for a COZ-He m1xture 1s approxImately 3.3 x 103 sec ] torr ol

_rate of relaxation of (1000) is much faster than the accepted rate for 7."

ff'(0110) Additions of He to CD2 produced only a smal] 1ncrease 1n the R

(10°0) rate whi]e the accepted rate for (0110) shows a large 1ncrease
-Qpas stated above Both N2 and CO behaved sim1lar1y in great]y reduclng
iﬂthe re]axation rate of (10°0) This appears to contradlct the pu]se-~-"
Jhgain data of Cheo [45] which gIve an effective relaxat1on rate fqr

. §

£
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| The exper1ments of refer%hge )

' S AETY NUEIRN
=.~bend1ng level may be close to egwﬁyﬁf

- v1brat1ona] temperature., No“reactv ~7mechanism ﬁasuproposedgbyf-“

’ “SL be control]ed by the rate to the (0220) and (0110) levels

1 3.3 vumuomz exoctwtwn and deacuumn by decvwn mpaa
- : Large cross- sect1ons have been measured for v1brat10na]

’..exc1tat1on of COZ’ NZ’ and CO [36] [46] The cross-sectlons peak
:;ifor elé&tron energ1es 1n the ranqe one to three ev-. Due to the lii
A re]at1ve1y large energy transfer, the e]ectron energy dlstrIbut1on
| becomes qulte non-Maxwe111an.- Th1ﬁ 1s shoun by the theoret1cal
ff-ca culat1ons of NIghan us1ng exper1mental cross-sections [17]
i Electrostatlc probe measurements such as those by Bletz1nger and

Garscadden, also 11]ustrate the non-Maxuelllan nature of the

d1str1but1on [47] Us1ng computed distr1butJon functlons Nlohan

it1ght1y oupled by Ferm1-resonance then re]axation of the lower 1aser )

rjimrmth the gas temi!x‘afure» S

RRTE

1 ca]cu]ated ”effect1ve y1brat1onal exc1tatvon rates The resu1t1ng R

| rates are not a strong function of gas mﬁxture or electron energy
for average enerqles above approx1mately 0 Sev ,.1 hv_ .

ti:_e ',. By calcu]atcng the electron fract1onal pouer transfer [17]
1nto elast1c col]1s1ons, rotat1onal excitat1on fon1zatlon electronlc

T

' exc1tat1on and v1brat1onal excitatipn, la“efﬁciency may be “

A

G



_195..
:L;1nvest1gated versus e]ectron energy The eTectron fract1ona1 power .
'fstransfer was ca]cu]ated by Bu]lis et aT [48] for a C02/N /He m1xture ‘.\
';‘in the proporttons 0 1/0 1/0 8 Power transferred to e]ast1c collis1ons,;‘;
'rotational exc1tat1on, and 1onizat1on is smaTT For a reduced average
energy of 0. 5eV (E/N = 8 X 10 =17 vo]t sz) calcu]at1ons show that hearTy
:;vall therenergy goes 1nto the vibrat1ona1 exc1tat1on of e1ther CO2 or N2
:ffThe reduced average energy 1s def1ned as 2/3 of the average energy.i
f"iAs the electron energy 1s ra1sed e1ectron1c exc1tat1on becomes "'
N s1gn1f1cant At 3eV (E/N = 6 X 10 16 volt cm ) i;br 1nstance, i
Tapprox1mate1y 80% of the eTectron energy 1s transferred to electron1c '
'nexc1tat1on of CO2 and N2 As out11ned 1n sect1on 1. 2 2 charged- _'
’;ipartlcle Tosses from the plasma control the 1on1zat1on rate requ1red
‘,to support the d1scharge which 1n turn spec1f1es a. certa1n e]ectron
;Tenergy The power tran;fe:;ed to 1on1zat1on however, 1s sma]] as

noted above Assuming that the required 1on1zat1on rate 1s prov1deds TR

erby a reduced average energy of TeV, reference [48] shows that 70% of_;fﬂ;fl a
?vthe electron energy is transferred to the upper laser Teve] and the {1}5-
g;v1brationaTT1evels of N2 S1nce the laser quantun eff1c1ency 1s 41%;5-'f

%wa convers1on of apbroxxmate%? 30% of the e1ectr1ca1 energy to Taser
}grad1at1on 1s expected for th1s case The above computat1ons stress;f
ftherefore, that once the average energy has reached a certawn f Q;;*'r

'threshold any further 1ncrease resu]ts 1n_r'» ced eff1c1ency as the S

fractiona] power transfer to eTectronic xci‘a don’ r1ses

Since electron energ1es are diff1ch¢p to meaSure. particu]ar]y @@

"at pressures above a few mill1meters excitation rates used'fn th1s ;f7

’

;;thesis were estimated Qy the fo]]owing procedure F1rst
l”f1e1d E/N was measured The average e ectron energy was then




'estTmated from reference [17] Us1nq th1s average e]ectron energy, :'
,‘iteffect1ve exc1tat1on rates were obta1ned aga1n from the appropr1ate ‘b"
Erate curves of reference [17] | | ' | ' T ER |
| o The ro]e of. e]ectrons 1n v1brat1ona1 deact1vat1on or f‘,yfﬂ"”
“".c0111s1ons of the second k1nd has been exper1mentalgy 1nvestigated
"hprecent]y The pub]1shed results sugoest that cool e]ectrons are ‘

'bh1gh1y effect1ve 1n v1brat1ona1 ﬂﬂ?axatLQn Chr1stophe and Offenberqer‘

7’f.observed an- eTectron rate of the same order as molecu]ar processes [38].‘fj

- Rosser et aT aTso observed relaxat1on effects that may be attr1buted

r to e]ectrons [68] They suggest that if e]ectrons contr1buted to ‘n' |

‘bi7v1brat10na1 reTaxatlon in’ the1r exper1ments the probab111ty for

_Jp,deact1vat1on 1s near un1ty Gower and Carswel] est1mate exper1menta1

ljl]rates of approx1mate1y 1 x 10 =6 cm /sec and 3 X 10 6 cm /sec for 1

Tijelectron deact1vat1on d? the upper and Tower Taser levels respective]y,‘n,’;

'tfreferences [39] [49] By compar1son the effect1ve exc1tat1on rate of H;'if

D \D
-‘guNz, for 1nstance was ca]cu]ated by reference [17] to be approx1mately

f1“2 x 10 -8 cm /sec ~The results of reference [49] show further that
Jthe re]axat1on of the upper laser Tevel 1s primar11y by e]ectrons
o The above exper1ments strongly squest that any modeT of

'T'glaser processes must 1nc1ude e]ectrog;deact1vat1on

ey

1 4 The eﬂﬂecté 0§ dtachange Lnduced gaA compoattton changeA

The e]ectr1ca1 d1scharge causes cons1derab1e chem1ca} ‘
bvchange in the CO2 laser m1xture'[24] [26] [50] - [59] One of the T
"-largest chanqes 1s the d1ssoc1ation of CO2 CO d1ssoc1at10n has f;ff" 1.
'?:rece1ved cons1derab1e 1nvestigat1on but the ro]e of the products 02 i Ti:ff

3f'and Ce, rema1ns somewhat unc]ear Some d1ssoc1ation 1s benef1c1a1

<L
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’.particularly, in the case of a C02-He mixture where CO umps the

.f._upper laserLleuel through resonant energy transfer [60] [Gl] [62]

B In the COZ—NZ-He mixture however, increaSing experimental evidence

ﬂ;g,suggests that the dissoc1ation product 02 may combine with N2
':.1produc1ng oxides which seriously degrade laser gain and discharge L

'“'.stability [58] [59] The discharge characteristics appear to. be

”'altered through the formation of stable negative ions [57} [58]

7‘?number density), can reach as high as 0. 7 to 0.8 [Sl] [52] For open

. for dissoc1ation equilibrium to be established For fasfer flow rates 53_

The primary mechanism for CO2 dissoc1ation lS assumed to be

T.J‘of many parameters including gas COmPOSltlon total gas pressure,.

o
'3time in the discharge For low pressures and low flow rates the

| .ﬁdissociation fraction 5, (&= N 0/NCO+NCO where N lS the species
' 2

rcycle flow, residence times of the order of one second are required

» the CO concentration shows an almost linear increase Nlth tube length

k at the entrance to- bluish

;T»[SQ].‘ The variation of CO concentration ii reflected in a change of
i

'Rﬁcolour along the distharge length from p
f"{vpink at the exit.ﬁ: | B

o~

. For clo cycle flow,,ghe equilibration time is likewise

’jdependent on the discharge residence time For a. high cross-flow

' f’velocity and a short discharge width gas dwell times are low._ As a

[:fresult although the chemical state remains "frozen after passage

;fathrough the glow, many circulations may Qé required for equilibration.'

”'ptypical.v:f f.“

'H;{For the conditions of Chapter 3 times of the order of one minute were

-

21

f felectron impact [24] [54]. The deqree of dissoc1ation is a: function R

';discharge current average electron enercy and gas flow or residence ful34$



- The degree of dissociation 1s aTso a. function of the A
"hconstituents and the tota]kgas pressure Higher gas pressure reduces
ffthe CO concentratio [52] This may be re]ated to changes of average e
"eTectron energy andfzhe processes of adsorption and desorption to and
”;ifrom the waTls and e]ectrodes [24] [51] The greatest dissociation i
vf?occurs in a COZ-N2 mixture and. the Teast in CO He The tripie mixture
~t7‘c02‘N He shows greater dissoc1ation than COZ-He [51] The ad ition fg_ "
- fof sna]l quantities of HZO or H2 significantly reduces the degree of -
'"hdissociation [50] [5]] The presence of Hz aTso Teads to an increase
Kiof output pouer due o its Targe thermal conductiv1ty and the _’; ~i“;.'ﬁ

tﬁ~re1axation of the (0110) Tevei of the CO2 bending mode by HZO mo]ecules
v ok '

3

formed 1n the discharge containinq H2 | -
: : L The average e]QCtrO" energy appears tO play a dominant roieiihylii
. -in. the extent of dissociatlon. The study by Gasiievich et al on the TR
‘]'CQZ conéﬁhtration 1n tubes of yarious diameters found a much greater |
1.tdegree asgﬁge tube diameter decreased [51] This was assumed to be AT
;vldue to the higher average-e]ectron energy required to suppdrt a
.fdischarge in smaTTer tubes.v Foria tube of constant diameter, the

: ’d1ssoc1ation equilibrium rises WTth discharge current Q) i > :
;a'*i-'v N‘gha“ s Ca]c"1at10"5 [53] show that increasing CO content L

2
1n a CO Nz/He mixture accentuates the decrease in the e]ectron

‘,”distribution function fOr energies above ZeV as a: result of the Targe

f'vibrational exc1tation cross-section of co [36] For typical laser f?»" |
- ‘conditions nith SOinissociation a ca]cu]ated 15% of the eTectron ,
‘renergy is transferred to the CO vibrationa] levels. Also as the

3lydissoc1ation increases calculations show a beneficial decTine of the i::i;A
o A o

fﬁ’electron energy transferred to the coupled symnetric bending modes °f'il

- o .



<o, [17] f e T

,‘;kinetics [58] [59] Reaction of 0, wi

j; equilibration and uhile operating the discharge,.

:?;initial value. __»#aw :

'f{showed that approximately lO% dissociation in an initial COz Nz-

The electron pouer transfer to 02 is small For typical

. flaser conditions the inelastic colli51on rate Hlth 02 is, nuch less
‘%jhthan with either Cco or CO2 [64] Conséﬁuently, the v1brational |
'ff}excitation of 02 due to electron impact appears to be small. Ozv
.Tdtmay play a more Significant role in the production of new species
ﬁ;: such-as the oxides of nitrogen whichdgreatly affect the discharge "fi’-d“h

2

sealed-off system may promote further dissociation of CO2 and

- consequent]y limit the laser lifetime [26] .f‘ §ﬂfﬂa “;;aﬁ»“

Buser and Sullivan [53] used Le Chatelier s princ1ple to

-lj“test the reversibility the dissociation reaction After

'CO- Qas f"’f’Zey| ,1' BUMAR

.‘?out at the discharge ualls by a liquid nitrogen bath'. _'

.rv_

'f{discharge stopped running,the system was returned to roon temperature

l

the ‘metal. electrodes in_ co

}land analysis showed that the C02 composition‘had returned to 1ts :'y,jf*;va

As state} prev1ously, CO added to or by ua of dissoc1ation

hfin a C02‘He mixtuf’ enhances the Pumplﬂg °f the CO (00 ]) upper laser :ti

level through resonant energy transfer. Hith "2 added to the mixture“ o
the ,role, of CO is diminished.. The calculations of Lotk?za et al [24]_7;f- |

;‘fdissociation degraded the population inversion dqe to the decreasing

E udper level by CoO. The computation appears to. enploy the follouing

'Lfmixture was beneficial through resonant energy transfer., Further ,f:'
,f'CO?‘Concentration and an increased colliSional-relaxation rate of the5=ﬁf*

f”reaction for relaxation of vibrationally excited CO to- the syn-etric-i""'



'»'bending modes of CO [65]

CO(v—l) + c02(00°0) > CO(v-O) + coz(nlo) + 66cm ’. |

’:grA high probability was: calculated for this reaction in reference [6§]

- vExperimental measurements by Rosser et al [67], however, show that
K - ! J
'ﬁ'the rate of the above reaction is sma]] ' ' ﬁ

S

4

Experimentaliy, the effects of discharge produced species f

‘?u_have been investigated by adding the various contaminants to a -

: g'f]owing CO2 1aser mixture and monitoring’iaser gain and discharge

' i'characteristics [58] [60] [61] The' f]ow rates of added CO or. 02

fh-were the order of the C02 f]ow rate before iaser qain was reduced to
| gero Since CO increases the discharge impedance some of the gain

,ff reduction ~can be attributed to increased gas heating due to higher

”jpower 1oad1ng of the discharge 02 reduces the discharge impedance S

contrary to the behavior expected from its eiectro-negative character.

3AIt has been suggested in reference [58] that the impedance reduction B

'ifmay be due to efficient cumulative ionization of oxyéen. Bletzinger

';fet a1 found that on]y sma]l amounts of the nitrogen oxides increased

‘

B the discharge 1mpedance-and reduced the gain'[58] For the gas

o

.:pressures used (total pressures of’S”iﬂO and 15mm), additions of

“NO, N20 “and NO2 of approximateTy fi‘ofgthe tota] fiow rate were 1T

A ,-i

2 ysufficient to cause complete loss of gain and an unstable constricted

v-gcomplex Many studies ,;T:



v e

,:Zthe aim of extending the ]1fet1me of sealed off tubes Nith the
‘T advent of electric discharge convection lasers con51derab1e - |

-’.1nvestigation has been directed toward discharge generated specqes,

“particuiariy to find an explanation for the reduced stabie power }{_' -

loading observed when convection systems are swwtched from open to f_ A

::~_ciosed cyc]e flow [9]

1. 5 Scope of the The51s 3

. ﬁ“"

'v'_ The preceding discu5510n was 1ntended to put the topic of

N thTS thESlS 1nto perspeqtive as far as the exc1tation of CO2 Tasers

”ijis concerned The 51gn1f1cant phy51ca1 regions octurrinq within the jfi-'

.2‘glon discharge were discussed The requ1rements of the average

'jenergy of the e]ectron exc1tation were outlined as well as thellg)

'jimportant coTTiSionaT re]axatioh processes Discharge chemistry was R

't_discussed W1th respect to gas comp051tion changes and e]ectrode

':gsurface effects Reasons fdr the troub]esome probﬂem of g]ow to arc

}'tran51tions were out]ined '1x-bgft_r“d”3.i | :'77~ft,'af_”,'u""5‘“""

In Chapter 2, 1nvestigations of the Taser gain and power of

"ftransverse eTectricaT exc1tation with a trip]e eTectrode system,

o uSing a. wire-mesh grid w111 be outlined Data show1nq the effective— |

_g.ness of the grid 1n raising the average enerqy of the e]ectrons 1n a -

:gislow-flow system wiTT be presented. B . o

' 4 In Chapter 3 experiments on laser performance with
{fatransverse excitation in a hTQh veTocity cross fTow w111 be outlined
““TThese include the interaction of the giow-discharge Nlth the fTow
;.,as wel] as the improvement of volumetric eff1c1ency effected by

'ﬁiconvection of heat from the Taser region

3
A



A summary of resu]ts and conc]us1ons as uel] as suggestions

for future research will be presented 1n Chapter 4

'.-"fﬁ B
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T UCHAPTER 2

e

", TRANSVERSE EXCITATION WITH AXHAL, GAS FLOW -

2.1 Introduction }_:"' S i'h.f h~_: f'f”;;;;{v_"_ |
o “'v>'_- Transverse cold- cathode excitation of a low-flow CO2 N2-He
laser is described as a means of reducing the high running potentials RS
. of a long cylindrical discharge The geometry is shown in section 2 .3,
Figure 2 l, coqsisting of a triple electrode arrangenent a segmented
‘d:;ftzﬁd*cathode~«4ndlvldual wire-mesh grids and a continuoua anode with
gas flow alpng the laser ax1s Exc1tat10n was established across the |
e:smallest dimen51on of a box laser with the view that the actlve

'_;medlum_could be extended laterally without 51gn1ficant changes 1n

P b e e _h‘\«

A Q;discharge potential Ideally large area electrodes are de51red with
) \—\

”:v:uniform exc1tation along the full Teﬂgth of the laser Experimentsv
'.hlishowed however, that the large cathode fall potential and localized
",T,ga§~hgatlng caused themgischarge"to degenerate into highly contracted
f,”arcs Consequently, a segmented cathode structure was used with al'j

VMAcontinuous strip anode Conswderable experimentation was conducted

. mm&l” Of the gr‘ld aS a;means of 99ﬂera¢t‘lng UanO?‘m L
- pOSltlve columns to raise the output - power N
&

A transverse strUCture with a grid and thenmionically emitting

-

.‘gecathode was used by Tien [l] and Herceg and Miiev [2] for excitation

- _>of a He-Ne laser The structure con51sted of continuous large area
electrodes with a unifonn diffuse glow established between the grid .‘ﬁ

T'fand anode Freiberg and Clark [3] reported qn experiments with a_)

z-ltransversely excited COZ-NZ-He laser in: which both the anode and

.'q‘_
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jcold-cathode‘were segmented Because of the close wall spacing the o

7-’fonmation of positive columns was still neceSSitated by uall dlfoSlon |

"ov‘losses Individual discharges of length lO cm were formed between
»'jfwallsISeparated by l 27 cm U51ng 25 anode-cathode pairs of 2 5 an o
,'separation and a 7 folded path resonator an output power of ZOH was .

‘produced at. 750V and lA discharge current

By comparison the structure described in thlS chapter'enployed

“vtflexci%ation across the smallest dimension of the box anode to cathode ;_}z

Ve

"separation 2 9 . as compared to a side wall separation of 8 cm Grids
v'fwere installed fonning stable p051tive columns and thereby ra151ng the
‘i output power by at least a factor of tuo As reported hy Sedguick .

;7“5;and Seguinl[4] a multimode 51ngle pathvoutput power of W was obtained

{iat 550V . and 1A discharge current This was- for a continuous anode

f%f{*and 81@1thode segments separated bv 3. 8. om betueen centers. The

338" cm, as compared toqan anode to cathode distance of 2.9 an, .

<

'suggested that con51derably closer spaCing could be enployed before

.adjacent column interaction produced 1nstability This uas in'fact
.vdemonstrated later in Chqpter 3 It may also be noted that due to
‘:limitations of thevoutput coupling aperture; the mode diameter uas

‘;approximately one-half the exc1ted column height

The following sections begin with the description of a

-plasma grid interaction model. w‘Subsequent sections experinentally - -

- }investigate the triple-electrode excitation arrangement y # B

R L _ s



The two most 1nterest1ng cases were,

B

: 2 2 Glow Discharge Model with Gr1d

¢

PR

contro] over: the discharge when the space charge sheaths around the e

- wires were overTapping A thick sheath produced a uniform anode grid

g]ow thCh spread even]y over the gr1d detached from it by the sheath
The V I characteristic of such a grid was assumed to be 51m11ar to that
of a pTane Langmuir probe On thTS ba51s formuias of the collisioniess

theorv!for a pTane probe were used to predict grid behav10r [5]5{6] [7]

(T) an 1soTated grid at fToatinq potentiai

(2) a grid’more negative]y biased than fToating potentiai

| From Chapter 1 it was outlined that the Faraday dark space f"" |

-isa region where the current 1s primarily by diffu51on of the thh RN

1onizat10n concentration of the negative glow Also the length of the

dark space 1s controTTed to a Targe degree by diffu51on Tosses to the =
1 .
waT;s The waTTs were%renote for the transverse discharge Taser

permitting the Faraday dark space to QCCupy mbst of ‘the active medium, ,;V}:

o

of a s1mp1e anode-cathode combination By 1nsert1ng a wire grid 1nto
'S

the Faraday dark space thTS region was repTaced for certain conditions

by a unifonn posﬂtive gTow of higher Taser gain

From experimental observations a grid exercised 1ts greatest -

e

Sl

The foT]owing parnjraphs contain. a Targely qualitative analysis i

based on. the foTTowing assumptions
(a) the gr1d acted as a potentiaT barrier to the thh

L t.';V. concentration of thermaT or uTtimate electrons of the
- S

fﬁnegative gTow thus attenuating the defUSTOH current to

'*‘such an extent that additionaT ionization was required

‘

1n the grid-anode space



(b) average eﬁectron energy 1n the gr1d anode space was ’
- contro]]ed by amb1po]ar d1ffu51on to the gr1d and wa]]s
and recomb1nat1on at the edges of the glow :
L--.‘ In v1ew of the 1mportance of sheath deve]opment the th1ckness h_“

| 1s f1rst considered The 1on current to the gr1d is space-charge '

11mited accord1ng to the Ch11d Langmu1r equat1on,

L2y

Perm1tt1v1ty of free space'f

”; o

e = e]ectron13 charge
' n;tﬁ'ionic massf.}5fv g

’vé»é:grid'tdﬂbIasma:pOtentia]f'?v;'
”"f7”,,' d‘ sheath th1ckness R SRR S B
| ji :en, )| A Nt '2:2}.

J~.

e

ion current/un1t area to the gr1dr;; L

random ion current dens1ty 1n the plasma l~§ﬁ§;a

s n1”=_1on,number densﬂty» : T P s
JEE R SR R S g R
‘»ifi.].f’vT{:% ion temperature . | 2




Equat1ng express1ons (2 l) and/f? 2) shows that d 1§
1/2 ‘ ‘

proportlonal to (1/n ) For the ¢pnd1t1ons_,-

.. '-“ S i .‘:‘j'. : '.~ 23
ﬁ"iﬂ?i?é =" 10 /cm 7*]h mief 7 x ]0 gm ,
T1 = 400 P Vs -mv

' the ca]cu]ated sheath th1ckness was approx1mate]y ] 5 mm S1nce njhr,.
o 1s proport1ona1 to the d1scharge CUrrent ID,ihhe sheath th1ckness
var1es 1nVerse1y w1th I From probe studies the negat1ve glow {t' |
1on1zat10n density great]y exceeds that of the Faraday dark space [8]_ﬁ;f‘
Consequent]y, the sheath th1ckness 1s expected to vary w1th both the f L

: ‘d1scharge current and the gr1d pos1t1on The large 10n1zat1on dens1tylff'}

of the negative glow and the necessary electron d1ffus10n towards ths

gr1d are expected to reduce the sheath th1ckness on the cathode s1de
ff Th1s, 1n fact was observed,exper1menta11y ‘ e

The sheath th1ckness 1s also a funct1on of the e]ectron '

g

tenperature Foruan Iseiatpd grld the e]ectron and ion current denSItles v

are equal the lon current 1s space—charge limited wh11e the electron
LR, BRI ISP
current 1s the d1ffus1on of the h1gh energy ta1l of the nlectron ',f R
& F’i' co o
dxstribution.ﬁn s

‘ ?tfff '._;,”..; : 'c: ) Vge ‘:."v«;‘fpfi~f;'7:t~.:'2‘»; e



, . VF= ;Z_g tn(;:—;) - o . (24)
(Jfﬁ ;";f.’t» *;' ,i-‘}ww/‘: , 'i “,' ERE "“,f"’:fl S
By compar1ng equatlons (ﬁ l) and (é 4), the sheath th1ckness 1s roughﬂy
"-proport1ona1 to- the e]ectron temperature for a constant d1scharge current j
"fnf} Next the e]ectrpn d1ffusion current through the gr1d is i .

".'cons1dered The random e]ectron current density,. e ,_at thencathode .

o s1de of the sheath edge is given by 'jrlgi_"] 4’5;igllttg;.@§;‘f
S e kT N7z CES T .

Sy

<ft The e]ectrons that pass through the gr1d do S0 aga1nst a retard1ng

1

i:;potential VG The current dens1tv through the gr1d 1s then g1ven by

e

I :en e X G~ L U (2.8)
B - an | P ,ET; L e AR

geometric factor re]ated to the gr1d open area

R
. y
4

Equation (2 6) suggests that a maximum grfd to p]asma potent1a] of ’
vsonly a few vo]ts may be allowed before ion1zat10n occurs through the ‘f:”'
 :grid openings In other words, if the diffuswon current 1s attenuated
»lpast a certa1n cr1tica] va]ue ion1zation occurs through the gr1d to ”th~i ;
”.-support the given discharge current This-was cons1stent w1th h | ‘_
r{experimental observatton For a certafn negative bias the dwscharge t*:v'
?,hecame constricted in the griJ'region with intense ionizat1on ;,_Vf-ff :
::aprojecting through ong or more of the grid openings. glt'f

'_/. i [

TR o .
. K PRI _
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'-',,The previous paragraphs out11ned the behav1or of the gr1d

- in reduc1ng the d1ffus1on dom1nated 1ow-energy e]ectron current of the o

L by the h1gh energy electrons h1gher va]ues of E/N are requ1red to .

1f-Faraday dark space Now a short dtscuss1on is presented on the
"‘poss1b1e mechan1sms contro]11ng the average electron energy of the
'anode—gr1d vo]une In the anode-gr1d vo]ume, the "aet&ve“ med1um, ":'
,,an average e]ectron energv greater than 0 5 eV 1s requ1red to :'
;fioptim1ze the v1brationa1 exc1tat1on [9] The energv ga1ned by the
de]ectrons from the e]ectr1c f1e1d 1s ba]anced by var1ous 1osses :For,"
a steady—state d1scharge the 1on1zat1on rate 1s equa] to the rate of
'charged part1c1e loss for 1nstance,‘through amb1po]ar d1ﬁfus1on and
.recomb1nation As the charged part1c1e loss 1ncreases so must the .
~jh electron energy to. 1ncrease the 1on1zat1on rate As the e]ectron |
wenergy 1s ra15ed towards 0 SeV the energv coup]ed 1nto v1brat1ons
dr1ses rapidly and depresses the h1oh energy ta11 of the e]ectron
'juldistr1but1on Th1s 1ne1ast1c process causes the d1str1but1on funct1on_t‘ L

s to become non-Maxwe111an [9] S1nce the 1onlzat1on rate 1s determ1ned?-f;;

'tima1nta1n a g1ven d1scharge current 1n the presence of 1ne1a<t1c lossesf.{jgj;

In conventlonal low pressure tube discharges wa]] d1ffus1on;;if'

8 p]ays a dominant ro]e in e]ectron energy and produces the we]] known
};Bessel-function dens1ty prof11e [10] “For- an unconfined transverse
'"discharge, however, wa11 d1ffus1on becomes 1ess sign1f1cant._ The ]atteri" -
'“case probab]y corresponds more to that of a h1gher pressure ‘tube where 5&A7'x
“the . d1scharge has contracted away from the wa]]s A]though amb1po]ar,J/ -
i'diffu51on to the s1de- lls was sma]] diffus1on to the plates 1n wh1ch '

the electrodes were mou ted was expected to be somewhat greatert It,

',{(was assumed that recomb1nat1on p]ayed a sign1ficant role at the co]umn

o

\' .
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'v boundary part1cularly as: the pressure was 1ncreased Cross—sect1ons

Qy‘lntens1ty of the v151ble glow showed a marked var1at1on, 1nd1cat1ng a

’pﬁifor d1ssoc1at*§§ recomb1nat1on are large For 1nstance the rate for .
*CO2 has been measured as 3 8 x l0 7 cm /sec at room temperature [ll]

t It was further assumed that the gr1d served as. the maJor control on
'E;the d1ffuswon loss fran the act1ve medlum The current loss to the _
f»[gr1d sheath from the act1ve med1um 1s g1ven by equat1ons (2 3) kbr;i7”
sd1stances greater than the sheath th1ckness, flow ‘to- the gr1d is.

*;d1ffusion controlled.. By vary1ng the gr1d to plasma potent1al, the o

B

L 's1m1lar e‘fect on the average electron energv ; S1nce the energy loss

'to vibrat1onal exc1tat10n 1ncreases rapidlv for energ1es near 0 5eV‘ f.

".'only small changes in gr1d ootentIal were expected to produce

relatively large changes in E/N Th1s was reflected 1n a r1se of the

"gotent1al Var1at1on of the gr1d b1as potent1al, as .

"regards Qﬁmrged parttcle loss from the act1ve med1um, appeared to be

u‘; analogous to var1atlon of the tube dlameter “in.a convent1onal d1scharge |

In pr1nc1ple plasma balance equatlons can be set up for the

"'*'hlsteady state d1scharge, however, the solut1on even for the low pressure _f
| tube 1s rather complex [12] [l3] For the transverse d1scharge of
'.i_th1s chapter, the solut1on 1s further compl1cated by the electrode |
‘;ageometry and the fact that the pos1t1ve column is unconf1ned S1nce |
"fsign1f1cant gas heatlng occurs at the d1scharge core fdr useful

”1nput power densit1es, a heat flow equat1on must be solved s1multa-v."

v l.neously with the plasma balance equat1ons

In summary, a grid 1nserted 1nto the Faraday dark space of

4’fa short unconfined d1scharge, attenuated the low-energy current of the

"ffdark space for grid blas more negat1ve than space potent1al .
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'”"The intensity of the»resuit%ﬁng051t1: g]ow was a]so a functioh of

: Jlgrid to space potentia] primarily t ‘ugh ambipoiar current loss from_;
iithe pTasma To provide a. g]ow uniformly distributed across the grid fr,;
e thick isoTating space—charge sheath was necessary From the above L

fh; mode] 1t was shqﬂn that the sheath thickness is a function of electron

j‘fienergy and dens1ty Since usefu] average electron energies are in,

Vfithe range 0 5 ‘to T 5eV grid bias potentia]s of onif’a few vo]ts ffff_ T
"‘were permitted Attenuation of the high energy tail of the electron >

. ’fdistribution produced v151b1e 1onization through the grid resuTting

.'.'the discharge A]] electrodes were coo]ed by tap water Each grid :

f_in a constricted p051t1ve glow .;:;1'”_f v::{;§§'<:; ffi

3e;?2 3 Experimental Systen _ | - |
7v‘_, A diagram of the exoerimental ]aser 1s shown 1n Figure 2. T(a),:g
'ff,along w1th dimens1ons of the various components Figure 2 ](b) Shows ‘?7
':,“a photograph of the assembTed Taser B '}'Tv 5 o

T: _ The a]uminum anode p]ate and the giass (or perspex) cathode i
ihf'QpTate were readiTy detachabie for ease of e14§}rode testing and grid to

n‘;icathode adjustments. GTass Siﬂe-wails permitted visuai observation of

vtiwas coupTed externaTTy for the fixed bTéS and seTf bias curves of -

"’section 2 4 Further detaiis on qrid sizes and cathode materiais are

e

o contained 1n section 2 4 The anode was consistently a: 51ngle water-'»':'

;:: cooTed c0pper channe] of 38 cm length The width of 1 cm was chosen
for uniformity of anode glow H“ Lo f‘ AR |

}: .'_" The e]ectrical discharge was powered by a fi]tered D C supp]y

2 Each cathode was individua]ly ballasted w1th approximate]y SOOQ per ‘

}'fg eTectrode for seTf biased grids and 2Kn for 1so]ated grids. “f
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S

, Figureiz_.'.l_(b);.;f-.Transverse DischargeLaser o B ﬂ_?-' e

Industrialagrade gases. were flowed axially, that lS, along

the laser dax1s by means of a mechanical vacuun oump Pressure

, measurements were by a Hallace and Tiernan gauge (0-2&-1 Hg) Flou o

'rates were measured and calculated usmg the pressure drop across a L
‘,f'vtube of known diameter and. length '_ S '.ﬁ.:";' : e

e :

The external laser resonator uas formed by a 3nll gold

"vvsurfaced spherical mirror and coated NaCl flat of 922 reflectinty [14].--_-

The resorTa“tOr length was- approximately 80 cm. Coupling to the active w

"medium was by means of NaCl \nndows (thickness of 6 Snn) oriented at
the Brewster angle., Power measurements uere made wi th a Coherent .

Radiation thermopile detector. '_ o o E g
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2 4 Character1st1cs of the GTow D1scharge

2 4.1 Actxon 05 a gn4d on the Volzage Cumnent (V I) chaaacieﬂxaiuca
GerS of var¢1no mesh s1ze were 1nserted 1nto the gTow :
&gischarge w1th the most des1rab1e effects occurr1ng‘when the gr1d was -t
f p]aced 1nto the Faraday dark space near the term1nat1on of the “
5'negat1ve g]ow Gr1d sizes tested var1ed from 2 8 to 15 8 meshes per B
s 11near cm (7 to 40 per 1nch) w1th open areas of 87 to 36% respect1ve]y
t'Alum1num, copper, and sﬁ:1n]ess steeT gr1ds were cut from p1a1n weave
d:ﬂwire c]oth ;11 mateégals g1v1ng s1m1]ar performance The drameter of
-ffthe wire was constantﬁat 0 25 mm Th1s wire s1ze was a comprom1se
_fbetween r1g1d1ty and shadowing effects o B |
| A o The V I character1st1cs presented here were traced from datae
displayed on an X Y recorder ATT record1ngs were made by start1ng ataff
the h1ghest current and after stabiTizat1on, reduc1ng the current in -

n smaTT steps a]Towlng time for equi]ibration The gr1d act1on is f1rst~jin:

f'!introduced by exam1n1ng the character1st1cs for an 1so]ated gr}d

(a) v-r chanactentaxxca gon 4ao£ated g&&dé - v
(e -[ An 1solated gr1d produced a s1gn1f1cant 1ncrease in }
r:the potent1a1 across the ect1ve medium thereby 1ncreas1ng the averagef’
‘electron energy to’ provide a higher vibrat1ona1 exc1tat16n rate -rhe;f
:'position of the grid was governed f1rst by the fact that it was most
1effect1ve in the Faraday dark space Secondly, for a. glven anodeﬁééthode‘ k
h‘separation the active volume was max1m1zed by plac1ng the grid close‘ |
3to the termination of the negative g]ow It has been povnted out 1n _
fChapter 1, section . 2,1, that the negative q]ow length 1ncreases w1th

-fcathode fa]l potent1a1 S1nce the d1scharge perated pr1mar11y 1n H' |

; the abnorma] reqime ( 1ncrea51ng V with discharoe current, D)? ra)51ng:"'
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| 'the e]ectrlcal input power6§aused the negat1ve g]ow to expand“ As a

'result the cathode to gr1d d1stance, dGC’ was determ1ned by the

o input power for opt1mum ]aser operat1on ?,u', ; "’Qi.y* . fij\‘f__;

0bservat1on of F1gure 2 2 g1ves the re]at1onsh1p of the V -1 '
character1st1c for a. g1ven dGc‘compared to that obta1ned in the absence

of the grid ' The gr1d produced a local max1mum 1n d1scharge

B - potential D.a Th1s peak was co1nc1dent w1th the'maxxmum v1s1b1e g]ow

- from the pos1t1ve column formed 1n what had" formerly been the Faraday
7dark space, F1gure 2. 3(a) : At 100mA (current for a s1ngle cathode)

; VD was ra1sed approx1mate1y SGV above that for no gr1ds," at 1s, the L."*

,',Maverage pOSItive-glow f1e1d 1ntens1ty 1ncreased from 28 V cm to

Vor

f48 V/cm The f1e1d.was ca]culated us1ng the ]owen curve of F1gure 2 2
. y .

; the f10at1ng gr1d to cathode potentia] ‘As w111 be shown 1ater

: - v

- sect1on 2 7 this change of . f1e1d y/tens1ty corresponded to an- 1ncrease

3f:ffof e]ectron ggergyxfop?wh ch N1ghan [9] has ca]cu]ated a rap1d

»?/

7j;variatiopaofﬁt1brat1onal exc1tat1on rates

?1'winifj¥ Hysteres1s ex1ste§

'-1.?was associated with,the‘ rans1tion of the gr1d end of the pos1t1ve f :

%fthe 1ow current s1de of the peak Th1s

K%

cholumn from an attached Apot on the gr1d to a, d1str1buted glow separated'~'
: l from the gr1d by a smal] dark space as. seen in F1gure 2. 3( ) Thet
v"ipos1t1ve g]ow became attached to the gr1d; for 1nstance, by a current ;d‘.
;freduction frun po1nt A to: B F1gure 2 2, w1th a trans1t1on or Jump

i ;along the 2Kn reSIStance 11ne to a bpot at po1nt C A subsequent o
rf.current 1ncrease traced the character1st1c from C to D as the spot was
forced from the grid To relterate, below the peak the co]umn was
attached to the gr1d on- the downstream side whi]e for currents above,'

.“ the column was separated from the grjd by a th1n dark space

U
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| ;uNOTE* 'ef‘ethoﬂS parallel'to laser axis are from scratches
'-1n glaSS side-ua]];, He 2 RS

% Anode s
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| Once the,most 1ntense glow had been establlshed further ra1s1ng of the { s
‘jdlscharge current caased the glow 1ntens1ty to fall w1th a correspond1ng
,reduction in VD' unt1l f1nally~¢he negat1ve glow prOJected through
athe gr1d when th1s occurred the grid became much less effect1ve. _ ‘
) Both the current at whfch the peak occurred and the sharpneSS'.;dv
f;were a funct1on of the gr1d to cathode d1stance dGC’ as seen in F1gure
. 2 4. For dGc<amn the peak was located on the negat1ve slope ‘with a
4'small current: w1dth To enploy this dGC reouired a relat1vely h1gh
_iballast resistance to ma1nta1n a stable glow peak Also, 1nstab1l1ty
.'was further 1ntroduced by the fact that the cathode was no longer ?[p
-{completely cove#%ﬁ by negat1ve glow The case dGC-Z mmn.was des1rable S
Lw1th regard to eff1c1ency s1nce max1mum pos1t1ve glow potentIal was
‘ obta1ned at m1nimum cathode drop and therefore m1n1mum power loss 1n: '
_,the cathode region It Was found however that a peak at hlgher ID.'ﬁ
,fgave.maximum laser power For dGC—4 lmm gentle slopes requlred |
itrelatlvely small ballast This more gentle slope was attrfbuted to o
a non linear var1ation of negat1ve alow length w1th cathode fall vcp7c'ﬁ
a9 (b) V l chanactaaaatxca 50& conatanz gz4d to cathode
potenzxala ) ) ‘

. . To test the perfonnance of var1ous mesh 51zesl' | |
'characteristics were plotted with constant gr1d to cathode potent1als
VGC' ‘and the followlng discharge parameters | '

' ’ COZ/NZ/He -1 4/l 4/8 3mm Hg

pumplng speed - 6 4 llters/sec .b

»l;dQC’* Zﬁhnn \
__»f"‘?Ac'.,“_ZS’C"',_, R
~ cathodes - copper, annular oroove |

DU e R
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."GYTd bias was by a regulated supplyi(Fluke 210C) referenceé.td the i

‘.l.
X

3 acted as a base for those plotted with the parameter v

L separating re ons.

“)~ ‘rb’lp

'-icathode as. shown in Figure 2 5 Since th@ grid was biased negative

“to space potentia] a bypass re51stor was requ1red on the supply to

pennit reverse currents The V- I curves at fioating grid potential

GC Grid

51zes of 6 3 3 9 5 5 and 7. 9 meshes per cm (16 10 14 20 meshes

:"per inch respectiveTy) were used to produce Figure 2 5 through 2 9.

First a discu5510n of Figure 2 5 Since 16 mesh grids were 'f"

B predominantly used for 1nvestigation of the f%ber gain and power.
’:Curves of the associated grid currents are presented 1n Figure 2. 6

"fi‘Figure 2 5 has been labelled 1nto various regions Uniform pOSTtTVe

S

f.glow was-obtained over a rather steep characteristic in region A th;}:

f*other words, for constant VGC the potentiai across the active medium

- .

ishowed a 1arge~1ncrease over a reiatively smaTT change in ID :Tbefv_'
‘:'curve, GC—430V gave a max1mum positive glow potentia] of 130V (50V/cm)
";as compared to 75V'(30@Aim) WTth the grid removed The dashed Tine

A

”‘"d.B gives the upper limit of stabie operation

Wy

Jv; In region B tramS1tion occurred to grid Apot The grid end of the
*'?tcolumn was then constricted resu]ting in.a higher ID and reduced vD |
h ;‘As discussed in section 2. 2 the grid bTaS cou]d onTy be increased to fia
'i";the point at which 1onization occurred through one or more of the mesh
'ifaopenings A The grid current reduced to zero as expected at the 1nter- ;‘.f
f}.'section WTth the base curve (f]oating grid potent1a1 F) Figure-z 5
.':f‘W1th the 1on current rising a]most Tineariy with ID’ Figure 2 6 F r

f,.'the higher VGC’ the characteristic siope decreased as in the region D

:;fF‘This corresponded to a region of tranSition into what has been termed

'the divided negat4ve glow [15}, that’is, negative giow both above and



. & V 5 R | IR umm\mgmp: v g* vmmom oc_.&_:a .
S .bmmgumczou G cc_p,moq c_ wmvcgpum_m 4oy m»mc 'SAIY9 HSIW Y1 ONY- “_4_;.a B
TR e SWIINILOG. 300HLYD 0L atyy hz<hmzou 04 mm>x:u uhkmumwhu<¢<zu 1A 's°2 umamHu

' t P .<.A. . .4 .
08f . 09l oﬁ _ omp oo_ om;_ ]om, oc 0z 0

g m\¢ el - @:\NZ\NOU AR S
o w g3 1;o<u

. __q,m_ __moa, 3 A<EV uooxh<u mma hzumxzu mgx<:omHa

Tww_« ME¢Nuu§.
;uc*\mmgmms.m_xo,-ouxw

- (A) F9VLI0A I9UVHISIC




 GRID CURRENT {mA) - -

- FIGURE 2.6.
L ‘:AND PARAMETER V Curves recorded s1mu1taneously
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¢ L
¢DISCHARGE CURRENT PER CATHODE (mA)_
»VARrATION OF ﬁRID CURRENf NITH DISCHARGE CURRENT

”w1th FIGURE 2. 5 Grid b1ased neqat1ve w1th respect

'{*

Tt space potent1a1 : “';' o e
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S
» beiow the gild Once negative g]ow appeared above the grid the
grid-anode space was again occupied by the low laser-gain Faraday |
:';g_dark space Consequent]y for. the 16 mesh grid and this particu]ar, .
;”‘pressgge, useful operation extended over the range 40 to 170mA per.i":

o I

Fdr the 10 mesh case (3 9 meshes per cm) Figure 2 7 the
'pcurves exhibited broad maximums as compared to the almost Iinear

- relationship of Figure 2 5 A stable pOSitive glow occurred on
. "

peaks A and B for vGC>390v For ch-390v a unifo ' 1ow eXisted at
':‘pOint A (VGc approximately 100V be]ow p]asma potential) and 1esser
L ID down to 20mA In the region A to B the grid and glow interacted

' i via. a series of intense spots Finally at pOint B and above the

; negative g]ow began to prOJect uniformiy through the grid The'

' ;interpretation ‘f this behaVior was. that when the grid prov1ded a

™

#tertain‘trit ~oss:‘-, transition to intense]y ionized spots ._j;\dhia &'\A

T permittedwt$e‘discharge to operate more economicaliy to maintain itself

' ‘This behaVior was similar to the region B of Figure 2 5 On c]oser
'-“vinspection of Figures 2 7 and 2 5 the grid bias f0r the 1arge mesh _

rfopenings had to be increased substantially (from a few volts to severa]
4f,,ttens of volts) This was expected Since the grid wires were assumed -

jﬁto be effective out to a diameter of the ion sheath which expands for

more negative bias

o ® Figure 2 8 14 mesh grid (5 5 meshes per cm) was Similar to

e R

lFigure 2 5. The curve for VGC-VF contained a local peak on the 1ow :

,‘(

v-;,current negative slope at approximately ZOnA By comparing Figures 2. 5
g_;through 2 9 the ]ocal maximum of the iso]ated grid curve moved to higher fjj

i‘

'f‘ID for decreaSing open area This was expected since a gridllf lower
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‘ g . MR :

@'open area presented a larger col]ecting surface and a higher degree of

| sheath over]ap The negatmve glow ekpanded mdre close]y to the grid
(higher ID) before proaection through the mesh occurred. K

A

Comparison of 16 mesh with 20 mesh performance, Figure 2 9

.0'

: indicated that the region 9f div1ded’g]ow remained atﬂapproximate]y
the same ID‘ Th1S coup]ed with the 1solated grid peak moving to higher

_'ID for the smaller mesh reduced the usefu] curreht wwdth of the uniform o

‘g]ow region. o . fﬁ.- r,J/ ,_}’Q,*; "ﬂfﬂ-'a” -
‘ T : EEE AP 72-{.‘ RN '"i/‘ 4

Whis rather complex behav1or 1s summarized under the fol]ow1ng pOintsi'
- (1) decreasing the opeh area shifted the potentia] peak e

,QQ/ ',t._ . of an iso]ated grid to higher ID
SRR B

(2) by app]ying-variousjconstant grid to cathode potentials
the usefu] range of operation of a particular grid'was
detenmined as that.region to the high current Side of - | ‘
the 1so]ated peak up to the I of the d1v1ded negative ;hji'

_'~: ‘. ",‘1. ._ . . ) L _j . o

(3) 1ncreaSingbthe5negat1ve bias in this region produced
g 5 a large increase in positive glow potential w1th a |

corresponding v151b1e inten51f1cation of the poSit1ve glow;‘

$ (4) maximum grid bias. al]owed was: dictated by the~tran51tion
w;" .w' from a. th1n dark spaee above the grid to ‘one.. Or more
\ ih- spots of ionization through the grid as the discharge
. reverted to more economical operation |
(5) reduction of the grid open area, lowered the usefu]
current range.

l.’. B



':‘g&u,.;lt is reca]]ed from Figure 2.5 that for the 16 mesh.u
'zigrid and constant VGC rather steep characteristics were obtained of."
_limited current range These characteristics were useful for | h »
/“estabiishing the most de51rab1e region -of operation however to/extend
- the operating range a simp]e seTf bias re51stance network was: de31gned
vias shown ‘in Figure 2. 10 U51ng V-1 characteristics at constant V ‘

GC

v and the corresponding curves of grid currents, va]ues of R] ‘and R2

‘were estimated from. the foilowing expre551on

_;_'(-Rz'._'I'G)RTJ'vF' 7"0 I AR R _.‘ C o2
‘VGC = potential of V I curve of constant VGC pa551ng

Sl f through the desired operating p01nt Figure 2. 5
S

G f grid current at the specified ID’ Figure 2 6

i

F'J' f]oating grld to cathode vo]tage at ID’ Figure 2. 5

b.t' discharge vo]tage obtained from V 1 curve at

[H

f‘1ntersection of VGC and ID’ Figure 2 5

,Frgn (2 7) VGC/R must be greater than IG to provide the necessary :
grid current | | ' " L ‘
| | The V I characteristics for a se]f biased ]6 mesh ngd are B
contained in Figure 2. 10 The curves were produced for R2 constant o
%at 68Kﬂ and various vaTues of R] The V I curves for seTf bias are - u >\
‘shown superimposed on the isolated gr1d characteristic ' Operating o

;range was obvious]y extended and the lower gradients led to further :

8
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'D

'.’_‘redUCtion of”the cathode bal]ast A res1stance ]1ne of 500n is

" shown. S1nce Vc was in the order - of severaT hundred volts

,(Vc VF for hlgh current) reduction of the bal]ast below 5000 .
'_Aresulted in Tittle economy of powen/ For 1nstance a- s1ngTe cathode
-:current of . IOOmA and VC~VF = 440V gave a power consumpt1on of o

=1

,approximately 44H 1n the cathode fa]T as compared to 5W 1n the cathode
‘_ballast. . '*A f~,- ' ;‘“:' - o 4 |

2 4 2 Va)u.ai;wn 06 v-1 Maww u,u.h mmune o |

| - ;n Ta 111ustrate the effects of dens1ty chanqes the d1scharge
characterist1cs of F1gure 2 11 were generated for a constant.rat1o of-
‘gas constituents. There was an obv1ous sh1ft of the max1mum v1s1b1e t;_,
'gTou to higher current and’ potentlal changes becaﬁe more’ gradual

These changes were assumed to be’ assoc1ated w1th the reduct1on of .
‘g.negative glow ]ength w1th pressure [16] In fact the curves of F1gure

v hN v
f_2 1] were s1m11ar to those for chang1ng gr1d to cathode spac1ng, -

_Fﬁdure 2. 4- . .l_"' %fge" #"rﬂ r';f’fi "? o 'h."li_?'s- o .Ts;'ﬁ
‘ The g]ow coTumn for a pressure of 5. 4mm was not un1fonn a]ong
| ﬁthe gr1d—anode space. It wou]d seem that the gr1d caused only a local
'tchange 1n the plasma Just above the grid Losses further renoved were
(not suff1cient to boost the electron energy and thereby extend the

lfvisible posit1ve glow. ThlS phenanena had the appearance of a " e -

striation produced in Tow pressure gas and a more convent1ona] long

“

o

'v' tube discharge [17] , . |
E By inspecting the curves more c]osely it is observed that -
each g]ou peak was super1mposed on a curve of. dim1n1sh1ng potent1a]

| variation as the pressure was raised This was cons1stent w1th 5
1,experiments performed with single component gases [18] The po1nt
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shou]d be emphas1zed that thIS behav1or ‘was responSIb]e for -

o expanding tﬂe region of operatlon, that is,oreg1on A F1gure 2. 5

.:, 1In other words the VD m1n1mum, corresponding to nonma] cathode fall

v n* broadened and the potent1a] of the abnonnal reglon rose less

v,,rapid]y,: From character1st1cs run at constant VGC’ Tt was estab]1shed

‘that this was necessary to extend the usefu1 range of operation of a -

-,hgr1d

‘";‘1nverted brush :

- 2.4.3 e NN (es and materiats

i *"annuJar groovg cathodes shown in F1gures 2 ]2(a)

‘ through 2 12(d), respect1ve1y '_ L f | ‘

| : The f]at cathode gave an extended negat1ve g]ow (approxlmately
'-.1 cm for IOOnA discharge current and tota] pressure of 1] hnn w1th . ~
'_ part1a1 pressures COZ/NZ/He-l 4/] 4/8 3mm) In order tp m1n1m1ze the
e]ectrode separation a reduced negat1ve g1ow 1ength was des1red | _
‘.;"%; From von Engel []9] one finds that the hol]on cathode has -
_~propert1es of reduced external neoatlve g]ow and - Iower Vc for a glven s

'::current density, Srnce the 1ntense negat1ve glou 1s conf1ned to the N
ginter7or of the e]ectrode a reduct1on 1n gas heat1no effects is a]so 'é

:expected over and above the reductvon due to lower Vé\.~For the»e1ght-r
velectrode structure tested in these expendﬁents, w1th 3.8 am dwstance
between: centers, it was- found that the hollow cathode conf1ned the |
| positive glow unnecessar1ly An obv1ous experiment 1s to move the "
'delectrodes closer together Th1$ was not done on this structure,-

3however, as wi]] be seen ?n Chapter 3 a s1m1;ar structure employ1ng

".ffapprox1mate1y th1rty cathodes gave a cont1nuous dlscharge over the vh"

1axia1 Iength of the 1aser ft o “E'i | -_, o -.7‘}.‘-f1"
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‘princip]es of the hoi]ow cathode in that' now the compiete surface of a
'

| f12 5 cm diameter e]ectrode was covered with ho]Tow cathodes creating an’ .

The structure of Figure 2 ]2(c) again emp]oyed the .

' 1nverted brush" electrode Since the hoi]ow cathode effect becomes

hmore pronounced fo" smaiier diameters at’dsgiven pressure there

"existed a certa’ minimum hole. diameter which depended on the number T
,ie surface, the pressure, and the discharge current If,xtgx

eter was too sma]i not al] the hollow cathodés were

o
>
M
F
o
—

' ﬂreguir;d _'v.upport the discharge A]so the cathode region became

i}bie as the giow "danced" over the surfate A copper.ﬁffju

~

o ogder of one to two mm. P
vagf: ~}“ The multi ho]low cath de was modified to the annuiar groove“‘A
."ieiegtrode of Figure 2. 12(d) This gave simiiartperformance thh ‘'some 5:fu
lj‘increase in negative giow 1ength ﬂpweveﬂ difficuitie$ of construction .1:
llwere great]y eased The g]ow coiumn d1d show sane structure asSoc1ated
{J;f with the cathode surface as seen in; Section 2 4 1 Figure 2 3 . p

' ‘ Aéﬁtudy of various materiaQS was conducted particuiar]y after
fr‘the initia] experiments empiqying commercial aiuminum e]ectrodes '

‘\fiter a few hours of, operatwdn a highly Jnsulative dep051t bu11t up.

"'n the cathoﬁe surface This "contamfﬁaticn" took the fenm of a tenuous ;
slgkayish black deposat A marked increase in discharge potential was "_
":'observed after the co p]ete surface was covered while th)’depos1t was
“.f:fonning the discharge showed a stronger tendency to arc presumablx
.‘frdue tosthe insuTating 1nc1u51on effect discussed by Maskrey and

5[:jDugdale [20] Once the surface was covered smai] micro discharges

; . -
v w
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'f*vg flashed at random,}ver the surface N ﬂnother undes1rab]e feature of:
th1s bu11d up was the 1ncreased negat1ve glow ]ength assoc1ated Nlth
the 1ncreased Vc and attendant 1ncrease 1n power d1ss1pated 1n the

5ot i n,'f 0

cathode reg1on In other words once the depos1t had bu11t up

1arger dGc were reQU1red o |
' Copper, sta1n]ess steel and n1cke1 cathodes ma1n ed

"? relat1ve]y clean surfaces at the expense of sputter1ng act1on. Th1s

.

\sputter1ng act1£i>d1d not appear ob3ect1onab1e 11‘the f]ow1ng system o

but wou]d be a h1ghly obJect1onab1e swtuat1on for a sea]ed off system

";Q”_ where electrode effects man1fest themse]ves 1n the form of gas;

clean-up both due t3 oetter1ng act1on and chem1ca1 reactlon w1th the
electrode surfaces.u"pf;;},n;_ﬁ ._':f.q ?,;f9} 'g'-l s

<‘ﬁ;ffﬁif7 Br1ef1y, the anode mater1als tried wer aga1n a]um1num and :

ERVEE

channe] i No part1cular advantage was found f one over the other,_
but copper was favoured because of h1gher the;'al conduct1v1ty fheg”

f width of - the anode had an effect oh' the ax1a1 cont1nu1ty of the j

~y Y

d1scharge.‘ By restr]ct1ng the anode w1diﬁ the pos1t1ve g]ow was

forced to spread 1n<the ax1a1 dfrection The m1n1mum usefu] w1dth

3

“‘5;" was slﬁght]y greater than that)at wh1ch 1ntense "tuﬁfs" of'glon'l“j?:%f'{
formed a]opg the surface.‘jaf',=‘p‘_ f i-]".gh.'?]jjffe’z E :

"t4{& V 1 character1st1cs for the - var1ous cathode materva]s are

Y

: 7o%izonta1ned 1n Fxgure 2 13 wh1ch 1t is to be noted were generated 1n‘v7

h%gfthe absence of grids 1n order to more clearqy*Show«thE<C nges in VC

-

t-"‘..,'fThe curve for alum1num was for a freshly polrv ed surface ﬁ]um1num-“?

‘;};j?h1b1ted the 1owest V and therefore the-lea : VC Once coated by the 7

' Jh;jifdischarge,.vc for alum1num became much h1gher even than that fon ‘5‘5.7f*
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| Tbsta1n1ess stee] As mentioned prev1ous1y a 1ow Ve m1n1m1zes gas

:heating, negat1ve g]ow 1ength and 1ncreases laser eff1c1ency by reduc1ng

_ the power consumed in the cathode reg1on The effectiveness of V
-reduct1on by use of . /mu1t1 ho]low or annu]ar aroove cathode s ;';;*fﬂ?

";;1111ustrated in F1gure 2. 13 © f. ' - f.f, ;.“.'fi’].3 ‘;Eglﬁ ‘,4iﬁ

2.5 Sma]] s1gnalaamp11f1cation 5“:!Jh" ;ihﬁfl.
S1nce high sens1t1v1ty was des1red for ga1n measurements,,~.“‘

1A'.part1cu]ar1y in the Faraday dark space and the negative g]ow,'“

"‘different1a1 technlque was used F1aure 2 14 A s1m11ar vers1onl‘ ;f}”'"‘
(appeared in reference [Zlf : lff'f'f;': T Ry . |
| | By chopp1ng two equa1 amp11tude beams a]ternate]y and . h.;vb3-, uié‘
?zsuperimposing them at the detector the effects of 1ow frequency no1se,v ;:*'H
lljrﬁpart1cu1ar1y amplltude dr1ft of the probe osc11ﬁator were great]y |
'f»'freduced A 1ock—1n amp11f1er was tuned to the\chopp1ng frequency, _}»f
:h;?w1th the ga1n amp11tude d1s 1ayed on- an X Y recorder :&Typ1ca1

Ny
i

' test medlum-were 100mW'on ‘one. oF

'?osc1$1ator probe powers throu,‘f

”;fithe P trans1t1ons of the 0 6u group, the part1cu1ar {rans1t1on "
L{ffmon1tored by a.COz 1aser spectrum analyier (0pt1ca1 Engineer1ng INC

ey e E RN
“':ﬁmodel 16 A) An ir1s 1n the Ianger amp11tude leg was adJusted for Sew

\\complete canceﬂlat1on of the chopped s1qna1 1'fthe absence f tne _Lf7vlw

T R A N o Y

amoJ1§y1nn d1scharoet- ﬁ,_”-;; b_.f]s;“j ;_gua‘j_}f;?*mgsgd

The variat1on of the sma11 s1gna1 ga1n‘with d1scharge current

‘ﬂ-...,,_::
. _,.\

RN

"v"15 shown in Figure 2 15,|where the‘amp11f1cat1on for two d1fferent 1so]ated t
| wﬂgrid POS1t10ns s compared to that obtained in the absence of ‘the | . DR
,[@{gridSTNMCO"Sta“t partia] Pressures were maintained as was the flow rate B
v,QAS 111ustrated by F1gure 2 15 the oafn peak shifted to Q. h1gher dlscharge | p
;titcurrent with 1ncreasing dGc The magn1tude of the ga1n var1ed 1nverse1y
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| SMALL-SIGNAL' GAIN (3 '

S0 FIGURE 2:15.

6

20 [

e

P20 TRANSITION

B T

R 7 PROBE POMER.. - - © o

0408 08 T 0 T2 S L

+ TOTAL DISCHARGE CURRENT (A) S

< \

THE DISGHARGE CURRENT ENDENCE DF THE SMALL ;
. SIGNAL GAIN “FOR VA@%@ A

':-COZ/NZ/He - 1.4/1.4
J{INCH PROBE BEAM POSITIONED CENTER 0F ANODE- GRID

SOLATED GRID PosrTIONS
3mm, GRID SIZE, 16 MESHES/

SPACE dAC' 2 9cm PUMPING SPEED 6.4 LITERS/SEC
GAIN IS DEFINED AS THE" PERCENTAGE INCREAQE IN.
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with d 66 Compared to the case without grids ‘a fa tor of two i‘. Ce '

improvement in gain was produced at 1ow dGC" As wiii be seen in the ’

e

Consequentiy; for some grid settings, (dGc'4 1mm, Figure 2 l.) the

positive glow column lj' ;’a.**‘~1.> ":' f},. _‘h ;f'; :1f : Wl.'jh_ wl

sIn regard to errors invoived in the gain measurements,\scans ;r~<7'“

were repeatable to AG + 2% for copper eiectrodes | Since sma]] : b
in dGc resu]ted in significant shifting of the—gain current charact’ri*i,cg.’u‘
care had tb be taken in adJustments of dG Chanogs 1n the electrod'ft'“f

surfaces aiso detracted from the Tong term repeatabiiity Th1S was i
“ . Lo . e , . S

'éparticuiarly truefofuthe aiuminum_cathodes;eas.discuSSEd,in.section;2;4;%;'»rA’
COPDPr cathodes, however, showed oniy a siight Sh1ft of the gain L |

maximum to Iower ID‘ presumab]y due to a sma]] 1ncrease 1n the cathode 'f”'

. T ', 1'\.

fa]i potentia]

~ Gas pressure and constituent variation produced simiiar ft;_ﬁf'E-'
f] : ) . '
effects to the changes of dGC ‘ Figure 2 16 dispiays the gain

o

characteristic for severa] gas pressures at censtant d Again,;g_}-:“'é’ P

maximum amplification occurred at 1ow ID: The output power maximized';;ig
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h;however, for the gas Aens1t&*o; curve b - N
| Hor1zonta1 scahs showed that at the edges of the 2. 2.cm
d'window aperture (caéhode d1ameter,_2 5 cm) the ga1n had dec]1ned to
"approximately 50% of the center 1ine va1ue Vertical var1ations also
H'occurred The highest ga1ns occurred 1n the,vic1n1ty of the anode :-
T,and decreased toward the grid As the grid was approached the
}{ga1n max1mum moved: to ]ower d1scharge curreht d1rect evidence of
.athe heat1hg effects of the cathode faIﬂ potentia] }3Jf§; , {*

. ‘“. e . . . . . . S



‘2;6 Laser'Output Power -

, The resonator was formed between a 3 m R gp]d surfaced
-.m1rror and a coaéed NaC1 flat of 92% ref1ect1v1ty [27] .. The resonator
tlength was approx1mate1y 80 am. The m1rrors were 1ocated externa]ly,
the resonator coup]ed to the cav1ty by means of 6.5mm thick sa]t f]ats
or1ented at the Brewster ang]e The, aperture of the system was 11m1ted !"
-by‘the Brewster w1ndow mounts to a he1ght of 15mm and a w1dth of Zann

‘thus restr1ct1ng the mode vo1ume to Iess than one- half the exc1ted

KRl . oo

vo]ume _ o ‘ - _
. As expected fran the V- I characterist1cs of sect1on 2 4 1
‘fmaX1mum laser power was produced 1n the region of maximum pos1tive
;g1ow potentia] F1gure 2. 17 compares the current var1at1on of output
spower for{?ﬁree’1so]ated grid pos1tions to, that 1n the absence of the
.%grlds A mentionedtpreviously, max1mumfpower occurred for the 1arger o
dGc W1th an 1ncrease of at 1east a. factor of two over that obta1ned.w1th
| The output mode w1thout the grids suggested that f.'?

the v1c1n1ty of the anodeﬂ\the anode glow

ﬂ_the gr1ds removed

most of the power cam.,.

Since t 1ow current s1de of the peaks in the V I charac -~:

‘_ter1st1cs of sect1 n A 4 J corresponded to glow _ttachnent to the gr1d

. 1t was des1rab1e to operate above th]S regiqn of 1#_tab111ty As the o

5,curves of F1gure 2 17 1nd1cate, and as w111 be s' wn- in more detail
A]ater the power max1mum occurred on the hi , current s]ope of the V- I
'fpeak Consequent]y, the maximum power ' curred in a stable region wherehf&
fthe pos1t1ve co1umn was uniform]y spread over the grid with an. 1nt3§iin: ;,
:1ng th1n dark space As 1ndicated 1n F1gure 2 17 a mu]timode outpu

Tpower 1n excess Of 3w was obtanned at a discharge current of 1A

-7'&,1:.1"'
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- To extend the operating range and prov1de further ballast “
f_reduction, the self-biased grid was introduced As explained in section

- 2. 4 l the pOSltlve glow column was stabilized over a larger current
frange Figure 2 18 gives the power current curves for varying bias - S
*'reSistagte.v R (Figure 2 lO) was maintained at 68KQ while Ry was -
E‘varied fran 20 to 32K9 The curve for a floating grid ‘at the same . dGc |
- is also shown The corresponding V I curves were presented in Figure L
lO section 2 4, l(cic Essentially the same maximum power was‘

( obtainable with the biased as with the unbiased grid however lower i,%é/

f‘ballast resistance\was permitted down to 5009 in each cathode Th€%§
t‘ballast reSistance was suffiCiently lgw that the power diSSipated by,
\‘the cathode fall potential was the major source of ineffiCiency ‘A _u;:
‘,certain amount of ballast was required for equalization of the cathode S
'currents. A ballast of 5009 seened rather low for this purpose Since
-zthe potential drop across the ballast was only a small fraction of that |
"across the cathode fall The explanation probably lies in the fact th&t
f;the glow columns were more or less discrete entities It was found .
»later Chapter 3 that plaCing the electrodes more closely, where all 3‘f
f‘electrodes supplied a- Single diffuse positive glow, equired increased,:;'f
hrballast for current bal nce. ST i ' ‘ \\ y e
B EffiCienciesﬁjL the order of 0 5% were typical of the gf_l_
-’particular arrangement used to produce Figure 2 l7 and 2 l8 Note,' ' §
h'however, that the resonator was coupled to approximately half the exc1ted )
"volume A figure of 20% is typical of the more conventional tube laser
The main reason for the greatly reduced efficiency was the large cathode

<3fall potential In: addition the exc1ted volume was small since the o

_ separation between¢9daacent glow columns was unnecessarily large ’~1 ia‘_‘!

‘-

LD
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2 7 The Jlariation of Output Intensi'ty with Flow Rate

e,

_ As mentioned preViously consulerable power ‘is diSSipated) by
the cathode fall The resultght gas heating as. expected varies with
(

ﬂow rate. “Ais’or, since the concentration is. prooortional to gas

reSidence time [,28][29], a change in gas constituents follows any

W

: change in the f]qyn,rate The co

a,
s

v"i'ld-up has a vas“" s anifestai:im\x

iﬁﬂ that the discharge takes on a blyis ti'nt.»‘-" I’n‘ f“ discharge y
i . ST _

c@-rents say. at peak laser output gas heating and CO build-up

resu]ted in a gradual change of - coTour fran an upstream pink to

bluish pink at the exit It is’ not surprising therefo‘i'e to find that

the discharge impedance dec\-eased in ‘the direction ofigas flow. Any _ ,f-j- S

impedance increase due to CO [29] was overshadowed by the reduction of "

N

: gas density due to heating SUH o '_ . \

et Flow effects on output power are presented in Figure 2’19 for L

se]f-sbiased grids.a Other than an obVious increase in power, Figure o
2 19(a) shows that the power peak shifted to higher discharge current
with flow rate.._ Since aTT curves were run at constant dGC’ this was

assumed to be caused by a change in the negative glow and cathode fal]

distances, as a result of gas density ch/iges As the flow rate '. K

increased convective cooling resulted ii\/inigher Tocal gas denSity inth
an associated decrease in negative glow ‘lengﬂi From Figure 2. 19(b)

which was constructed from the peak powers - a change of flow fran "-\'j“

0 6 TiterS/sec (0 5 volume changes/sec ) to. 6 4 Titers/sec (4 changes/
sec)})iloduced a factor of five increase in laser output The above
curves were taken at constant «entrance-partial pressures the partic—..» " .‘
u1ar fiH corresponding to that for maximun output in the 5 to 6 Titers/

L?

Fsec flow range.u As pointed‘tby Smith [30] the optiluii gas fil] could
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L scans gave an 1nd1cation of the degree of thenma? population of the .

o

_,;da probe bias of approximate]y 25V negative with respect to SPace““

v 'potential These radial scans gave an fndication of the effeCtive

| e 1n CO dissociation Iﬂfjx

k F- Spatia] temperature and electron density‘sonns were made by

"sweeping thermocouple and e]ectrostatic probes through the p051tive

'?column of one e]ectrode pair as - shown¥1n Figurefz 20(a)

Since the: (0110) level of the CO2 vibraﬁfpna] bending mode

r:is only a few kT above the ground state (3 3kT at 17°C) thermocouple R

]ower laser 1eve1 As wil] be seen in the fo]]owing section, 2 7 a, j g» "

" monitor of the gas temperature with discharge current was aISo a fairﬁy

(.

\

‘sen51t1ve means of oetermining the maximum 1nput power tg the posxtive ~;I1,4

'.“giow. In addition, for computations of E/N and thereby the average ;

‘electron energy gas temperature was required for calcuﬁation of the g;,

o : RN ' ‘ v

neutra1 number den51ty, N.}. o .~k'; C _qi L ~‘v; e 53“"3f'ﬂi,fﬁ

Bh electrostatic probe rep]aced the thermocouple for spatial

: scans ofuthe ionization The ion saturation current was col]ected at

:r:_jwidth of the positive columns and ambipolar diffusion gradients;{.f;mifc..

Typical spatial sweeps of gas’temperature and ion saturation

. current are presented 1n Figure 2 20(b) for maximum input power to

*M. h\ p051t1ve glow for the experimental condition; of Table %-1
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' 90° 70 5030 10%70 30 50 70 90° .
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N;FIGURE 2. 20(b) SPATIAL VARIATION. OF GAS TEMPEPATQBE AND
;ELECTROSTATIC PROBE CURPENT OPERATING IN - ffv
CUTHE TON- SATURATION REGIME Exper1menta] o
'condltlons outhned in. TABLE 2- '|
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Tabie 2-1
Exper1menta] Parameters for Typ1ca1 ~ " f:;f'z ~:}-fh_ e
;Thermocoup1e and E]ectrostat1c Probe Scans of Figure 2. 20 |

90 mA cathode no. 5

- -
S1ng]e discharge current ‘ .
. '. rgli 20 an from upstream edge of dfscharge:><

" dac = 2

Anode to cathode d1stance 2 9 un S .'~_f R~

oGr1d to cathode d1stance -

o Se]f—biased. gnd - "‘ZBK" RZ'- 68K. e b ’
| R -LA 16 meshes/inch R g;gg

" Gas Pressure

- COZ/NZ/He’Y] 4 1 4/8 3 mm. .1

 gasFlw =~ ..° .1 64 Iiters/sec
 Anode width el T

diameter, 0. ]Jnn ;wwlél‘;"h,p

! [}

. Electrostatic probe -

_ffgg' e 1ength of senS1ng t1p. 3. 2 mm 1b b“ﬁ %t

materia] tungsten

b"é ;f'fﬁ‘:va-v’, 1nsulat1on glass except for tip
| L radius of swing, 3.5 am. R
R p]ane bf sweep mldway between :jf:'

grid and anode.,;r.Qs‘ﬁ

<

o wg-'ygﬁ‘d}t probe bias relative to floatsng :  ;7>{7f§

/ Uy

d'f potential negative 25 V

material iron-constantan

T e

. w1re size, 0 25 mm.‘.

. 1nsu1ation, g1ass except for tip

' .radius of sweep, 3. 5 om.

if%7b_ p1ane of sweep midway between

grid and Jnode



a: room temperature [26] The above temperature uas measured

2,

o

h 5

:order have been measured in conventional tube lasers [12]‘@29 [31]"”."4

g8 a
Y32] The calculations of Fowler ‘show. that even at 440 K an

'~ 3 x lO /cm the gain has dropped by a factor of 3 fran

- approximately two-thirds the distance along the laser axis, therefore, AP

uszt fran temperature considerations alone, glou colunns aqt
: R SRR ”.,a LT
gginning of the axial flow were expected to contribute subs ‘ntially

. mqre to the laser gain. This temperature gradient plus the canpos

t:hanges discussed earlier clearly indicate the advantages of cros% | §

flgw as compared to axial flow._.

': s j,. ‘A scan of ion saturatlon current indicated that 51gn ficant

no 'r‘}v.; Y tl>< .
ionization existed beyond the edge of the electrodes \vnth a shqaf'llov , \%
- -fg\adient\once the probe had passed beyond the edge of the visibl%”:%low. :
. This. low gradient supported the assunption that the lateral ambipolar

\ “'diffusion loss was relatively low canpared to that of a confmed colunn.‘

e The electrons however, thermalized in a feu micro-seconds once out

' : -"Lrof the glou, so although significant ionization density f‘&sted beyond
_’the elect;odes its effective vibrational excnation uas low [9]



i 'v:potent1a] and the‘__

\ ' . o S els

Melmtron dens1t_y wWas estunated from a

o measured va'lue of E/N, sectton 2.9, and a drlft velocrty, VD, S

o

ca]cu]ated in reference [12]

o .El‘e.c.tron denspl_ty, Ne:?;t_l 9(hA was ca]culated as fo]lows.__ |

EM =2 x 1076 ai volt ‘*’
""v'~5'106 e,
Vp =3 x cm/sec.
<
A= 49c-|2

N e D g qol0; 3
*_',‘re- o 5% 10w

: Fran the 1on current profﬂe a peak e]ectron denSIt_y of

87 .

"Vapproxlmate’lywﬁ X 10 Icm was estmated. Th1s ca'lcu]at'lon does not _ "

. "'take mto account the radIal var1at1on of both electron energy and
drift veloc1ty [12] B | ’ o

tone

s b
o

3 ,‘2 9 The Relat1onsh1p of Ihxmm Laser Power to the V -1 Characterlshc :

In th1s sectlon the ]aser pouer maxmm is related to the

- potent1a1 gradIent across the pos1t1ve coh-n Frun the p051t1ve glow :

i
ouple temperatures E/N was calcu]ated and an

average electron ene

_*‘\ﬂth respect to optiﬁun v1brat1ona] exc1tatlon rates. .

' estmated fran the curves of nghan [9] for‘ :

R the purpose of evaluat'mg where the dlscharge nay have been operatlng

: The expermental cond1t10ns are contamed{m Table 2—1 of S

| the prev;ous sectmn. The correspondmg V-I characténstlc curve

4

'f . uas presented prevmus]y 1n FIgure 2 10 sectlon 2. ' Uﬁm canparmg . |

;-the V-I charactenstlc vnth F19ure 2 2'l the peak ln laser power

occurred on the stab]e h‘lgh current s1de of the loca'l V-I peak Thls

uas ver1f1ed by momtormg the gas teq»erature, also sho\vn in\
L /\
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‘ _rate as ver1f1ed by the olaser output power.

AN
. )
: Ve . : . R : . . . R
. . L X ~

a o

:;’vvF1,qurev2 21< The peak temperature cofnc1ded mth peak laser pouer

~Note that temperature was recorded under non-lasmg condations. B

The reduced field E/N is presented for the above case. 1n\

Figure 2. 22 firom which' E/N decreased from a va1ue of 2.14 x 10 -16.

2"

' ch volt at GOnA down to. 1 25 x 10 -16 cm2 volt at lGOuA Be]ou :’v |
. 60nA glow attachnent to the gr1d had occurred whﬂe above ]60nA the
negatwe glow projected through the grid. . In other uords the gr':d

| ‘had htt'le control over the posi tive co‘luhn potentia] once imersed .

m negatwe glow A reduced average electron{ energy (2/3 of the

plotted as we]] on F1gure 2. 22 It appearﬂthat the grld uas i
| . 'successfu'l in raising ‘the e]edtron energy 3'5 to lev or greater ‘
,w1th a subsequent sigmficaLt 'increase in the vibrational excitatlon

.G

vaverage energy) was est1mated from the curves of: Nighan [9] and | ‘,f'

LT
A
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¥ _,generati n: and gas heating. axial flow was. replaced by a

S low cross-flow velocities used here (<0 Sm/sec) were effective in

- ,marrangement led quite naturally to the hlgh locity cross-flow of "[
s ,ye ,

| | B ) I

EEAr PR

. 2s lO Transverse Di5charge with Low Velpcity Cross-Flow _
' Since the obvious Visible changes that occdrred along an. A;id‘;al‘
- xia1 flow reflected ehanges in plasma impedance causedigy Cco ; (V'f”";‘

lOW'velocity

. ;transver e flow. This arrangement as reported by Sedgwick and

v.h_seguin [4] increased the column to column uniformity and even the S

‘:convecting the thermal energy,from the laser region. This experimental‘

Loy

L chapter' In view of th'is and the fact that electrode details were h //

"essentially those of preVious sections of this chapter this

B '_arrangement lS discussed only briefly.f Figure 2. 23 serves to ;}i‘ .

s illustrate the effectiveness of the cross-flow in raising the laser >'

' ;”, grid to c thode separation of approximate

R e >
_ ._.power. A;} curves were for discharges wi§h’isolated grids, with pw

y 4mm. A signif“cant increase

' _u\‘

.’in'Output5pouer was observed.'however:?thegdischarge beta abie :

fffor the higher velocities (still less than 0. Sm/sec) in: th ﬂ
| ‘pos1tive glow uas swept along to the edge of the grids Neu;
—-;electrode structures and higher velocity transverse flow are ::-‘C""

'*discussed in detail in Chapter 3

-
-
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N 2. A1 Summary ‘f . 'd{:;

kN

1 -

‘ A transverse cold-cathode excitation geometry was. examined

4

‘Jas a means of reduc1ng ‘the high running potentials of the tube N

) fdischarge Exc1tation was. established across the smallest dimension'

'[Jof a box laser, With the view that the active medium could be -
xtende laterally w1thout 51gnificant changes 1n discharge ggtenti 14

"Ideally large area electrodes are desxred with uniform excitation

- C-along the full length of the laSer.g Eiperimin:: showed , however, fjﬂi S
[.« that the 1arge cathode fall potential and loca zedigas heating !?»'

'*caused the discharge to degenerate into highly contracted arcs._>v"""

"”Consequently, a segmented cathode structure was- used with a ’

3ccont1nuous strip anode.: By insertion of wire—mesh grids Just above '

‘:'fgthe cathodes the Tow: gain Faradﬂg dark. space was converted to a ;7f
0

t'higher gain poSitive glow, secti 2. 4 The pumo}ng den51ty was ; :
re uniformly distributed across the anode-cathode volume T

1 ~prov1ding at least double the output power,‘section 2 5. A summary |

- of the characteristics of the box laser are given in Table 2 2 SR

fdr low axial gas flow.-.

DA



hMeZZ I [‘?*';, R

. ( Slmnary of%lilow Box Laser S h

Anode dimension L s l x 38 cm, water cooled

“p A

i _ 4 | copper channel | o
o Cathode B e ©o- 8 segments--'f 5 cm ‘diameter', .
R R A 38cmbetweeh\centers water—.
Do o cooled a@nular groove copper

| | electrodes. ' . _
Grid ‘ / N ‘-i- 8 elelnents l6 meshes/mch
L | o | o 3 3 cm diameter-' 68% open area.
Electrode to suie-wall distance -4 cm from electrode center
Anode to cathode separation j_ - 2 9 cm.
Gl“ld to cathode separation ‘_ s 2 Smn biased gr1d |
e amisolatedarid
Partjal pressure R _i;”(eoz/uz/ﬂe-l 4/1.4/8.3 mm p,;;ff”’

Fl\ow; rate Lt "’.— 6.4 liters/sec.-' SRR O
: ,Discharge current 'and'” SRR typically TA at SSOV
< o

' potential at maxmum power"':m '
Ballast resistance o

3 OUtDUt power . g "."_.-- approxmately 3H multi—mode

| R | o (mode dialneter approxmately

r S S equal to one-half the excited

o | _' . n _. i height) |
Efficiency ~ approxmately O 5% for biased

qri d opera.tion



A plasma-grid 1nteraction model uas set up in section 2 2
which qualitatively explained the operation of the triple electrode
§>sys§em ThlS modelzalso seemed to be con51stent with the experiments
N_of Herceg and Miley [2] using a grid and thermionic cathode in a gas
;’mixture of He and Ne. Briefly, the grid attenuated the diffu51on |
sdominated ﬁrrrent of the Faraday dark space to such an extent that S
a higher electron enerQY. section 2.8, was required to maintain the :
hudischarge in: the presence of ambipolar diffu51on losses.: As a
'r:consequence the Faraday dark space was replaced by a p051t1ve column
fiof much higher power density gf;; f; _f f\ o ii\, ~tt”;"jff§":_"’¢1;_
- B The effepts of changes of cathode to gr1d distances .mesh ;41 -
'f51zes' and biasing arrangements were examined in section 2 4', Both
i_isolated and biased grids were effective in raising the gain. The S
; biased grid (negative with respect to pﬂasma space potential) extended ;-_}j
:the current range of stable p051tive columns By virtue of a more Q"‘
lgently sloping V-I characteristic the biased grid permitted a minimum
*;of cathode ballast._ ;fv | | i ” ~h | N
i | The discharge length was suff1c1ently short that the cathode if"
Li,fall potential was much larger than the drop across the p051t1ve :' L
'”column. ThlS was the 51ngle most important factor responsible for the
-g;low eff1c1ency., To reduce the fall. potential various cathode 'T
materials and geometrles uere studied section Z 4 3. Of the materials
, tested aluminum provided the least cathode fall houever, hlS was offset
i”by a relatively strong chemical reaction of the surface with thevgas R
'.lconstituents. Copper was. used to avoid thlS problem.v By employing

Jprinciples of the hollow cathode, geometries uere designed and tested

_’prov1d1ng a reduction in Vc over the flat surface case. - "7\ﬁﬂ,‘ ’g"
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The power diSSipated in the cathode region stiTT remained hiqh
however.f . ‘ ' ' |

o The use of a thermionically emitting cathode may be one S
solution to cathode faTl reduction.. The potential drop expected :
from a thermionic cathode is approximateTy one—tenth that of a con _

i cathode. MacNair has given details of a thermionic eTectrode used '; i
in the oxidizing atmosphere of the CO2 Taser [33] An emiSSion i
current density of. T 8 A/cm was. obtained for a BaZrO3 coated |
pTatinum fiTament ata temperature of 850°C The emiSSion f '

| eff1c1ency was not given but it is assumed from the performance

\-of other oxide coated emitters that the fiTament power required

_ to replace the segmented structure of the box. laser wou]d‘be a

. smail fraction of that dissipated in the potential faTT of the co]d

;cathode.;, ,“' - o . o v

Finally the box Taser ‘was. subjected to a Tow veToc1ty cross4 iuifﬁ
flow, section 2 10 with a factor of two increase in power' ThermaT o

f effects and CO2 decomposition were reduced over the axial case and
column to coTumu uniformity was qreatiy improved for higher fTow t_ |

| rates;>however the glow coTumns were swept to ‘the edge of the grids._p
The improvement in power output by using convective flow Ted to a jgii;;i‘hﬂ'

high veToc1ty cross fiow structure which is discussed in Chapter 3. -
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_CHAPTER 3

| TRANSVERSE EXCITATION WITH HIGH VELOCITY CROSS-FLON

‘ 3 l Introductlon

I)

For slowly flovnng ax1al s_ystens, laser gain- and output

. power are lumted by the conductlon of heat to the walls [1]@2] [3]

- ,'Center-l'me translatmnal te-pera*tures at naxuun laser power can

| "','reach from 600 to 800 K [4] [5] [6] [7] At thlS temperature the

.";laser process is Sermusly blockaded. For ax1al flow s_ystems
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'add1tlons of He are part1cularly effect1ve for gas coolmg [4] smce . .

the thermal conductnnty of He is mch greater than e1ther CO2
or. "z [6] el v :
| ) Laderman and Byron [6] presented an amlﬁ%l model
,‘_"for slou ax1al flou ln a cyl1ndr1cal dlscharge tube For an mput

o power of approxmate]y 4 SH per cn of length a center-llne to wall

»temperature d1fference of 400°C was. calculated for a gas composnlon L

i._f:_of 5% (202, 15% N2 and 80% He.:, ThlS comared favourably with

: . ‘experlment.‘. For a wall surface mintained near room temperature thisi

-

: v-;corresponds to lnaxlnn output power froln the laser.v T

The stagnat1on temperature d1fferent1al ATO, due to

convectlve cross-flow can. be estmated froll the following relatlon

. Zfor heat add1t1on to an 1nsulated channel



" of heat addition is iess't'

i

~inputopouerfper_unitiuidth ot.channei,iu;
iép'='specifictheat ot pas”miiturer ,‘ =
aplf density Of gas mixture j' -‘ﬁ'
i:U_= flow ve]ocity | id.rg'is:;'eji;};“:‘sz
'A.A= »

'i cross-sectiona] area of channeT.g_v

H x H

.~fH height of channel

From the above equation it is seen that for pure]y 7

i

-7]convect1ve heat removal the temperature rise 1s 1nverse1y proportional

'-to the mass flow rate, pUA The center-line temperature _{?r a slow—

, 7.f10w cy]indrica1 tube, hOWever, is independe@t of the f]ow rate In_i
- addition, as shown in reference [6] the centerline temperature is.

:}31ndependent of diameter for a fixed inputgpower per unit length of ,':;‘i"

”-_axial flow _‘.‘ ”_ f4F =

From equation (3 l) for a}:%

- used experimentally 1n this chapter;;

innput power, and assuming aﬁ‘

Y:AU>1m/sec Consequent]y even 1
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e

: the dominant mechanism of heat.removal This ]ow velocity is con51stent

-Awith Chapter 2 section 2 9 where transverse ?§10C1t1es Tess %han 0. Sm/sec

i'produced a significant increase in output pouer.ij 'e";f~f#*“l_"

_ Assuming a velocity of 40m/sec typical of those used
experimental]y, and AT = 400°C b becomes 160H/cm 1 In other‘words,

.w‘



B the 1nput power has been 1ncreased by a factor of approxlmately

4

5 to produce the. same temperature d1fferent1a1 as the axla] case.

3“Th1s represents a rather large increase in vo]umetrlc efflclency.

- For the sake of compar1son even a relat1ve]y short
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.:long1tud1na1 d1scharge, say 25 cm, coo]ed by convection requ1res hlghg]_’.

f'f]ow ve]oc1ties For instance a tube of d1ameter 3.8 cm (equa] to

J the above channe] hEIth) and an 1nput power of ]GOchm of ]ength

‘_‘requ1res U>335m/sec (near son1c speed) for AI <400°C

s

-

The f1rst use -of transverse gas flow for remov1ng ]aser -

;hwaste energy was by H1lson [8] In,th1s case a’ louer Iaser Lgvel

7Qw1th 1ong 11fe-t1me was removed by supersdnic cross-f]ow ln a pu]sedAT}_'a»

'-1aser was made by T1ffany, Targ and Foster [9] By emp]oy1ng a flou ”

: e s
;Nz-laser In1t1a] pub11catlon of cross-flow applied to the COZ N2 -He.

Zg"rate of 30m/sec and a dIScharge length of one meter CH output pouersf -

' 1n the range of one k1lowatt were obta1ned. Th1s represented an order :

s

) eof magn1tude 1mprovement 1n vo]umetr1c eff1c1ency over lou flou ax1al

'fsystems Another advantage was the use of closed cyc]e,flow offer1ng

' con51derab1e gas economy

The effectlveness of h1gh mass f]ow 1n a short longitudinal

£
.

.:system was demonstrated by Cool and Sh1rley [10] and Deutsch et al [ll]

.f‘Note that in- these exper1ments flow velocit1es of severa] hundred’

;f_meters per second were employed as. compared to 30m/sec for the cross-

'_'flow system

Severa] schemes have been emp]oyed to coup]e the electrical B

*uenergy to the gas.. A long posit1ve column subjected to a° cross-flow f'

',1s swept or bowed downstream out of the resonator. Buczek et al []2]

stabi]ized the discharge with a smal] magnetic field Agshort _



) transverse electrode geometry was onstrated by Sedgw1ck and ,
:Seguin [13] which was stable against the viscous force of the flowing

_ “gas. This multiple pin arrangement did not requ1re auxiliary | ‘
‘shbﬂintmn R ﬂf" 5_f‘, | ‘1ﬁl1'7 n »i~.'j~¥_~’

| An electric discharge mixing laser with convective heat

v“removal was demonstrated by Brown [l4] An %lectric discharge 1n

Y

- ’Nz-He was formed upstream of the zane of cold CO2 addition After

p.a short mixing distance the mixture flowed through the resonator.;~

o Hill [l5] applied high veloc1ty flow to a. large volune o
v discharge, a 426 cm2 area channel extending lOO cm in the flow ‘i o
s'direction._ The electrical discharge uas formed in the direction of ‘

. near sonic flow using aerodynamic techniques for stabilization Used
_'as an ampllfier with 17 traversals of the active medium. an output
{fpouer of ZOKH was obtained. \?liv, “ |
A 51milar high power amplifier constructed by Brown and

j;Davis [16] gave up to 30KH of output power The channel in this case K
2

1
i
i

~ was a 1550 cn? area extending 53.cm in the direction of flow. ,‘By AN
i'uSIng this much larger cross-sectional area. than that of reference [15]
'habove. the flow veloc1ties uere rawrespondingly reduced for a given
(N e e
i°"> This chapter is largely concerned nith the coupling of . high
_;pouer densities to the gas flow to orm a stablo uniform active mediun
1Excitation schemes investigated -wene consistentl, of the transverse
‘rtype, orthogonal to both the gas fljw and ‘the resonator axes This B
» approach creates a short lou voltage, high current. discharge

. / *
L As uas discussed in Chapter 2 the effects of cathode fall

potent ?lhassume a much more dominant role for transverse as compared 4; *



 to longitudina1'excitation Th1s Was in fact the ma1n cause of Tow

‘ eff1c1ency 1n the' prev1ously d1scussed slow-f]ow experlments It 1s
. ‘
:shown in. sect1on 3.9 that subJect1nq the e]ectr1ca1 discharoe to

. h1gher, cross-flow, ve]oc1t1es 1ncreased the e]ectr1ca1 convers1on g

eff1c1ency by an order of magnItude. The goa] is 2 un1form1y exc1ted ;.

vact1ve med1um of high e]ectr1cal conversxon eff1c1ency coupled w1th L

high output power per un1t vo]ume "_;

':3 2 Theoret1ca] Ana;ys1s q{ the Cross-F]ow Laser System r'h
’, 32 Irwr.oduc.mon | | o

L Enerqy balance equations s1m11ar to’ those of Gord1etz
'r;et al [17] were coupled w1th gas‘dyn%m1c equat1ons [18] to calcu]ate »
f'dthe sma]]-s1gna] ga1n and output power of~an electr1c dIScharge cross- _
,e'flow laser system., Reference [17] found good qua11tat1ve agréement w1th v
,QJexper1menta1 resu]ts.5 S1nce then fhlS ap&!ﬁach has been used by
ﬁn Hftteman [19], Tu11p [20] and Fow1er [21] among others g1v1ng much closer .
j'agreement wﬁth exper;nentiu Compared to the usua] rate equat1ons th1s | |
'b approach emp]oys a reduced number of equatlons coup11ng v1brat10na1 modes |
h‘rather than vibrat;onal levels.bx _ E _ . | _ |
| | The model ls based on the Landau Te]ler equatfbn der1ved

4,’us1ng a harmon1c osc111ator approx1mat10n to the levels of a /¢l

'v1brat1onal mode [22] _,//A\

.. de e e (3.2
p}The 1nstantaneous spec1fic enerqy of the v1brat10na1 mode e, relaxes“/_ -

; toward e > the equilibrium energy at translational temperature ‘T Th‘._._
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/. . .
g relaxat1on tlme, r, lS in g ,eral a funct1on of tlme s1nce the

translatIonal‘temperature' pressure vary through the electr1cal

discharge. The paramete,ﬁgi, 1s then refe;red to as the local ‘
i relaxat1on time. Theoret1cal relatlonship for t1mes in COZ,_derived
by Schuartz é{/al [23] and Hltteman [24], have been comb1ned w1th o

experlmentally measured relaxat1on and transfer data for the COZ/NZ/He

gaS‘hnxture. Equatlon (3 2) doe no specify the non- equ1l1br1um

d1stribut1on of. osc1llators [22] ,'ference [l7] however a

Boltzmann d1str1but1on was assumed durghg the- relaxat1on process ‘ Thi§;'\

requ1res that ‘the v1brat10nal exch%noe amonq theflevels o_fa[' de is

j‘ more ra ld than the exc1tat1on rate and.the tcansfer t;'other v1brat1onal
modes and translatIon. Exper1ments sugqest that the tbermal|z1ag t1me
\\

lS rap1d [25] Consequently, a Boltzmann d1str1but1on was assumed

for the levels of each v1bratlonal de in the present analys1s

y.

h »322 En?ﬁgytlanu equa,t,(,om . ~o
o ' ansfer processes were prev1ously d1scussed in

Energy

-..l!

Chapter l sectlon l 3. The follow1ng energy balance equat1ons )

e 1nco>porate the 51gn1ficant processes for a COZ/CO/DZ/NZIHe m1xture »
where CO and 02 appear by way bf dissociat1on of CO2 v These equat1ons
: are s1mllar to those used by: Tul1p [20] wlth terms added to account |

&

for deact1vation by electrons.‘"v‘,n" "gf,;t;

N
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The fo]]ow1ng list exp]alns the var1ous terms used ln equations

(3 3). ﬁo (3.

.e. L=

hf, =

"hf:”:=”ener§y;qyantum 6f:the_)aser‘radiation

iBeltzmannfs COnStant' S

_1gas:f10w;velo¢i;yg e

élé'ctron nwhbeé density per an”

u;' -

no

1nstantaneous spec1f1c energy (Joules/unlt mass) where

RRESE 5

=1= -C0, symmetr1c stretch v1brat1onal mode Z-CO2 bendtng
'"ﬁNMeBC%awmancumuhma @%vmmﬁmaﬁen'

e

._‘:‘5 CO vibrations L ,mfaj,.

. /

' o \.\’4
- d1stance‘1n dJrection»of;f1QW‘

energy Quantumaof:eatthOde_'

8

‘ vihrational;temperature assdciatedJnith}each mpdelj'

."f,fhfi/k,ncharatteerticttemperatnretOfieéth.moaeé'

yv

translatidnal1temperature : .

7neutral number dens1ty (per un1t mass) where s refers to;i

:»:'the gas const1tuents :

g
.}\ ‘

N 33_).‘,

SO'I‘

‘:;N hf (N K_. N, io), electron energy transfer to and _
";from the vibrational modes : T

R

ﬂ’effective electron v1brat1onal exc1tat10n rate (cm /sec):

108



v

x.
"

-"feffeetiVe e1ectromfvibrational'deaetivétion rafe,(tm3/sec)‘

hf N exp( -6 /T ), number dens1ty (per unit nass) of each

'Ef~' 1brat1onal mode

thzNCOZ exp( elez)

V.Qv 5
<1ei#2== - — ":1nstanta eous spec1f1c energy of each
A exp(e /T ) 3

' v1brat1onal mode

e, - = ————=———, ~instantaneous specific of CO-,bending‘mBHE*,j
2 . _ OS2 e T Mo UET SO

_ﬁZN””

exp(ele) -1 |
ﬁtemperature T

, o4
. \ .

: ez(T)- ':equ111br1um value of e2 at tra~'1at10nal

by
co,"

exp(e1/T2) - 1

e1(T2) equ111br1um e] at v1brat1onal temperature'

"of bend1ng mode T2
S f,?9:' 17l“"'Yxfrffﬂ"co g o
A 8y :92.4,a3+92591"'w R R

BN : exP(T_'?eT_;+V*”;;T_4+)?1] —_— v1brational temperatures

T, and T, and trans-
*jiatiomaT_temperatdfegjlj.a
- ~ equ1l1br1um e4 at témperaturefof:co2 SRNEE
exp(e4/T ) -1 L .

3 : ?’.1 aSymmetric ﬁodeg‘jj o

e4(T3)
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0hf 1 R
. equiiibrium es'at,T3.» :
exp(eslT ) - 1 ' S IS T

: _s“ﬁ

-

i’ -0(5) 205 (1 4 exp ( ez/T)) the 1nverse of the 1oca1

: relaxation time coup11ng the bend1ng mode to translat1on‘ -

where kZOS is the downward rate (nunber per sec). from the

(01 0) 1eve1 of the bend1ng mode, for each co]11s1on
partner S [22] ‘ff o K ‘-,hj},“”' “h"5:- :

. | AT [
f-f;;_ ’ :E: w rzo(s), 1nverse of the tota] re]axat10n t1me where f‘;

w are the mo1e fract1ons of the var1ous co]]1s1on partners;;;'

NP(exp(e,/Ty) + 1) L o
e~r]2(s) #. — e ‘1nverse relaxat1on t1me e
| oexp(ey/Ty) - 1) -

"f'coup11ng bendlng and symmetr1c';;d
' f»fmodes where P]2 conta1ns the ‘

‘:.hf’trans1t1on probab1]1t1es [24]

3T : -, inverse relaxation time

T (8:/T,) =1 T, -1
S (exp(el/ 1 w_ )?;xp(ez/ 2):” ) 'C°“pti;
C ’ Y . . o

'617' 2, % 2““1) e

1ng'a$jmmetric-to
symmet ic and bend1ng
o modes [24]

C . Co T
wp . . R e



:43> =rresonant transfer t1me between the CO2 asymmetr1c mode ‘_g;t'

" Qﬁ;:;,-;" L

' fa o nd the v1brat10na1 mode of N [26]

e:resonantdtransfer time'betweenfco,and1Cdé€(26]._ ; .
AN ri%'popu]at1on‘1nvers1on dens1xy (per un\},mass |
| e R :_%;st1mn1ated.emass1on eross-sect1on (cmz)
I 'asﬁ*inténs;ty of'intrAecavﬁty radjation'fie1dt(h/cm2)?"

"f.The energy ba]ance equat1ons (3 3) Tb (3 7) uere s1mp11f1ed

by the fol]ow1ng assunptlonS' . ' 4 _

('l) The N2 and C0 v1brat1ons were in equ111briun w.ith
" the CO2 asymmetr1c mode and therefore, describable

| yvfby a common v1brat10na1 temperature, T3. This is

'-::;‘based on fast resonant transfer t1mes 143 and 153 L

‘uf;as d1scussed in Chapter 1, sectlon 1 3. 1. L

:‘s.f,'(?j?.The relaxat1on t1me 112 was rapld due to Ferm1-; :,;
| ': ifresonance as- dlscussed in Chapter 1. section 1 3. 2.
| 'L,COnsequently, the symmetric stretch and\bend%ng modes
hfwere assumed 1n ehu1libr1um at vibrationa] temperature f
'lry. | h‘ 'Té. Th1$ may not be va11d for h1gh stimuIated emission'
L e.srates Recent experlments raise some doubt. as to the :

- rate’ determ1n1ng process 1n the relaxation of the
I m

-ielower 1aser 1eve1 to translation [27]

-



' .;" - ‘. - 12

'-‘;;" R (3) The relaxat1on t1me of the asymmetr1c mode,vr3,
: was based on exper1menta1 data and as such

;""v‘~ o .’_'vccorresponded to the case of T2-T1—T This 1mp11es ﬁa
S - | ‘condition (2) p]us fast relaxat1on of the bending

) mode to translat1on, maintalning T near the- gas B
'vdtemperature, T. Here aga1n the approx1matlon may

jbe Just1f1ed only for computat1ons of sma11 s1gna1 ;e'
"ga1n that 1s, 1ow rad1at1on 1nten51t1es :The
,fferror introduced is, however offset by the fact
T.that co]l1s1ona1 relaxat1on becomes 1ess s1gn1f1cant

1n the(presence of a h1gh st1mu1ated em1ss1on rate.-,f

Incorporat1ng the above approx1mations 1eads to the fol]ow1ng

:huatlons for v1brat1ona1 non- equ111br1um.

(a) Equgﬁlons (3 3) and (3 4) for the bend1ng and

b symmetr1c stretch modes reduce to hl‘ -

: -',1.4
. s
[N . LT
' e

de] B Z(T)-e |
"zr— B |

.. (3:8)
T20 R

?lz't: 91 *je‘z‘ |
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(b) Equat1ons (3 5) (3 6), and (3 7) combine to form the d
j(fo]10w1ng energy ba]ance equatlon for the CO2 asymmetr1c the N2, and o

:jthe co v1brat1onal modes. L _-"{’h_; o jf'"

d8345
&

5 -
e3(T'T2)7f 33' hf

- By + CEOMRIL L9

BT R R

EXCy5 = EXC3 + EXC, * E;xcsf::- A

Exper1mental dataauere used to compute the relaxation |
t1mes as a funct1on of gas pressure and temperature Rate data are
};;extens1ve1y revieued by Tay10r and B1tterman [28] and Cheo [26]
tf,The t1me,' 20, for re]axat10n of the CO2 bend1ng mode to translatlon t? S

-fwas ca]cu]ated by 1ncorporat1ng the exotherm1c rates of reference [28], e::.:

1nto the fol]ow1ng express1on [22], )

Tl ZNe ) L @0

Tpu //

fd.where P 1s ‘the mass dens1t§ Of/the gas mixture N the total neutra] i
hsnumber dens1ty per unit.mass, ksf(T) ‘the’ normalized rate (cm /sec) for J
ff:the (0]10) level of the bend1ng mode to translation, and the other L
".symbols as prev1ously def1ned. The tenperature dependence of sz(T)

SR



B

was}taken.from”reference»[28] andzrepre$ehtedginﬁfunctionalrformjby

el AT

Ty JA i . N S
ko¢(T) 7rrzf(fo),exp(z.3gsa(r. | ))1 A U R
;"ksf(T ) = exothennic rate at temperature T0~300 K

'e',;» s = slope of log sz versus T ]/3

1/3 v -1/3 ’, »-1/3
A(T ) ‘ T

In the computat1ons, equat1on (3 ll) uas s1mpllf1ed by ass1gn1ng a .
f~'51ngle temperﬁture dependence, that of the most effectlve rate SInce
most of. the curves ‘have sim1lar slope j. ‘ v ‘T |

. b.i  The relaxatlon time, 13, of the COZ asynmetr1c mode was ;1“h'
3also calculated from exper1mental data The temperature dependence
:-hwas aga1n simpllf1ed to that of the most effect1ve species For the
xz;tenperature var1at1on a curve uas f1tted to the data of Rosser et al [29]

"for COZ-- C02 coll1srons [30] The analyt1cal form of the relaxation

'L't1me was gIven by :f‘

T | K,
No SCO
v 3'- 1. 47 x 10’27 £ T4 75 exp(748/T) R
, s ke, -co2
‘_NO = Avpgadro s number ; IR ﬂ% 12)
‘ﬂ-_e molecular ue1ght of N ‘"". = ~.. ]

(o . gas mtxture _
thhe rates used in the calculations of th1s chapter are presented in.
f; Table 3. l along w1th the source of the data ‘-:"



REIL "SRt TR €2 B jv.faLd, [31] [32].[29]
B O I o
e A £ 76 [33] j ’ -

.

He * . 100 . [8) 2.6 . [311,[32],[34]
- Process ]" i COZ(O]‘IO)' + H‘s > COZ(OOOO) :}‘:‘"s +:.667m7]' s
. -.'F“??‘“s’- *H f*';FOz("f1'.v_z>_ ,f.:!gfz-'ff-' o

: -
VAR

Ca]culated effect1ve e]ectron excitation rates are 1isted S
:.1n Table 3 2 [35] An experlmental estlaate of electron deact1vation_‘fe;}

»f1s also glven [36]
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Table 3. 2' S S .

Effective Electron Exc1tat1on Rates [35] at’ 2ev

€K012' 1ndirect C02(n00-0n0) 3k 1Q_B,cmv/sec5

kg s .dire,c_t op(00)

"
e
X

4"yg4sj

1079

X

ok N (v 1-8) L -.zfg_]o-a |
| 04 5 R L5 D
X CO(v 1- e) "1,j; i 308
o 05 g B T A AL AR

'_Effective-e]ectrdn‘déac%i?ation'ratesvf36]*

"

: ",v"“Km"_ 2o 3 g ;‘.0-6_. |

';The previous paragraphs out11ned the energy ba]ancefa
fiequations and var1ous simp]ify1ng approﬂ1mat1ons.- The rate coeff1c1ents ;v

 ,for vibrational re1axation via co]lis1ons wwth neutrals and rates for
felectron excitation and deactivation are 11sted in Tab]es 3 1 and 3 2 ‘
'respectively. An equat1on re]ating the rad1at1on fwe]d to the populat1on‘a}_

:ﬁinversion is now presented.a _f" S S o

_ @ _ _ SRR

3 2.3 Cav&ty nad4at40n &ntené&ty equat&cna ”'av

_ | _ﬁ An equat1on describ1ng the bu11d-up of the radlat1on{
'field Ib, with time 1s given by [37]. ;




‘i where rc is the cav1ty photon 11fetime, ANT the total popu]at1on ,"‘
'1nvers1on contained wﬁth1n the resonator mode volume, Vs and X v.‘;
‘the stimu]ated emission cross sect1on., It uas assumed that each |

'L,elementa] pumping volume coup]ed to the whole f1eld and that the

: CcV1ty Intensity was unifonn over the mode volume. This uas f
iapprox1mated by the h1gh-order mode structures observed for the cross-
‘}iflow laser equ1pped with a stable resonator. “_ _

| ' | The total popu]ation mversion ?s represented by the
"751ntegra1 of the spec1f%§?1nvers1on/oéjr ‘the mode d1mension d in

| the d1rect1on of flow.

- LaS“"m:o(z) L R « BT E
o r< L ‘;.,0~.1‘ fl'; .

~'_AN 1s the spec1f1c 1nversion dens1ty (per unit’ mass), p, the mass ”

;‘_dens1ty, and. L ’ the 1ength of act1ve med1um paralle] to the _

"'\‘

" resonator a&;s.,. - - , _ v
PR Cons1dering the steady-state, equatmon (3 13) reduces to -

: The,thresho1d'gaih,_XﬁANT/V;{{s;dfetatedvbyhthe‘photoh.iifetime,»ic.,a’

R E,('T,R”f‘ S R (3.]6)

S where R 1s tbe reflectiv1ty of the output mirror and L the

A' resonator length T T hh“'ﬂ “t~'., -
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.’q. N ~

- The speci‘fic: inverSibn density, aN, is-defined ,by‘

o . P(J+1) R L
| | AN = NOOO W ]000 3 e . (3]7)ﬂ
‘where N00°l and N]O 0 are the populatmn dens1t1es of the (0001)

" and (1000) leve]s of the (:02 asynmetnc and synmetnc stretch modes
respectwe’ly, P(J) and 1’(J+]) the rotatlona’l d1str1but1on functwns

of‘ the asymetrlc and sylunetnc modes [38], and eJ and eJﬂ, the

.""(’ .
_'mu'ltlphmty Of the uppeér and lower rotatmnal levelsu R ¢

S

e N(20 exp( 93/T ) Sl e S
| °1°2 Q3 . ";{'-_; B

00%1. 7

, »Qi-]23 (1 - exp( -9 /T )) - part1t10n functlons assoc1ated

g , ! :_' . : mth the CO2 synmetnc, ben!hng,

TS

ant

and asymnetnc modes respectwely

- P(J) _._Zv’th J exp (\hc&)idﬂ )) . where J. 15 the rotatmna]

R o - . quantum number of the upper

laser ]evel s
Al

gy = 0.3066 en!, (3]



Bigog 03897cm‘ _ o
L R ”4\ :

The st1mu1ated em1ssion cross-section XR, is deﬁﬁged
by [2]]’. N ) - ‘h o e . | ".‘s ){.

N LN P(J) B B

A

where AL is. the rad1at10n wave]ength, Tes the spontaneous emission

R N

11fet1me of the (00°l) lehel (r Ssec [39]), and g(f f. ), the o
“';norma11zed response functlon of the upper level where f 15 the o L
o : LR
-3jfrequency at 11ne center. For pressures less than approx1mate1y 30mm

g(f, f ) is determ1ned oy both Doppler and coll1510n broadening 'AtFQVv'
;‘11ne center g(f ) is given by [40] S )

. S e . ) _. X .. . .. .F/‘Q S ,»bev ‘ .vo’ ;lﬂh llv
. »"  -1[2 ‘ 'r“ l-‘ : : .v V  _{ | N ‘ “;‘:>n.\
g(f ) = "172"2')‘“ s(g) = U U 3a9)

e My e

§§ where AfD 1s the Dopp1er llnew1dth (FHHM) and S(g) is given by ' E

SR o

%’}”S«'

&%

o o R X . . . FE . . : .

‘ e S )
S s(e) = el )[1 . srf(e-_)] el e

" Erf is the error'function‘éndfot zerO'field intensity‘g'reduces to L

.\h

£ = (ZnZ)]/? /Af

P



J . ] ' . ‘-—v | o \Ae/ K B ]20"
» o . ' A . T . : . .. X

where AfN is the homoqeneous or LorentZIan 11d@w1dth— , _
ﬂhe doppler HIdth rAfD, at 10 6u IS a funct1on of the trans]atlonal

ftemperature T, [4]] N '; . e ~'Jjj\e

"

tfy = 3.05 X 108 7VE

' The hcmqgeneous ]1new1dth AfN, is pressure and temperature o
'dependent [4]],f ; _i:".uf.. | ' v | |
N R :Ei j;COZ l;kT“ U Y Y o
o L Bfy = =t R \
L e e €, - sfi . e

"where ng 1s the number dens1ty (per unlt volume)df gas constltuent 'S

5

O . the cross sect10n for opt1cal broaden1ng ' of CO by spec1es
S- CO2

’_'s~ M. the tomic or molecu]ar massesq and k, Boltzmann s constant

'Cross séctlons~are g1ven in references 37] d [41] for T near 300 K('t

[3

:The temperature dependence of Q COZ NaS1'Q~Culated in. reference f?]] O
Thg_above paragraphs d1scuss th"st1mhlated em1ss1on terms

hn the energy balance equatlons, Attent10n 1s now focussed on gas .;;p_ﬁ

‘fdynam1c equat1ons whlch re]ate var10us thermodynam1c propert1es o

S '.throu h the electnca] d1scharqe or zor% of heat add1t10n CooT
IR G SO : ‘ o , S



3 2. 4 GaA Dynam&c Equat&onb
| Since con51derable power was transferred to the flow1ng gas, :
translational temperature, gas den51ty. and flow velocity variations
idwere 1ntroduced 1nto the computations The main heating effect uas
"assumed to be the collisional relaxation of vibrations to translation,v'
:;whether it be collisions with heavy neutrals or collis@bns of the p,

" second kindpinvolyinggelectrons.¢ Other translational energy transfer

mechanisms;~such as elastic~electron-molecule collisions,-were;assumed L

.0 -

to be relatively small [7] B

| In tenns of gas dynamics the problem was treated as a diabatic o
‘or Rayleigh process [42] 1nvolv1ng heat transfer in a channel of :‘ '
;constant cross sectional area For subsonic flow, both the upstream -
and downstream conditions changed once the discharge was struck |
".Consequently, steady-flow equations cannot be used to relate the flowllff
conditions before the discharge was turned on to conditions after, N o
1":s*nce thlS 1nvolved a non-steady problem requ1r1ng integration with
:-time For that reason computations were based on experimenially

_,‘fdetermined flow parameters

,l :

Since momentun is COnserved throughout the zone of heat

:fuaddition the momentum egyétion applies,

'fr?uo}a%';o R R &) I

"

o free-stream pressure
N mass density
L ?u'ézflow velocity'_ S

& R Y G
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The mass f]ow is assumed constant and therefore, the 45 _ ’f'-:

,'continuity equation app]wes. uhich fbr a constant area duct becanes o

PaztvEa=% - - (32

The energy equation couples the gas dynan1c and the

};vibrational excwtation equat1ons of sect1on 3 2. l

,'u:d_eE-eva_ - du dh o hff _j'. .1vJ -  ; 
: fi—-aiflf- "’32%f~327 R (3’22);

'.u ; }feég=fspecif1c electr1cal 1nput nergy;(per :
“Afunit mass) ‘ii - o

"_eLT#'speCific energy‘givengup'te.iéser_fadiatipn__'
- 'h:~=fé.‘+"p/p’éfsbecific}fréesstféam enthalpy

e, = eT+er+ev+ee f'speﬁlficulnt?fnélf?“ergy‘

Kl

?RT trans]at1onal energy i

> e
L}

RT = eratfdﬁaI'EHEfgy'i

e -=;vibrational energy as, glven hy equatlons

“of sectlon 3.2. l



- éé‘= energy of electronic excitation.Q'This

term uas omitted from the computations, ﬁ';
',likewise, the electrical input pouer did
e “'not include electronic excitation. _FoF,."“

\

calculations of electrical conversion . <.

| ;,efficiency'these c0nsiderations'ubuld”have77 -

f".:l_to be included in the equations.
. ' R.n# o#dinary gas constant
',T % translational temperature”.'v»'

A fourth equation is provided by the equation of state which

.in differential fonn becomes

A b“‘ ." \
FE-E-TRcY o - GB
A few general statements can be made about the expected e . agff

ichanges of . the flow parameters with heat addition [42] For subsonic -
flow the stagnation temperature, T‘ increases as does the free-streamv S
static temperature, T, and Hach number,_H, Consequently a velocity :y-flf‘
-lincrease takes place through the flow while both p and p decrease |
:'along wnth the density, o :;f" ". T i |
| y The gas dynamic and vibrational excitation equations uere
vgintorporated into an APL computer program and solved nunerically by the
fHamming predictor-corrector method [43] Output included small signal

--gain, translational and vibrational temperatures and velocity,van "7
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pressure, and density of the flowing gas The resu]ts and comparisons
with experiment are de?erred to section 3. 8. The intervening sections
“are devoted to a description of the laser system and a discussion of

-:various experimenta] observations 'ﬁ ;' A S

et



3.3 Experimental System o i f E

o The experimental laser system is illustrated in Fiuures'3 l
»(a) (3) (c) Figure 3. l(a) is a side elevation diagram shouing the .
”maJor components. Figure 3 l(b) and (c) are side evelation}and top
iview photographs respectively of the complete laser system. As |

_‘illustrated a gas mixture initially of COZ‘ N and He, ua% circulated

2
'through a closed cycle by means of a centrifugal compres or- driven

by a 5 hp D. C. motor for variable flow rates., Cooling the gas-uas“'

vprov1ded by external uater Jackets on the flow ducts and-a fiber-glass v _

;fshell encl051ng the top hslf of the centrifugal compressor. The electrodes .
f-for establashing the glow discharge within the laser cavity uere installedrﬁl
11n demountable plates. Pressure, temperature and electrostatic probes 7 |
~dwere also»mounted in the detachable plates to analyze the flow through

' the discharge. Initially NaCl windous at the Breuster angle enclosed '

;»the ends ‘of the laser. cavity to permit spatial measurements of gain l” |
"and v1sual observations of the interaction of the flow and the electrical fg? .
?discharge.. The probe oscillator and scanner are. shoun in Figure 3. l(c) -
:This arrangement will be discussed further in section 3 7 Later both-
'-stable and unstable resonators uere mounted internally, Figures 3 l(b)

fand (c) A discu551on of resonator details is likeuise deferred to >'f‘f"d-?

u‘section 3 9.
./

33l GLowDuchMgeExu,taLwn.v PO ,

_ All structures tested were arranged on 0pp0$lte 51des of the
;fflow channel with anode to cathode separation equal to ‘the. channel -

fheight H= 3. 8cu The excited length along the laser axis uas 380m -
1‘essentially the channel width.; Exc1tation in the direction of flow uas v*'?th'

S

l-dependent on the number of. electrode rows.- '
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Electrode elenénts uere anchored in: plates of perspex to
prov1de electrical isolation from the channel walls. This was not

’ _ suffICient however, and further isolation uas arranged by "floating

)

B the power supply and dielectrically coating the interior of the flow o

‘channel some distance upstream and downstream of the electrodes. ,
‘ I
}Several coats of Al kenex polyester resin (General Electric) were

'applied with baking to lSOC for several hours after each coat...-

(a) Anodc demodu ;

l'y_-'of copper rods mounted flush mth the flow, Figure 3. 2(a) (b) and "

’ Figure 3 3. Due to the low melting point of perspex the anode pins |

- ‘ The anode structures were con51stently one to fwe rows AR

»were inmersed in castable ceramic (Ceramacast 505 Aranco Broducts, Inc )'.

. to a depth of Tem. To perunt electrode cooling by ordinary tap water

: inter-electrode isolation in the coolant channel uas pronded again. |

.7*'by a thi n coat of Alkenex polyester resm Although a ballast

ﬂresistance of lOKa was used for each anode p'ln, tests mdicated that '

]KQ was: sufficient for inter*electrode current balance. o

Further details of the anode structure are sumlarized in Table 3 3.




z,_ .;1ength,37cm, Hldth 1.5cm S e

o b?-_s]otted shroud; electr1cally 150]ated~ water—coo]ed
o dlmens1ons of. ‘opening, 9mm x 36cm o '

e f'ceramlc insulation on 1nter1or of shroud N

od - 51ngle row of hollou cathodes copper- water-coo]ed-

| 3anod.,x15m1d...-, A T
e- anode pins; copper, water-cooled 3mn dlameter
f - gas f1ow dlrectIOn . ‘ ' )

_FIGURE 3 2 CROSS-SECTIONS OF ELECTRODE STRUCTURES EHPLOYING

e j IH:ONTINUOUS couvsx c:maone AND A SINGLE ROH or
‘ HOLLOH CATHODES o

a f"contInuous convex cathode, copper- uater-cooled- L

iz
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Table 3-3 -
" Details of Anode Assembly for Cross flow System Hi

Configuration

mu]tlple(bin; up_to»flveqfégs;.vf
'3staQQEredfr S
‘;vDimensions ";iﬁmm;diameterf" |
- 12.5m center'to"center: ——
‘ :rr_f " ]ileiq_iwithin each row |
| » ~9.5 Smm between rows -

.jMaterial;v; E

¢'copper
 ‘Ballast :b- approximately lOK ohms per pin
; COO]‘allf s 1(}— tap water.‘ ..‘. R 3'\-

(b) Cathode” ezectnodea e _ ,
| As illustrated in Chapter 2 section 2 10 gas heating lS N
: greatly reduced by convection at Tow cross -flow veloc1t1es Hav1ng
| observed in the low axial flow experiments¢that gas heating contributed i
‘~ to failure of large surface electrodes by localized plasma contractions,‘b
g single cathode elements were - tested initially._ Glow to arc tranSitions;
f"h/;ever. continued to be a problem and a multiple electrode arrangement 1Qf

5‘was again adopted
. 3 i Convex cathode ‘
Figure 3 2(a) shows the cross section of a 51ngle element ,s

'convex cathode of copper An electrically isolated shroud with a .

R

.'full-length slot reduced the Faraday dark space and anchored the

'vdischarge Since much higher cross flow uas used insertion of a screen, j‘
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— __‘_‘_— — l

‘as in the low-axial flow experiments of Chapter 2 only~resulted in the o
'discharge being swept downstream to the leeward edge ‘of the mesh The
sxngle element cathodes operated uniformly at low pressures and current
:jden51t1es <25mA/cm .’ Hith?an 1ncrease in: pressure and/or current the
~glow degenerated into several contracted columns or more often'a 51ngle
;.arc,discharge fanning out ngar the anode, the anode con51sting of
vindiugdually ballasted pins. . The boundary layer of. stagnant gas _
vfappeared to play a role in. thlS tranSItion. Calculation plus observations‘,

y..-low curvature near the electrodes indicated a boundary layer of -

| _ D 3mm on each sme of the channel Consequently, discharge heating

uas’accentuated through this layé? and it ‘was obv10us that before

""break-up" the positive glow became filamen y along the leeuard edge
.of the confining slot.1 Non-uniformities 1nt:§g\flow probably cOntributed N
lto the glow to arc tranSition._ That aerodynamic forces are 51gn1f1cant

was demonstrated by Hill [lS] and Eckbreth and Ouen [44]

VO ‘”»’nwwpce hauow-cwthodc A
A linear array of . 30 copper tubes (l Sm i d. x 3m 0. d )
?replaced the single large surface structures Figure 3-2(b) The tubes
were used to confine the negative glow internally, reduce gas heating, ::‘
-,and reduce the cathode fall potential as discussed in Chapter 1, _-
section 1.2.3. Each hollow cathode vas ballasted by 10K ohms.. Stable
| operation to much higher gas presSures and currant densities uas;acbieved .f

. "-'._v . "{-‘-,\

vw1th thlS conf1guration._




v anow
(I A R IR

'FIGURE 3 3.'DIAGRAH OF HULTiPﬂE ROH ELECTRODE ASSEFBLY

'3.8.cm

12 &nn

CATHODE

- coﬁper anode plns (3mm d1ameter)
probe port :
.coating of Alkenex res1n

g A]kenex 1nsu]at1on
“h-

i

‘water channel R
. K

‘m

3.8x8.3cm laser aperture S
“ ceramic tubes, 3mm i.d.
‘water cooled copper p]ate
0¥l channel

hoYlow - cathodes 1 Smm . d X
3mm o. Q‘ :

- ‘castable ceramic -
- a]um;num flow chanqel
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-a Mu@ixpte hotzourcathode B
| The sungle array of hollow cathodes was increased to a four
';!row structure, Figure 3 3. The slotted shroud was. replaced by 2 water-
i cooled copper plate into which a ceramic tube was 1nserted for each
hollow cathode. The electrodes were recessed into the ceramic tubes
| approximately 10mm. This was to ensure that due to local wall losses
-the\Faraday dark spaces were short and confined to the interiors of _

- the ceramic tubes.
Table 3 4

Details of Multiple Hollow-Cathode Assembly for Cross flow System

Configuration ,‘ - multiple hollow cathode up to four rows
:.' _rDimension;., ‘:‘v‘i- each electrode, 1. 5mm i d. x 3mm 0.d.
fg' | B - 2. 5um between centers within each row
- N between rows. e ' o «p}
fmuelectrodes recessed lOmm 1nto 6mm o. d: by .
| U 3mm d.dl ceramic tubes : |
-vMateriallt o fl copper l,'j‘ “ | :
';- °;;Ballast *‘:;ine 4approx1mately lOK ohms per electrode :
~'55 Coolant f" m:vv.é _refrigerated high-voltage transformer 011
f__ 3.3.2 Gaa onw | | |

Gas flow was maintained by ‘a centrifugal compressor ”The oo |
} particular unit used in the experiments of thlS theSlS was taken from v ;"
i:a General Electric turbo-supercharger used on Horld Har Two v1ntage ‘{ ja
,aircraft engines [45] A centrifugal compressor by virtue of its high - :
_'speed of rotation prov1des a high capac1ty (volume/unit time) in a small o a

| phySical s12e.; In addition, a much higher pressure ratio can be obtained

PN Y



_ _ R |
over that of a centrifugal fan for ﬂnstan.e. Further details of .

;'compressor performance are extens1ve1y covered by Stepanoff [46] ‘

S1nce the laser cavity was—coup]ed d1rect1y to the 1mpe11er

Ca h1gh speed vacuum seal was nequlred between the dr1ve and the flow

| ducts. The solution taken here was to prov1de an evacuated step up 1

dr1ve, the seal now be1ng made on the Tou speed shaft ' Polyurethane ,

' beTts (”Polyflex - Gates Rubber Company) were used for’ the high- speed
kstep—up., The dr1ve was: des1gned for speeds 1n excess of 20 000 rpm ‘ 'ff
.the maxlmum normal operatlng speed of th1s part1cu1ar compressor .
'Vacuum-pump 011 was. used fOr Tubr1catlon, with 1501at1on from the flow :‘

) ductS/by a ]abyr1nthseal betueen the dr1ve box and the 1mpe11er The
:;'1ntentlon was to f10w any- make-up“ or rep]acement gas through the ”

: labyrInth seal The cTose to]erances however, perm1tted on]y Tow
freplacements rates Tess than T% of the mass Flow through the Taser '
greQIon. The effects of hlgher rates uere observed by pump1ng gas from' p"
,‘one of the fTou ducts | S |
T The center-llne flow veloc1ty was T1near1y proportponal to
| compressor RPH as determlned by p1tot and stat1c pressure measurementss g
"'The maxumm gas veToc1ty recorded was appé"oxxmte]y TSOm/sec Most - 'Q

',experiments, however were conf1ned to veloc1t1es of 80 m/sec or Tess

3. 3!3 Tempeaaxune pneAAune electnon dcnb&tu, and ncut&aﬁ o ef!;}"

.

| Apeuu mwmmem _
(1) Translatlonal temperature scans g o
Temperature scans were made by sweep1ng a copper-constant1n
vhprobe through the dlscharge on a radlal arm as’ 1TTustrated in F1gure 3 4,
Uw1th the exposed Tead wlres and sen51ng t1p orthogona] to the f]ow

»_Ideally. a stationary probe reads the local staqnat1on temperature T

R "R
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» 7" CENTER OF '\.4_ :
. ANODE § ) . ) ROTATION ‘. h

3.8 cm

CATHODE :

..FiGURE‘3.4(a) ’PROBE CONFIGURATION AS VIEWED ALONG THE LASER AXIS. )

CENTER OF ROTATION

ANODE PINS

uiﬂ'FIGURE 3 4(b) DIAGRAM or RADIAL SNEEP or LANGMUIR AND THERMOCOUPLE '
ﬂ PROﬁES vxsu FROM ANODE T0. CATHODE. :
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Pract1cally, however, a qu1te dlfferent-temperature my be obta1ned : i
For the veloc1t1es encountered ln the present. exper1ments the stat1c"‘“
.for free-stream temperature, 1, 1s nearly equal to the stagnatlon | _
: temperature.? The probe equ1l1brates at a temperature governed by the :
‘fbalance of heat transferred by convect1on to and from the gas, heat
:transferred by rad1at1on and conduction to and from the external '
"surround1ngs, and heat de11vered to the probe by electrlcal currents :3
’1 flow1ng from the discharge Heat loss by conductlon was m1n1m1zed by
..us1ng small gauge wires sealed 1nto a glass support. Exposure of a 4
';Asmall length of the lead w1res to the gas flow also reduces conductlon '

o5

w“losses from: the sens1ng tlp [47”"J

:Cpnduct1on heat losses were assumed
to be small.s To reduce electr1cal;1nteractlon wvth the plasma, the
'glprobetwas ma1nta1ned at. “floatvng or 1solated potentxal._ _'v‘ 3
| The 1mportance of probe heating due to rad1ation from the |
plasma was deduced from measured translatlonal temperature prof1les -
.through the d1scharge, as‘presented later 1n sect1on 3.5. It was -
reasoned that if heat transfer ‘by. rad1atlon and electrlcal currents
‘!ﬁﬁ comparable to that by convectlon, a. pronounced local temperature -
-bmax1mum would have been recorded by the probe as lt passed through the
'_core of the discharge. Only a small peak was o%§erved Th1s .

fecorresponded to a local electron dens1ty peak as recorded by the

felectrostatic probe. It was as$umed thef,fore, that for the veloc1t1es

L;employed heat transfer to and from t'”; ,;di by convection ﬂas

Ve u"; Q ,u‘v
fdomInant and that temperatures recorded uere close to the actual e

Tifree-stream values

The response time uas another conSIderatlon whenathe'

; o L L. - \ ) ‘ \.'u"Q R f. :‘A .. N ) . e R



© Table 3-5 e

t'Thermocouple;uPitot;static,-and ETectrostatic Probesj

fﬁéTnermocouple probe '1 "f j"2mm tw1sted wire conf1gurat1on w1th
o - | ‘. ‘3mm length of exposed leads ._f'
1:?5;t,o 25mm d1ameter Cu - constantln '
O ‘w1re (30 gauge) |
da-_"est1mated response t1me,;’é3 sec.
‘f's;§_5'glass support stem -
‘;~P%tot anATgtAtjt’, [;ffjt' - ,mpitOt'tube extended 2.5 cm in direction -
| ;;pressuresql'it; ‘f ‘f':fof flow; 1 5nn|1 d. "»3J'-:v. ,i"7 “,ﬂii
e - ‘.‘;l.:Statlc pressure from 0 5mm hole in’
‘..f‘channe1 wa]l 1ocated opp051te
71p1tot tube ‘
- ¥%;a54'_mabsolute pressures by Ha]]ace—Ternan
l. ";:gauge o ' ‘ |
J?flﬂlafid1fferential pressures by HKS-Baratrdn-~}“

:;Type 77 capacitance manometer

1:0 lmm diameter tungsten N

».1"“12mm length
-4,?,f'glass 1nsu1at1on except for sens1ng t1pfg3d
i bias supply, F1uke ZJOC

- _current sensing resistance 100 ohms



: . . X, “ o . e >A o
5 was scanned through the f1dh A recovery t1me constant of 3 to 4

0

o seconds was estimated for the pressures of the presentrexperlments [48]
| dIt wa§ observed experimenta11y that a few seconds were requ1red at
'lveach stat1on for therma] equi]1brat1on | |

- _ Further deta11s on probe sw1ng and construct1on deta1ls are

, _contained n Flgure 3?4 and Tab]e 3- 5. L w_‘ff‘ais _ﬁh".ﬂfu)’

R
4

(2) Pltot and static pressures for f]ow ve]oc1ty caPculat1ons :

A

*:’fﬁ’ A pwtot tube measured the stagnat1on pressure Py» and f

. a small d1ameter ho]e in the channel wal] gave the stat1c pressure p..j P

d_.Construct1on detal]s are conta1ned in Tab]e 3= Sa D1fferent1a1

. oL
S L

fzmeasurements were made using, 1n1tna1]y, a; t11t1ng manometer f111ed 'f{'"
‘_.w1th d1buty1 phtha]ate and later a. capac1tance manometer wh1ch great]y o

1ncreased the sens1t1v1ty and read1ng accuracy. The abso1ute p1tot o

gvpressure was: measured wlth a HaT]ace-Ternan qauge.-fj ,;f 3‘uti
4 For low:Mach numbers 1t was found conven1ent to use the SR
.,fol1ow1ng express1on [49] to re]ate the flow ve]oc1ty to thefd1fference

-fbetween static and pitot pressures, .;g s

L x

Ly

¥

B Y
o

' mass density of gas m1xture

[~
ll

flow ve]oc1ty

. n

<
n

< ratio of the spec1f1c heats

'-/.
v

'*=Pp"5P ,*0'59”‘,“ + —Ei-M + ; r"gf'f)fw]-ﬁ_']

o

_,‘Mach number fd 'j’-‘v "f,f""" L f‘f"nfeii;f P
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SInce M was Tess than 0 3 the fol]ow1ng formula was used to compute .

flow ve]oc1t1es, ,”

Po = P = 0:50u°

3y P]asma density scans | "'é§$~
: Plasma dens1ty was analyzed by sweeplng an electrostatac f.
»;probe on a rad1a1 arm through the e]ectr1cal d1scharge, F1gure 3.4, such
uvthat the gas flow was perpend1cu1ar to the probe axls. The 1on-saturatlon
current was co]lected and analyzed by both veloc1ty dependenb and stat1c ‘
b}formu]as to est1mate the electron denSIty, sect10n 3 6.
| The probe was c]eaned by 1on bombardment before-each scan,
however, in a stat1c gas and for very low veloc1ties a t1me dependent
"phenomena occurred wh1ch prevented useful measurements.. This prob]em '
| appeared to have van1shed for ve]oc1t1es greater than 10 m/sec and wa&
;assumed to have been assoc1ated w1th probe heat1nu. ‘ | vv ,
The probe b1as was referenced to the B+ of the d1scharge supply

"’w1th the 1on current sensed by measur1ng the voltage across 100 ohms in
¢;ser1es w1th the probe Most currents were co]lected at a probe to
c:plasma potent1a1 of apprOxlmately 60V P]ots of probe current versus ; ‘
”"angular pos1tton were d1sp1ayed on an X-Y recorder.r Deta1ls of the
‘1probe construct10n are contalned 1n Table 3-5 |
:Fy'(4)" D1ssoc1atlon of CO2 ' o

.v” 'y The electr1c dlscharge may cause considerab]e : h;-':t':
1[,d1ssbc1at1on of CO2 1nto CO and 0 as d1scussed in Chapter 1, sectlon 1. 4
| The d1ssoc1at10n e:z111bration time was determined by |

't.mon1tor1ng w1th a photomult1 jer the sidelight emiss1on from the CO
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aAngStrom band (4835 A). For an 1n1t1al mixture COZ/Nlee - 4/4/6mm, ,'”
'fa”flou velocity of 40m/sec and a dlscharge current of 2A th@ﬁugh two
'frows of electrodes both anode and cathode, 1n1t1al dissoc1at10n ,ﬁ
g equilibration was obtained in approximately one minute The degree of
"dissociation was monitored both by observ1ng the gas pressure 1ncrease
~.and collecting before and after gas samples for mass spectrometric |
,analyses. Pressures were read after extinquishing the discharge and |
n.allowing the gas temperature to return to 1ts initial value ‘;The ':
yadissociation fraction (6-NCO/NCO+NCO ) was. calculated on: the assumption R
llof conservation of oxygen That thlS was Justified was supported by
'nnss spectrometric data which showed that the quantity of.Oz/nas
j.approximately one-half that of CO thus satisfying the dissoc1ation

.greaction‘f

i»Both of the methods indicated 5~0 3 for the conditions c1ted above.
'"Note that the’ above tests were conducted w1th1n a relatively short
”:period of operation (approximately ten minutes) Over a longer period
;.the dissociation reaction is expected to sh1ft to the right according
_;to Le Chatelier 'S’ principle as. chemical reaction takes place with the
’velectrodes [50] [5l] For instance a loss of oxygen ShlftS the reaction'}‘
-to the right A carbon depOSit gradually collected around the copper
'"cathode electrodes uhich was probably assoc1ated with a further

¢'disappearance of CO2
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} 3 4 Correlat1on of Slde—light Measuﬁgggnts‘y1th V-I Characterlstics
T R e | o
3.4.1 luvagq,z chqngu.zn‘z_;wef ight e{mmn . I |
g Thg.ggoss -flow’ produced sfgn1f1pant changes in the plasma
v . SR
shape and v1s1ble s1de-11ght emission. The v1sua1 var1ations of the L
\
: p051t1ve g]ow were recgrded 1n a ser1es of photographs, F1gure 3 5,
"j wh1ch show the changes with’ f]ow vé]oc1ty as v1ewed along. the laser -
| -ax1s that 1s, perpendlcular to ‘the gas flow. The flow dﬂrectlon 1s ' p"

';from left to r1ght. The off-vert\cal 1mage was the resu]t of a- s]ight
_ upstream shlft of ghe anode rows re]at1ve to the cathode Note that
'””reflect1ons through the sa]t w1ndows produced a spurious 1mage below
:'5the anode (arrow, F1gure 3 S(d)) A]so the anode surfaces had sma11 o
: 1ntense spdts" produc1nq over ejposure from that reg1on of the

| d1scharge. A]] photographs were‘taken.at,constant_exposure sett1ngs.'

Measurement parameters

4/4/6m of COZ/NZ/He

i_Partial’pressuresf'g

';'7vDischarge”Current_ "fanode and cathode of two multl-;,

; T
e]ectrode rows each _
o j?%;:;” ':_'[-”h 1 ‘A total /17 mA per electrode pa1r '
; .‘f”Flow,velocity , ‘p :Q';‘O to 80 m/sec downsﬁ,ié“;from
S "g o ,;p '.'v{‘-'_dlscharge o
T RIS RSN
‘ Film type .é:l 7.7/“3-."fPo]ar01d 410 ASA 3000

= exposure sett1ngs 4 7 at 1/10 sec
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H1th no flow, F1gure 3. 5(a), the coluln corresponded to "
E usual contracted glou wher: the central core was. a reg!on of high‘ o

tenperat&e vnth redchs dens1ty. There were vanattons in -
ek hoTTow. cathodes. in the reg1on uh1ch would

‘of a sheath that 15 knoun to bulld up at bore constr1ct1ons [SZ]

For’ the louuflpn qases much higher 1onlzation dens1ty occurred 1ns1de ‘tj

,f 7,the tube than in the laser reg1on, the sheath fbrn1nq to balance the

. current flou across the constr1ct10n The cond1t1on for the appearance

-: of the sheath is’ g1ven approxImately by I<AxJ . where ‘A 15 the area
j”*of the ceram1c tube aperture, Jos the random current density inside thp
5H5tube, and I the d15charge current [52] L1ttle exper1mentatlon uas«
7fdone w1th the var1at1on of cathode depth belou the constrlctIon but _

: 1t is expected that the cathode depth could be reduced to m1n1mlze or’

'Uel1m1nate th1s sheath effect at least over a certa1n range of parameters.¢.
| ‘ As the flou rate was lncreased above zero, the poSItive f“‘ |
glow 1ntens1ty passed through a mlnimum In1t1ally the plasma column ;dd
}A:was bowed dounstream by the flow, Flgure(b), unt1l the column broke,

'_F1gure 3. 5(c), and passed throughxa lunlnos1ty m1n1mum, F1gure 3. 5(d)

A further r1se in. flou caUSed the posit1ve glow to re-appear .
't‘:F1gure 3. 5(e), 1ncreas1nq in v15ual 1ntens1ty thereafter. After
reach1ng a veloc1ty of approxImately 30 m/sec the 1nten51f1cat1on was a“viﬂ

:more gradual. ;;3 second“ p051t1ve glow was stable against the flow f.".
“.ffma1nta1n1ng an almost constant pos1t1on, houever, the visible wfdth : :f"

'1vof the glou gradually 1ncreased over the 30 to 80 m/sec ranqe.--:

=
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An epranation§of the‘observed events apgﬁgLtho be rather -
( compIex.' For low row, gas heating of the discharge coré appeared to

: be«a dominant effect The di?charoe favoured the Iower denSity of the .“

o contracted cqumn and exhibited f]exure in. the presence of. roﬁ? This:

_ffprobably was. not unIike the case of high current arc discharges which

tbehave Iikg soIid aerodynamic drag bodies when subJected to 3. Cross- row‘7
77 :
-[53] It is assumed therefore that the contracted gIow bowed

'%f-downstream preserving the Iow density core until the increased discharge‘

f'Iength and gas cooiing caused a change in the operating regime.i The

. '*decrease in Iuminous 1ntensity at this point may h ve \been aSSOCIated

- particIe Ioss from the pIasma and had a concentrating effect on the

with eiectron density changes rathergthan any decrease in average
' electrdg‘energy Indications were that E/N increased monotonicaIIy
‘with gas veIocity If stepwise exc1tation was present in the contractedj

to ‘the square "

Iow—flow co]umn then Since this process is proportion
of the’ eIectron density, A smaII reduction in denSity coull" . a
..pronounced effect on the Iuminosity Higher flow increased the charaed-.'
,‘ionization den51ty in that the TateraI difquion of the plasma from ex ..

. eIectrode pair was reduced In other words as wiII be seen in se tion--3.5

!1, ”.as the row was raised density structure perSisted for Ionger c.stances

‘a behind each electrode pair It was assumed that Since E/N rese with
’_:veIocity, the average eIectron energy Iikewise increased anc that: this,_
3coup1ed with possible eIeetron density effects caused the grzdual id;'

"increase in visib]e intensity seen in the 30 to 80 m/sec ranqe of

| Figure 3/5



VA ‘ SRR ,,..2,1.:"""”5

_W 3 4.2 Ftow e“ec,ta on duschange potentuu | o

B The discharge potential Figure 3 6, nas monitored as ,
. the photographs of Figure 3.5 were taken " The measured discharge :iﬁv.éf
potential included the cathode fall which was assumed to be nearly ”"ﬁah
1ndependent of veloc1ty fbr a given current c°nsequently, any changes iﬁ
Q1n plasma 1mpedance were due almost entirely to flow effects on the ‘

' p051tive glow. The d1scharge potential rose monotonically uith 'fgb
‘1veloc1ty. The characteristic for a- discharge current ID, of lA can

be directly correlated wifh the visual observations of F‘gure 3 5.-:

HfseBy so d01ng, 1t was observed that the glow minimum corresponded to the

hllocal changes of slope around 20 m/sec. Once the glow became more fully
developed a gradual slope prevailed. :ThlS fltS well with the lumin051ty

: changes ‘o A T / ' B

The potential rise w1th flow was due to an 1ncrease in both

~ the gas den51ty and the charged partucle loss from the plasma. Spatial
'temperature profiles 1ndicated that for a constant discharge current

fhf{the gas temperature fell rapidly as’the flow veloc1ty was raised above -

rzero._ The associated potential rise is 1llustrated in Figure 3 6 As“:ffi

. the flow was raised further, the downstream temperature approached that
':of the entering gas Consequently, gas dens:ty effects became less

e pronounced. " For the conditions of Fioure 3. 6, the potential shoued a

"'7‘u;more gradual rise past 30 m/sec. Thls was COlnCldent with a- gradual

‘1ncrease in luminosity as discussed in section 3. 4 l The reduced _
eelectric field E/N rose with veloc1ty and it is assumed that convective.
’ losses from the plasma resulted in a gradual increase of average .

o electron energy

. {*,/fm_, ‘_“'bata is also‘shown in Figure 3 6 Qpr a discharge current of
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DISCHARGE POTENTIAL (k).

CATHODE

0020 0. 40 50 e 70 8o
. FLOM VELOCITY (MJSEC) .

| 'EIGuREla.é, VARIATION OF DISCHARGE POTENTIAL uITH FLow VELOCITY
| ST CO,/Ny/He = 4/4/6 mm; 1. = TOTAL DISCHARGE CURRENT ;
‘FLON VELOCITY MEASURED ALONG ‘CENTER- LINE. . 'TH
WE/N was appromeately 3 6x10 lscmzvolt_at ID=2ATanq‘.
Lo 35m/sec.» e e

gl
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;2A} The reduced d1scharge potent1a] appeared to be assoc1ated w1th
- gas. densnty changes. ThlS was more ev1dent from V I characterlstics
for various ve]oc1t1es\ For h1gher flow, the potent1a1 showed a :
‘more gradual decrease as the current was raised. R »7 \ " f< -
g h Relterating, gas density showed a marked change at ?ow f]ow |
whﬁ}e p]asma Qosses were dom1nated by ambipo]ar d1ffus1on " As af -
result for 10w flow the d1scharge potent1al rose pr1mar11y due to an
‘2 i 1gcrease in gas dens1ty-o At h1gh flow, gas dens1ty changes were s
' sma]] wh11e convect1ve p]asma losses became more dom1nant Consequent]y,
for h1gh flow, an 1ncrease 1n d1scha;;e potent1a1 was pr1mari]xr '

o assoc1ated w1th convect1ve charged-part1c1e ]osses. Assum1ng that
l& -
the aVerage e]ectron energy was suff1c1ent1y high that v1brat1ona1

exc1tat1on rates were nearly constant with energy, 1ncreas1ng flow

was expected to‘1'; the fract1ona] power coup]ed into electron1c -

1T'exc1tat1on w1th a,resultant decreasé 1n laser effic1ency [54] "°r5p

i 3 5 Trans]at1ona1 Temperature Prof11es

_ As 1ndicated prev1ous]y 1n F1gure 3 1. sectlon 3 3 the gas i':.“
stream was. cooled by f]owing tap water through heat exchangers .:‘y% |

fmai .attached externa]ly to the flow ducts and a shroud encompass1ng the

=
-

top ha]f of the centr1fugal compressor Spat1a1 temperature profilesa

R {\ \. e

L wereascanned by sweeplng‘a thermocouple throngh the e]ectrical
dlscharge, as descr1bed 1n sectlon 3. 3 3 ‘_; e'“'f~-

4

F{gure 3.7 111ustrates temperature prof11es scanned -in.a

L.

plane m1dway between the e]ectrodes versus distance 1n the flow

d1rect16n

. 9“‘?
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»the e]ectr1ca] dlscharge The proflles were recorded w1th a

'R

'f‘replacement gas fTow rate of approx1mately 1% of- the channe] mass
4fTow t' : 1; ‘th . , .

The effect of convect1ve cooT1ng ‘was unmed1ate]y obvious
'Over the fTow range shown . 1n ngure 3. 7 ‘the downstream temperature
'decreased by approximate]y 140°K .at a- d1scharge current of ZA (an :

,eTectr1caT power of approx1mate1y ZKH 1nto the p051tive glow)

ATthough record1ngs were not conducted for th1s d1scharge current 1n -

R stat1c f1TT because of excess1ve heat1ng, 1t was assumed that agf
: ;temperature of 700 to 800 K was not an unreasonab]e est1mate [7]

-"'In other words ‘a decrease of approx1mate]y 500 K was effected by '

'

-‘;"ra1s1ng the ve10c1ty to 75 m/sec

o

k_x“ff As w111 ‘be’ shown Tater by the electron dens1ty scans of ‘

‘i'sect1on 3 6 the center of the discharge,was located at approxImately .

-+2cm The temperature prof1les of F1gure 3. 7 show Tocal peaks
- I -
'ﬁijnear th1s pos1t1on. Corre]at1on w1th eTectron dens1ty data showed

- that the temperature max1mum corresponded to a Tocal peak 1n the

ll“aﬂelectron dens1ty 1ntroduced by the segmented eTectrodes There was

| no max1mum d1rect1y attr1butable to the effects of rad1a§jon and .

‘”apelectr1ca1-eurrents as the probe passed through the d1scharge

VConsequentTy, t ese effects were assumed sma]l relative to convect1ve

'heatﬁfrahsf. Deact1vat1o§hof vibrat1ona1 species by the probe

*-surface m y have increased the recorded temperature Here aga1n,

"’the error was reduced by convect1on Varlations 1ntroduced by the
-

'~;f“chang1ng or1entat1on of probe surface and fTow dtrection leew1se B s

‘;fTappeared to be smaTT.n_ ,Q_vt

.89
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. The largest errpr appeared to be rad1atron”fromythe“probe to the cool

A 1-

-wal]s.a For a Wall temperature of 300° K, a probe tgmperature of
'7400°K and a f]ow veloc1ty of 40m/sec the rad1at10n error uas _;h
"est1mated to be. not greater than 5°C ’ |

SInce the probe was rotated on a ]ong arm (8 6 ‘cm) care

y ik

bad to be exerc1sed to m1n1m1ze error lntroduced 1nto recorded probe

A pos1t1on. The anguIar error was taken as +l° of rotat1on, reSultxng

& .

. ina maxlmum error of +1. Smm in. the’ d1rectlon of flow. f;ﬂf_

‘,", Profl]es of transld@pona] temperature were used to.

':f;ca1cu1ate neutra] number densities for est1mates of E/N and average.:

}electron energy, to correct for mob111ty and ve]oc1ty changes in.

f_5 determlnat1ons of electron denSIty, and to compare experlmenta] and

': calcu]ated trans]at1ona1 temperatures in computat1ons -of laser ga1n

. . - o
‘e . ’.

\‘c{*/’?‘ S

.
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S ”w1th discharge current Ayerage den51t1es in the range 0. 5to1x 10

s

g

t

3.6 Measurements of/8 ”'}Etion Den51ty

| The resu$ vseveral electrostatic probe and microuave
measurements on longitudinal CO2 laser plasmas have been published

'lBoth 51ngle and double probe measurements have been analyzed by
N standard techniques assuming a Maxuellian distribution of electron ‘
veloc1ty [55] [56] More sophisticated probe techniques, where the 3
"*Tactual energy distribution was measured have shoun that the distribution

_Js qu1te non Maxwellian [57] [58] Since the double-probe senses only

"che high-energy tail of the ele&tron distributionT 1nterpretation of : n

‘the usual double-probe curve ‘becomes complex

r

- ' Collision and diffu51on effects at high pressure (1on and
.Selectron mean free paths less than the probe sheath diameter) further

'fu;complicate the analy51s\of the retardgng-field region of the probe )

'.characterlsflcs-_ Consequently, most probe measurements of the CO2 laser

'gplasma haVe been confined to pressures of a few torr or less o

": Electron-radiation temperatures have also been measured by S

"qseveral 1nvestigators [59] [60] Eﬁl] ThlS technique creates no

”'3-disturbance of the. plasma, the average electron energy is related to'
',-;the measured electron-radiation temperature nearly independent of rhe
;e_:velocity distribution [61], and measurements can be extended to high

A : pressures [60] The spatial resolution relative to that of the
_electrostatic probe is Tow. ',,71f : L)i o :i. i ' f - - "

':, :i_h Average electron densitiesﬂin longitudinal tube discharges
l:;have been measured by microwave techniques [55] [56] [62] [63] These

.uexperiments 1nd1cated a more or less linear increase of average density
’ 310,

-f fvuere observed for the usual discharge currents. E ‘j""ff;_; ; hf;\ni""v‘

A}

-3
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. _@" @p% S1nce h1gh spat1al resolutwn was des1red m the present
- experiments, a- s1ngle electrostat1c probe was swept through the. plasma
Ion saturat1on current was collected and analyzed by both-stat1c anq,
'fhflow-dependent formulas to g1ve an estlmate of the spat1al 1on1zat1on o
h‘f dens1ty Average ‘electron energies were est1mated from measured values o
‘:'-;of the reduced electrlc f1eld E/N due to the d1ff1cult1es of record1ng
and analyz1ng the: retarding f1eld reg1on of the probe character1st1c as.
o ment1oned above. ;if; ].v*’»_'. ;u‘.‘ A[r . _f R A j‘(ﬂ-"“
361 ' Expe)wnental pnoﬁdeé 06 the uemosm p’wbe cwuzewta
- : By rotat1ng a cyl1ndr1cal electrostat1c probe through the
d”-drscharge on a radlal arm as outl1ned 1n sect1on 3 3 3 the 1on1zat1on
,»dens1ty was efFectlvely sampled both along and transverse to the flow ‘
;'g1ving‘a measure of ;ﬁb spa%ial uniformdty(of the act1ve med1un |
.‘”;43Typ1cal,scams of ron‘saturation current are shown in F1gure 3. 8
'pExperimental curves were displayed on an x-y recorder for two d1fferent
fdflow rates with the discharge current constant at 2A For these f 1]
':lﬂypart1cular curves the probe bias was éonstant over the scan. As a result
'jcurrents gpllected downstream were somewhat h1gh. These traces are f |
?pnesented to illustrate electron dens1ty structure w1th1n the d1scharge :
'where only small variations in space potent1al ‘were eV1dent Consequently,
"»fconstant probe bias was essent1ally constant probe to plasma potentlal
'ytEach curve was traced ouf at least ‘twice and the symmetry was the result
of scanning either s1de of zero, the most upstream po1nt of the probe ' .
‘t,;swing It is obv1ous that the structure was more pronounced for h1gher .

t J,flow rat!s A po1nt to note 1s the appearance of an add1t10nal ion :'

ff‘current peak towards the afterglow side of the upper curve F1gure 3 8

R
R

.47>r:7_
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“ION CURRENT (uA)

B e e

120 100 80 60. 40 20 0 20 40 60 80 100 120 140
o PROBE ANGULAR POSITION (DEGREES) )

o

FIGURE 3.8 ION-SATURATION CURRENT *o A CYLINDRICAL- o
ELECTROSTATIC PROBE NORMAL TO THE FLOW, - -
_'Imtial fill, COZINZIHe-4/4/6mn Ip=2h; - .
-electrode configuration out'lined in ' o
»‘FIGURE 3. 4._._ | S
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f3There is only a slight 1ndication of this peak in the 1ower veloc1ty |
| scan.‘ By correlation of the probe current with e]ectrode geometry the
1 appearance of s peak gave an indication of the 1atera1 downstream
tvSpreading of t:gﬁ?harged-particle_denSIty.between adjacent e]ectrode
}_YPAirsl" . '-A: : o h"., ;i i : |

o o P D : ° 4
. Spatial ion’ current profiles versus downstream distance,_
f_Figure 3. 9 were compiled from 1on current scans at constant probe to :;"
"plasma potential and the probe p031tion diagram of Figure 3 4(b)

Hithin the discharge, two curves were generated for each f]ow rate
ibThe upper curve 1s drawn through points ]ocated directly downstream of.-
ithe most upstream e]ectrode pairs, while the lower conSists of currents |
bmeasured behind the most downstream pairs Data are shown\for the f]ow
jblocities and discharge current of Figure 3 8 Strﬁ&ture present o
\,within the discharge rapid]y disappeaned once within the afterglow
{,Also, the current variation between adJacent eIectrode pairs of the

| downstream row was less pronounced than for the upstream e]ectrodes

: It is assumed that the upstream electrodes effectively pre 1onized those
:;downstream As a result, a s]ight reduction in running potential was-
.observed in the direction of fiow " This was morewev1dent when the
;’electrode structures were extended by additional rows The decreased

;gas dens1ty as. the trans]ationai temperature rose. through the discharge
'_alsg?contributed to the voltage reduction f— {fv"
O . Another feature ev1dent from Figure 3 9 is that substantial
: 1onization existed even at the most downstream point of the probe scan)
':j(approximately 100n fran the discharge) The electron energy, however,prai

.;is assumed to: reiax rapidly once within the afterg]ow An e]ectron ~‘7

.3relaxation time of. the order of a few microseconds [64] was expected in f

o
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FIGURE 3 9 VARIATION OF ION SATURATION CURRENT IN DIRECTION

- OF FLOW.. In1t1al COZ/NZ/He-4/4/6mm probe to p]asma

*'K._potent1a1 =-60V; IB =2A; electrodes as in FIGURE 3. 4.
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o e
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.C)

the absence of collisions of the second kind a time fast

v/r'".'

to flow transit times The relaxation of the electron energy could

1 be conSiderably lengthened by electron colliSions with Vibrati nally
exCited species. The decay of the electron denSity ‘Was: expec to
~ be controlled both by ambipolar difquion losses to the walls and“

| volume recombination. To make"Eonditions evqp more complex, the

: ionic speCies in the afterglow may have been différent from ‘those
of the active discharge due to processes such as. charge transfer.‘h

3

For instance, fast charge-transfer rate constants (l()]0 cm” sec ~)

| have been measured for the reaction of CO2 yith 02 to produce 02 [65] .

3 6. 2 Computat&ona 06 the electmon denatty

v;‘ The first aspect in the determination of the ionization
denSity c6ncerned the identification of the maJor 1onic speCies presentf

h in: the positive column of a glow discharge in CO‘f' | ,
information was required to. estimate the ionic mobility used in the L

; various formulas.i From ionic samplino done on pure COZ’ the dominant
ions in the active discharge were CO2 ‘and 02 [66] [§7] 2+ is .

: assumed to be produced by direct electron impact. 02 lS produced by .
way of the dissoc1ation of CO2 It is known that the rate of charge
transfer between CO2 and 02 is rapid [65], therefore 02‘ may become _
the dominant ion Tf SufflClent oxygen is present. Since C02 has a lou‘//;/
=ionigation p§$ential relative to the other constituents COZ' and 0
aﬁé expected to be dominant in the CO2 laser plasma. This contention :

.is supported by Hiegahd et al [68] Only a few experimental studies |
have been done on ion production in the CO2 laser mixture Freudenthah

analyzed fast ions from near the cathode of a sealed-off discharge and -
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f“ound several 1ons 1nclud1nq abundant C #  some NO .but no DZ [69]
Aust'm and Smth measured p051t1ve 'IOHS fron‘r a flovmng CO laser
m1xture and found ma/sses 28 and 32 domnant wh1ch ‘were. 1dentif1ed
' w1th N2 ) ,3and 02 [70] A more recent study by Tannen et al |
has shown that (:O2 was the major 'mitial 'ion at the cathode of a
- sealed tube but was rapldly replaced by N0+’ [7l] In a He/CO'
. m1xture, however, the. 1n1t1al CO mn was replaced b_y 02+.
! | The 1on1c»mobllit¥, ."i’/ was/calculated usmg the
quantum mechamcal equwalent of. Langevm 3 equat1on for the case
f where polaruatwn forces <are domnant [72] : For a gas mlxture of ‘ _
| COZ/C{)/OZ/NZIHe" ’Zé 8/l 2/0 6/4/6nln, cornespondmg to a dlssoc1ation ’, B .
fractmn of 0 3, the calculated 1omc mob1hty at -300 K ranged from‘:'j o
| 130 e’ 2 rvolt sec’ for co2 to 215. cn /volt sec for NO'. S
; The regnne of probe operat1on was detenmned by calculatmg’ _

S ¥
several non-dlmensmna’l parameters defmed as follows-

*D = ,-;the Debye_ length

©©+74L7 - length of a typical probe

Comp e e dimension-‘L?Zr for the '
e RN IR P CP

R R R T cyllndrlcal case cons‘udered

CaTe i e 'here where r -probe radws

1/2 . L -
N : AD =(L2-e-). 13.." .'e(;‘ = permttlnty of free space -
i k- Boltzmann s constant
O A T - electron temperature L
| n -'__F _electron density |

Loe = electronic charge
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(@) x ='E%!3', " X - the normalized probe potential
o Ta 0 S SR
‘ i .. V- probe to plasma potential
. ;', (3)‘Rev='-¥%T£% : R ftthe e1ectr1c Reyno]d s number//
v R e | n
"i( ) u - flow ve10c1ty o
) ﬁ{ - ionic mob111ty
e  t SR The electric Reynold S number,
R . R e’ gives a measure.of the flow"

‘j;i v f CL ':', effects re]at1ve to. the 1on1c ‘

or

SN s

; .('\__w.r/\;w‘>ﬁ‘\; 4

R

diffus1on veloc1tv The condition

| ‘nR 51 ~suggests’ that the probe ’

- | v “v : current may be. ve]ocity dependent
- jd:‘ e For x>>1, convectlon may be o
: ‘d,%;'t o ) ls1gn1ficant for lower va1ues
. of R [73] RN

Table 3-6 contains ca1cu1ated parameters descr1b1ng cond1t1ons both

'fwithin the active discharge and the flowing afterg]ow



D Active Discharge R

| T.=20,000°%

T,=320+600°

- ~35
‘»_,R o 03»0 25
2.2

“Rga’x ~40+3oo5__

™

j

p N

“Probe and Plasga P,arainetefs

L L=2r =10"%m
y=60V

i 1-0 02m /volt sec

- the, 1onic mean free path Tg

Table 3_5,' 
L

(F-l'(}rBO m/sec -
s .

Afterglow

. _'le%2#10-3m.4 ‘{..',,, .

36y
~2><10 m S
L# J' » - 'Te=Tg.
o.=02
~3->12 '
2 2 5
1 5x105 .

*;’

’the ‘gas temperature .

- the probe Iength other symbols as prekusl_y defined.

&f'

T,=350-600°K

R o x ~4X'|0 >
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Elec,t)wn density L | g
) | - The' above paraqraphs outTIned the measured spat1al 1on
'currents the expected ionic spec1es ‘a calculated 1on1c mob1lity, " =
'and various non-dlmen51onal parameters descr1b1ng probe cond1t1ons
»in the.dlscharge and flow1ng afterglow | Th1s leads now: to the ’
}‘calculat1on of the ion1zation den51ty. Both stat1c and k1net1c

fomnulascuere'employed From Table 3- 6 1t is seen that the 1on1c

4hmean free path was small ;elat1ve to the probe d1ameter and that the
‘ PDebye length was tha order of the probe d1ameter (a~l) Consequently,

: "th1ck“ coll1s1on dom1nated‘1on sheath was expected The theory of
ijchulz and Brown [74] was developed to account for coll1s1ons w1th1n '

Ithe ion sheath of a probe 1mmersed 1n a stat1c plasma The. k1net1c :“
ptheory of. Clements and Smy 1s applicable where the collected 1on current

is dom1nated by convect1on of 1ons 1nto the sheath Both- th1ck and th1n
p'sheath formulas have been developed [73] [75] The non- d1mens1onal

parameter Razx (Table 3- 6) determ1nes the reg1me of operatlon A

normallzed probe potent1al x>>l and %p x%> suggest that the sheath

/lS th1ck and that the collected ion current is. flow dependent The:'

: sheath becomes th1n for the cond1t1on Re ]u2<<l The range of the ‘

~parameters contalned 1n Table 3- 6 suggests that th1ck sheath cond1t1ons -
.‘preva1led It may be stated further that the th1ck sheath formula of
M”Clements and Smy appeared to be even more app]1cable w1th1n the after- vv“
';glow than w1th1n the active d1scharge. The statwc formula gave |

'rdensities 1n the flow1ng afterglow which were more than an order of

.magnItude greater than those calculated with1n the discharge
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ETect 'densities‘are shown'in ?igure 3.10 for a discharge

current of 2A ans itial fill of COZ/NZ/He 4/4/6mm and two gas

ve]oc1t1es of 35 and 70 m/sec The k1net1c\formu1a has been used for
the complete scan wh11e the stat1c formuTa was used only w1th1n the
d1scharge. The formu]as are presented 1n Append1x 3 T together w1th
the ca]cu]at1on procedure and an expTanat1on of "all symbols used..

‘ The computataons were conducted under the f0110w1ng cons1derat1ons

2 1 ’ ec=V . o = 'i"‘ﬂ—~.f-a =

';(]) s -zooacm voTt c as,be1ng typical ofrthe ion

- mob1l1t1es,_-;('

(2) gas temperature and ve]oc1ty var1ab1e throuoh the zone Qf
| heat add1t1on, as @%Tcu]ated from measured quant1t1es,. =

- 7
these correct1ons were of a m1nor nature, o

L

(3) an average 1on current was assumed with1n®the discharge,_. °

(4) The extent of the bars shown in F1gure 3. 10 ‘was set by

-f‘. recalcu]ating the densit1es w1th a change of +20% in veloc1ty 5?
| and +50% 1n ionic mob1]1ty, , } . "’t"‘: : ': 'g;_ ;?:‘ '

ce. S

’ \lf (5) other parameters as g1ven in Tab]e 3- 6

The C]ements and Smy theory gave peak den51t1es of

: approx1mate1y S x TO]] per cm3 whiTe the Schulz and Brown theory was :

_somewhat 10wer4at approx1mate1y 2 x 10]] per cm3.' It is- diff1cu1t to
,;compare the ca]culated vaTues of the present unconf1ned d1scharge wlth
.‘those determ1ned exper1menta1]y by other 1nvestrgators'for a conf1ned
yor tube d1scharge., As discussed at the. beginn1ng of : th1s sect1on these

:have been 1n the. form of an average density measured by mlcrowave

'_techn1ques Indications are thatqdensities;calculated by - the kinetic,;j
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(ber cm’).

70m/seé: CTEmehts-anH~$my$Q;
o thick shédth- - 7
35m/sec ) formula. " -

L

Schulz and
¥ Brown static
- - . formula '

43 D
K

BON. DENSITY

ol lwcmmot B +\+
T Ax10T -1 B I SR TV | L1 L N
e I 8 10 T2
A ~ - . " DOWNSTREAM DISTANCE (cm) R o

_ FIGURE 3.10. CALCULATED' SPATIAL" PROFILES OF THE ELECTRON DENSITY -
7 ALONG THE CHANNEL CENTERLINE IN THE DIRECTION OF FLON.

“Initial gas fi]]'COZLNZIHe - 4/4/6nm;115; 2A; u.
N s Sl Lo b T E
approxImatgly'ZOO'cm IVOltlsegg/gon-current as .giyven ‘
in Figure 3.9 with_an average taken,within"?he discharge;
barS;$h¢wn,represéﬂtfden§jti¢s reéa]culated_with'a_ _

. "change:of.:zoz in gas velqcity:coup1ed’with a'i§0% s

_change-in ionic mobility.
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"forMula were high. The cross OVer of the two curves of differing ‘

, veloc1ty’suggested that within the active discharge convection of ions

to the probe did’ not completely donnnate the collected ion current.
Con51derable,uncerta1nty existed 1n'¥he values of ionic mobility.‘ R
1on1c mean free path and ‘the ratio of the electron and ion temperatures. |
The kinetic formula is not particularly sens1t1ve to mobility,_‘;f _l:f '
n -c(l/u )1/2, and 1s not directly dependent on electron temperature
The static formula on the other- hand is as strong function of the 1‘
scattering factor, “s’ which in turn 1s a fUnction of the 1on1c mean

' free path and the ratio of the electron and 1on temperatures Tﬁe

<

l

for SIngle component gases [72] [76] The range of +50% in ionic ‘ff‘ o
%fbblllty, Figure 3 lg .was based on these.experimental values _- |
i N j The “ripple" 1n*electron pump along the laser axis at the
peak of the io 1zation\profiles was estimated to have risen to a value ,

of. t%g/:verage en51ty for a flow veloc1ty of 70 m/sec and the \\gg;

;icondit ons; f Figure/_'Q The,degree of flow tprbulencsLis expected

to h ve coﬁ51derable l ence on the: lateral spreading Or diffu51on J.f'}_
of"he electron den51ty nd the v1brationally exc1ted CO2 Low flow d:r *’t
amb]polar diffu51on 1s augmented by turbulentadiffusgon for‘flows of

high Reynold s umber [7’] thereby improv1ng‘the4ﬁniform1 Qf the |

'"_“1ve medium of a reso_'tor placed w1thﬁn the flowing afterglow.

Summarizing br efly. theoelectron—density was sampled by f’»‘*-
sweeping an electrostatic probe through th% discharge As expected the
structure" w1thin the active discharge became more pronounced for

higher flow ° From calculated densities the pump ripple along the laser



T,

‘011 : e __'v.; v.« s a0

ird
o

‘ax1s was estimated to be 15% of the average dens1ty for)the h1ghest

A
flow investigated here - (70n/sec) Th1$ structure disﬁppeared rapidly
in the f'lowing afterglow poss1b]y as a result of turbu]ent d1ffusion

introduced by the flow.

peak density of 2- 5 x lo" adas

~ calculated for'a dischd Q}current of 2A~.'_

AN .

37 Experimentai\ Sp

morii tored by fpa

fundamerftai' dekm/meter of 3mm operating on the P20 transrtmn)

3 fthrough the \crass- flou ainp]ifymg med‘iun as shoun ‘in Figure 3 11.
. collectmg ‘the test beam with a corrcave m;rror and arrangmg the de_'
near the focus the ful] laser aWbed by means of a tuo L
m1rror scanner without moving the detector head Scan p051t10n nas ’
| .monitored by prec1$ion potentwmeters.. “Fhls Sngna] plus that frm the

| f?dete{tor was fed to an. X Y recorder g1v1ng a contmuous read—out of the" e

. > »
N

.fsma11 sfﬁnal amp]ifmcation._fpha, ,f',' v'-ﬂ"" . ‘;”f?-_ﬂ“'r‘fi"ffyfgte
_ ' Typlca'l.ﬁloruohtal gam profﬂes are shown 1n Flgure 3 ]2 |
;_.for varld'us vertical positwons\ As ﬂlustrated the dlscharge was. |
-{estjabhshed betwee two electrodé rows both anode and cathode vnth S
| f-a d%scharge Curren f 1 5A The gas flow veloctty uas approxu-tely

; 40 m/sec in a mixture of total pressure 20m (C02/N /He-5 2/8 1/7. um)

j s1gna1 gain’ was rat.her msensitwé ;so the gas’ mxture°f«or h1gh
,oss-flow, . h ratio ofi NZ to CO2 of approxmately ‘l 5 gave - |
ain for total pressures up to 3&-1 The lou proportwn of He
i used for the data of Figure ,12 reflects t%e fact that 'lt appeared to

.l'have Htt]e effect on gain contrary to the behavgor observed for the
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o . :",i COZ/NZ/He - 5 2/8 1/7. Omm DISCHARGE CURRENT 1 SA e
L 'ﬁ’DISCHARGE INPUT POWER, 2 3KN GAS FLON VELOCITY 40n/SEC,fgv.

T ANODE .TO CATHODE DISTANCE = 3.8 cm. sma]l s1gna1 gain
S '_ ’ "";‘:_is definﬁi as the i‘atio of the d\fference between probe '
R -‘A;_v_ﬁoscﬂ]ator power mth and without an amphf’y\]\g d1scharcre f‘v
T .o to that without SIERRERE IR PR fai
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thjgcoz bending mode'and thereby the lower laser level._ CO- hohever,.

was depOSited in the gas . that the upstream translationa‘l temperature }
: rose. This suggested that the higher thermal conductiv1ty of the gas

' current at which the discharge contracted due to. local gas heating ‘vwf ‘-;

replacement rate apove l to 2% of the f

. gene ated spec’les ',_ '”“;I":.":--..v'-- M .. _vl 't‘ ‘: .2 - ;, ‘.'.'.l'_ . ,' : .,"w,'.. i

o e

low axial flow of Chapter 2 This was 1nterpreted as due to a lowering

C of the translational tenr”ature by He 1n the conduction limited low

flow case." The role of He in high Speed cross-flow was expected to have

a greater influehce on output power, due to. efficient relaxation of

by product of COE dissociation also prov1ded~efficient lower level

relaxation. Helium pressure became significant when sufficien:henergy R

mixture with added ‘He. provided more efficient cooling in the return

CerUTt.‘ Increasing the percentage of He was expected to raise the -

Helium was also expected to’ influence the lateral diffu51on %ﬁ
v1brationally excited spec1es within the discharge and flowing afterglow
The decay of gain wifhin the flowing afterglow was sensitive : f; B

to the replacement gas flow rate Little change was observed fbr a

“‘nnel mass flow rate and asla '5‘_;.: KA
result the"gain prpfjles were recorded using thlS small~rebJacemenb flow.,
It was: umed that the make-up gas reduced the build-up of contaminants

neleased from the electrodes and system walls and possibly discharge ‘«;'-} roa
. ,n.‘. g x

' o C) Lo
higher peak gain and.more rapid deCay with\ngthe afterglow than the central o
scan for this particular discharge current._ This reflected changgs in ;'Mi

the‘VETGE‘ty, gas temperature, and electron density across the channel
height For higher input power the central gain rose above that close tp o
the electrodes as shown in Figure 3 l3 for a single pair of electrode rows.ﬂ,v;'
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-FIGURE 3. 13 ~THE" VARIATION OF SMALL SIGNAE GAIN WITH DISCHARGE CURRENT l

FOR VARIOUS POSITIONS OF THE PROBE BEAM BEWEEN THE

. v.‘ :,-',‘,,,., .'.‘. \.- ELECTRODES “‘i_-, O e _,_... ; o ~;’ . b ‘; o K3

" ';‘". :‘:ﬂ':“7k1n1t1a1 qaé m1xture COZ/ ﬁHe:- 3/4/4nm qas f]ow

. ”’iﬁ'th_.' oscillator operating on the P20 trans1t10n beam

T

- - veTocity, u = 48 m/sec; one. row of e]ectrodes both anode
- and cathode as’ 111ustrated in F1qure 3. 2(b) probe i

: ’-»diameter approx1mate1y 3mn o

LA



The gas pres ure and number of e]ectrodes were reduced to more clearly ; f5¢1“

- show the sa rat1on of ga1n w1th current.. The gain obv10usTy saturated
ﬂ'at Tower currents adJacent to. the eTectrodes S1nce the eTectron dens1ty
?fgjwas higher near the eTectrodes the effect of electro; deactivat1on of lﬁ'% ?fé
4£ 'the v1brat1ogs was expected to show up at’ ]ower discharge currents In j o
add1t1on gas~heat1ng was expected to be. h1gher with the trans1t1on of ‘
‘the d1scharge through the boundary layer ' a:a‘r,if . i -}' };;1;1

The var1at1on of smaQT s1gnal ga1n w1th mass - f]ow rate s w0

[N

.shown in: Figure 3 ]4 The 9a1n was scanned a]ong the channe] center e

for a d1s harge current of 3A and a total pressure of 14mm(COz/N2/He -tfif - u

f'4/4/6mm) The_peak ga1n coeff1c1ent rose/rap1d1y to approx1mate1y

1.5% per , for 10w fTows and the act1ve medium expanded in the d1rect10n

Vof flow due to convect1on and a Tower1ng of the trans]at1ona1 temperature

d’,For very Tow fTow the act1ve med1um was suff1c1ent]y,narrow that the

1

§f1n1te w1dth of the probe beam anda11gnmentbroadened the recorded ga1n peak
) ) For a g1ven dfscharge w1dth and current -a ve]oc1ty was reached
:i; for wh1ch thGWgas res1dence t1me d1d not aTTow the gain to rise‘to 1ts

: . equ111brium or Saturated va]ue, as shown by the 75 m/sec profiTe,
T - ! ’;}“ .

: F1gure 3 14. ATthough the peak ga1n was reduced past a cerfain veloc1ty,

’

:vthe rate of transfer of vibrat1ona11y exc1ted CO into the flow1ng after» .

2 o
“r'gTOw 1ncreased Consequentliythe area under the ga1n proflle tended to f: t,}

"?rema1n constant.N of courﬁ%% the ve]ocity was ra1sed to brfng thehT-
~'£ga1n out’ of current saturatlon the 1nput power cou]d be ra1sed to -
,g;"# prov1de approx1mate1y the same peak gain . 'f‘ :_"7r;.r."fﬁ'1 .<‘ E
oy The var1at1on of smal] signaT ga1n with d1scharge c"rreff/is.;.':_; ;
il]ustrated in’ F1gure 3. 15 for d1fferent flow rates “since the peak .-

'-f 1shifted;upstream.with current,vtheaprobe beam,was positaoned~at_maxjnum
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’FIGUA5;3.15 THE VARIATION OF SMALL SIGNAL GAIN HITH DISCHARGE
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) ‘ ,;._-In1t1aJ gas m1xture COZINZ/He-4/4/6mm°‘two e1ectrode:"'.
~ T o rows) both anode’ and cathode as 1]Tustrated in i ‘f :lrf s
B " Figure 3.14; P20 transition; probe’ oscil]ator beam ;ﬂ~ft"i? v
- midway’ between the’ electrodes at position of the . . 7 -
':jspat1a} gain peak *;é, 77‘(?.-'”i‘”_;1p*'j R SR
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'_Litheoreticai computations

'”fufanaiytic function to represent the spatial variation 3?<é$§cfron~lnergy
'}"f_and density through the giow discharge The eiedtron den51ty prdffie

. . o ;"J‘v . . )

\

~ gain for. éach diScharge current The gains piotted in Figure 3.3 W

'were obtained aiong the~channei center The maximum smal] signa] gain
coefficienttobserved was in the order of 24'%Er cm.  For Tow flow the L
gain was assumed to<have been temperature limited. As the f]ow was:

1. >
'.raised up- to 30 m/sec the rise in saturated gain became iess pronounced

altﬂough the current at which saturation d1d occur continued to increase
As shown in Figure 3 13 and démonstrated by the experiments of Buczek
ﬂet al [78], once the gain had saturated it deciined on]y siowiy‘yath
v,further raising of the current Supported by the caicuiations of

;‘fseqtion 3. 8 the form Of the gain curves was due to the combined effect

';j‘of gas heating and dea tivation of vibrational energy by e]ectrons The .

i?maximum qain for & giv'n veiocity was contrbiied by co]iiSions of the .

'vsecond kind with e]ectrons - The 1ncrease of max1mum qain With veioc1ty

..f-was attributed to a iowening of~the~transiationa1 temperature by

“‘conxective cooiing

Having discussed the experimenta] observations of gain iﬁ‘the

o
.

"'gabove paragraphs attention is now turned to a comparison with 'Qf

L &N
r b . ‘\ “"

3. 8 Comparison of Theoreticai and Experimentai Smaii Signai G%insv f;@_,f

E‘e;;_g» »One of the first considerations was the p&oice of an Agf

& :

3 was anaiyzed in section 3.57 The averaqe eiectren energy f' ‘aéa»Qed;;,”
' i e ,. \1-.:_‘;. § ot
Vu_to have a quite different form within the fiowinq aftergiow“ 7;?”%&“?

. 'M‘ .',

e neiaxation of the average eiectron energy was expected to be 1nf1uenced “n

. . S v,
: - R . B . oo A IR Y

LT
IEE

5:'T-by co]iisions of the sec0nd kind as recent experiments of ff_'? 'JVEIFY}"Z-"



v,

'Sahn1 and Jennings suggest [79] The present aggﬂg~1s was simplif1ed 'g
‘_ however, by assuming that the re]axat10n d1stance was shﬂ?ta thiihdh
;was based pr1mariTy ogithe fact that afterglow ga1n and translationaT
: temperature coqu be simuTated by heavy part1c1e coT]1sions alone.

From the ca]cuTat1ons of reference [35] the exc1tation rates
.are not expected to be a strong funct1on of e]ectron energy above
":approximately 0. 5eV _The effect of the spat1al var1at1on of e]ectron

‘,energy in the centraT reg1on of the discharge may, therefore, be

1

"»Tessened by this fact. o SR

o A

The effect1ve pump profi]e was taken as the difference .
,between eTectron excitation and deact1vat1on. The pump ‘term for each R
rfv1brat1onal spec1es was s1mplif1ed to the product of the peak eTectron;M

: dens1ty, n (z )y/th”neutraT number den51ty, Ns’ of spec1es S, the

- 'effect1ve v1bra ional excitation rate K01s(z ) of mode 1 of spec1es s,_

and an assumed pump function f (z), represent1ng the combIned spat1aT!_.

u_var1at1on of n and Ko1s The deact1vat1on term was' 51m1]ar w1th

Koi rep]aced by the effect1ve rate for coTT1srons of the ’Abund ktnd ;

'Klos’ and - N replaced by the populat1on dens1ty, N ,-of the v1bratrona1‘
ther s1mp]ified

‘modes, i. The pump for the 002 asymmetric mode was-

":by the assumpt1on that the asynmmtr1c mode was 1n equ1]1 ium, at

,v1brat1ona1 temperature T3. wWith the modes of N2 and CO_ Th1s Ted to
' the foTTow1ng express1on for the effect1ve eTectro' pump.. . ‘, - ;_'s‘ ‘
._—.n (z ) fep(z) g 03 [?hK exp( 33 /T ) o i X
"Kfoé the effective excftat10n rate for a oh[» ;-?n_, <;&\r

""i»ﬂ part1cu1ar gas m1xture

<. o
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‘K'30 - the effectiue‘deaCtivation rate'
"KR _' é :the electron exc1tation deactivat1on rat1o %
‘ » R ' ) ‘
=K 30/K 03

To\provide an electron pump'of‘various,shapes; f_ was divided into

{ . . . . . eP .a
~the|following branches, . ‘} ' ~/ a o
- . f (252 )' = f (_Z__) o B . BRI AR
o J ep TTm mz | RV . _ K;:,‘
v Vo= 14+ (€ 1317p } - . B
"fep(?zm)' 1+ (f-1) 'i—_';L o S
gp(zez ),2‘0 , | |
o . ‘ ‘ .‘ . . B ,: " e S . '*‘ b;" r'n{‘, - 3 L e :3?‘1
_Thefabove‘equations}introduce'essentiallg\a\parabol1c spat1a1 ' - ' ;,?(/

d1$tr1bution about the point of peak e]ectron dens1ty. where Z,
'represents d1stance 1n the d1rect1on of f]ow z the funct1on mateﬁnng

-‘po1nt zp the p051t10n of peak e]ectron dens1ty, the po1nt/ét wh1ch

"f (z) becomes negat1ve and fo the ratio of ‘the e]ectron dens;iy-

exc1tation product at té% match1nq point and the peak

YI »

' Computat1ons were conducted w1th a- constant dlssoc1at1on : f
"'nrfractlon of 6-0 3 (section 3.3. 3) The use of constant & for vary1ng

: _d1scharge current ID’ and f]ow ve10c1ty, u, was Just1f1ed by the ;"_} *hjmg

;.follou1ng reason1ng ' A]though the d1ssoc1at1on react1on 1s revers1b1e, S
'-the relat1ve1y long equillbratlos time suggested that once equ111br1um E

“had been established at a glven ID and u, very 11tt1e var1at1on of
I Q.‘
L compositlon occurred through the discharqe From the work of



Gas:]eVich et al [80], 6 was expected to rise s]owly with ID. Like-
J wise, $ was expected to rise with u as.a result of increaSing eiectron
©o energy with chargedearticle loss. This is equiva]ent to a reduction
of the tube diameter of a confined discharge [80] Since E/N rose

s]ow]y with u, this effect was assumed to. be of 1ow order.

3. 8 1 Ca]cuiated gain profiies -

: The above pump profiie was combined with the energy oalance ]
and gas dynamic equations~of\section 3.2 to compute the sma]] Signal ‘_
gain.n The equations were so]ved numericai]y by an. IBM 360- APL computer
program empioying the Hamming predictor-corrector method [81]

o Initially gain profiies were produced with the- bending and }ﬂ
T_ symmetric modes in equilibrium with each other but not with trans—

wfiation.v The Vibrationai temperature T2’ of theseigpdes howeQer, did

"s not rise apprec1ab1y above the trans]ationa] temperature, T. In '” ;
addition'z electron pumping of the bending and symmetric modes did""
appear to be Significant for the rates given by reference [35] ;
is conSistent with the findings of reference [21] On the bas s?

: these observations and the experimental resuits of . reference [36]
B e]ectron deactivation process was simpiified to a direct relaxation -
into translation o ”~,t:iigg' | 5'” - P o

.v*J-, ~ The computerized Simalations emp]oyed the experimentally

measured parameters of gas flow veIOCity, mixture, and pressure and

”.t' e]ectrbn density with accepted heavy particie re]axation rates (section

(ff:3 2. 2) and ‘the: above e]ectron pump p fiie E]ectron exc1tation and

'jdeactivation rates were adJusted to reproduce the experimental -gain |

B \

.‘and tran\iationa1 temperature.,tln view of the various approjtmjtions,"



. results were*expected to be on1y of a sem1 quant1tat1ve nature
‘Computat1ons d1d strongly 1nd1cate however that a substant1a1 e]ectron

: relaxaq;an rate was necessary 1n the present mogel to exp]aln observed -
'exper]menta] data. The ratio of the downward to upward rates was

Aiexpressed-by the paraMeter KR , KR was chosen so that the ca]cu]ated

L4

satuvatlon of galn w1th n approx1mated the exper1menta1 var1at1on of -

o ga1n w1th I Va]ues(mf'KR were typ1ca11y in the ranae 5 to 10. A factor

'i.of 5 less than exper1ments of reference [36] The st1mu1ated em1ss1on

@ cross-é%ction XR, was calcu]ated w1th a constant coT11s1on cross sect1on f
for rotat1onal re]axat1on ’ For the gas pressures used 1n th1s thes1s h
the ]aser line is both hpmooeneous]y and: DOppler broadened XR had '
values of approx1mately 4 x ]0 ]8cm2 at T-300 K,y for the P20 trans1t1on

:: decreas1no to near 3. 5 x ]0 cn—\at TﬁSOO K. ' v" f -5  -

Iyp1ca1 computed prof1les of qa1n and translat1ona] temperature

: are presented ln quure 3 16 for the fo#]ow1nq cond1t1ons

-'1;_e1n153a1 gas mlxture COZ/NZIHe ‘4/4/6mm

. J2. d1ssoc1at10n fractnon, 6=0.3 - '77 . _1 S A
3. tota1 operat1ng pressure (d1scharoe 1qn1ted) p= T5 4mmr o
'_’ 4;  tota] dIScharge current ID 2A o |

-~

. v5.’vcenter-11ne fwa\ve10c1ty downstream from d1scharqe as f“

'”1nd1cated 1n F1gures 3. 16 (a) and (b)

Lfdependence as 01ven in sect1on >
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FIGURE 3 IG(a) CALCULATED SHAIJ_-SIGHAL GAIN COEFFICIENT AND )
- : . TRANSLATIONAL .TENPERATURE' COMPARED WITH EXPERIHENT
.+ FOR A CENTERLINE FLO v&ocm OF J5m/sec. ’
o Imtn] gas mxtune CO /NZ/He 4/4/6qn §=0. 3
 w(2=3.75 m), 3I5m/sec;” expermental Ip. 2A; two row
- s - ¢ multi-electrode arrangq-ent as outhned in Tab]es 3-3
T ' and 3-4; 3%A per electrodq;palr, theoretlcal curves.
' ’ _ ‘computed with the peak product oﬁe]ectron densn:y and
o effective excitatlon rate equal to 570 sec ] .63
| . Xg(z=0), 4.08 x 10718 cu? ang Xe(z=5) - 385 x 1018 i
heavy partlc'le re]axatlon rates as glven in sectlon 3. 2 2

Voe E ‘:- . By e » &
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FIGURE 3 Iﬁ(b)‘,COMPUTED GAIN COEFFICIENT AND TRANSLATIONAL
- TEMPERATURE COMPARED WITH EXPERIMENT FOR A
‘ CENTERLINE FLOW VELOCITY OF APPROXIMATELY

1.4k ) Jaa0 -
T o eam COEFFICIENT | TR WO
5. | o EXPERIMENT | /o
a 1ol THEORY |,
522 1.0} - , 400 -\
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£ | g
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Eoal GAS TEWPERATWRE . _ _ o |.. .
5.0.4 1 EXPERIMENT | ..o—--"_° oM g
0.2 .:,..THEORY; e S
0. - 5§

. : 75ﬁ|/sec.» Cond1t1ons are as outlined in F1qure 3. 16(a)
~ except for: the following: u(z=3. 75cm) =75m/sec, ' .
o R(z--Ocm),"l 04x10" wcmz and XR(z-Scm) 3. 97x10"18 ¢ '_
b for the P20 transitwn._ KRR o

“-.,‘i‘" . v ) e N J
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1‘:- . -

»'The e1ectron pump funct1on f ep? is shown in- F1gure 3.16(a). The enter—\ |

L ing gas ve]oc1ty used in. the proqram was adJusted to reproduce approx—

1mate1y the exper1menta1 value at its po1nt of measurement “The- flow .
‘_'veloc1ty 1ncreased through the discharge and, afterg]ow‘by approx1mate]y

15m/sec in F1qure 3’16(a) for example: As shown in F1qure 3 16(a),,
"‘for us= 35m/sec both gain and tnanslat1ona1 temperature were clssely

“s1mu1ated for- the parameters listed above Us1na the parameters of t.n_
;-F1gure 3. 16(a) the pred1cted qaln for u= 75m/sec F1qure 3. 16(b), showed -
c]ose aqreement w1th exper1ment The trans]at1ona] temperature however,; o
was a few degrees low. By m€1nta1n1nq the parameters of Figure 3. 16 )
and chang1nq on]y the flow rate exper1mental gains and temperatures i_’.xl
were c]osely reproduced over a ve]oc1ty ranqe of at- 1east four that
is over the range of exper1menta1 data. S ,'., ;

f_ Figure 3.16 was produced w1th a peak e]ectron dens1ty -‘;,
a.effectlve excitat1on product of 570 sec =1 per CO2 mo]ecu]e for the
‘COZ asymmetric mode : From sect1on 3.6, peak e]ectron den51ty corre-‘
esponded to approx1mate]y 5 x lOl]cm -3, at an ID of 2A This gaveaan |
effect1ve excitation rate of 1. 14 X 10 9cm3 sec -1 wh1ch is a factor

' of 40 ]ess than the ca]culated rate of reference [35] Th1s rather

poor agreemeEt may be exp]ained by a d1fference in qas m1xtures,.1 4
dlscharge generated 1mpur1t1es in’ the closed cyc]e flow, and part1cu1ar1y
-an overestfmation of the e]ectron dens1ty .By using the calculated -
:. exc1tation rate, an’ e]ectron dens1ty near 10 Ocm 3 was prgé%cted This’

N compares more c]osely w1th exper1menta11y measured values [63].

! - Figure 3.17 111ustrates the ca]cu]ated variation of. peak ’

- small-signdl gain with the peak effective ewgltatlon product, n KO3‘ | .
-Comparison is made w1th exper1ment on the bas1s of a ]1near relat1onf-_ -

- ship betweenzd1scharge current and peak e]ectron den51ty ;‘K - '
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"FIGURE 3 17. CALCULPTED SMALL-SIGNAL GAIN COEFFICIENT AS A y

‘ 'FUNCTION OF THE EFFECTIVE EXCITATION PRODUCT AT
:;',. . THE SPATIAL PEAK OF THE ELECTRON PUMP. -
' Initjal gas mixture, €O,/N,/He - 4£/4/6mm;.
- 6=0.3; two mu1t1-e1ectrode rows both anode and
:cathode as. outllned in Tab]es 3—3 and 3-4;
_ eTectron deact1vat1on-exc1tatlon ratio;, K -6 _
.experimental points are ‘plotted aqainst the s
total extfr1mental discharae current. S B
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RETIRE : -
< KR again has the value Slx.. hgkewiSe other parameters were unchanged
' t from_Figure 3. 16. In fact plots such as those of Figure 3 l7 assisted
in the ‘choice of xh since the maqnitude of KR controlled the\ "

saturation of gain with current._ The peak gains of preVious Figure 3 16
‘represent two pOints on Figure 3. l7 Experimental data is shown for
| this gas mixture up- to the pOint of saturation By referring to the
“g;experimental curves of Figure 3.13, section 3 7 and other experimental
_'observation also at iower gas pressure, peak gain declined only slowly
vonce saturated. This is consistent with the work of Buczek [78] This
'effect is somewhat misleading in that although ‘the peak gain remained
{nhigh over a large current _range, the average gain decreased rapidly at
' 'high current, This resulted from the fact that the qain peak moved
h upstream with ID while hioh gas temperature severely limited gain in
the fiowing afterglow. o . | o
L Consistent with experiment the peak gain saturated at higher o
»:1 for increased flow rate, with the magnitude being essentiaggy . o
‘.independent of veloc1ty above approximatély me/sec For lesser values

"'saturated gain was reduced hy thermal heating This veloc1 y depen-

vAidence appears to diff'r somewhat from that’of Buczek [78} ‘he saturated

R gain of reference6?78 ’continued to rise to higher value ;over the v

'*l:full range of velocity investigation 50m/sec. A. pOSSible explanation

' lies in that the two. dischargeS‘may have been operating in different

ﬂ'regines. ‘As. outlined in section 3. 4. 1 the transverse discharge of thlS:'
'thesis showed bowing in the direction of flow only at veloc1ties less },
than lﬂmlsec.. This flexing was explained on the basis of a low |

'ofdensity high temperature core which disappeared above approximately



f'lOm/sec. ,The geometric arrangement and flexural properties
. demonstrated in reference [78] suggest that’ a Tow density high
temperature core persisted to high gas veloc1ties giving thermal "x.; °h
- effects on the saturated gain that wele only observed at relatively
Ahlow flow rates in this theSis. ‘ ‘ : v
‘ Figure 3 18 shows the predicted peak gain as a functi of
.gas veloc1ty uSing the above parameters for an ID of 2A. Experimentalh'.
"Ldata is ‘also'shown. The calculated curves follow closely the
1 experimentally points The benefit of convective flow is clearly
: Aécdemonstrated. Gain shows a rapid rise at low flow peaks out in the
20 to 40 m/sec range and then qradually declines The shape of the
'curve is readily explained by recalling that this case represents
“,'éssentially constant input power to a- short (in the direction of flow) ’
“h discharge width 1In the absence of thermal heating and current o ‘
'f‘.fsaturation, peak gain is expected to be’ inverselyhproportional to u o
"With thermal heating and low velocity, the slope is. TOSltlve as heat
| is removed by convection. A velocity is reached however, at which
;the peak gain is governed.by the discharge residence time resultinq

o in a negative slope Current saturat‘on'had the effect of broadening

".the maxjmum of Figure 3. 18 and disp

;hgithe neqative characteristic

R R

to higher veloCities as expected ‘ » g
The above paragraphs have outlined the results of an analySiS'
emploving energy balance and gas dynamic equations to predict small- |
;_signal gain and gas temperature. A substantial electron deactivation -
-rate«was found necessary in the simulations of experimental dataa The g

,values of KR so deduced were consistent with limited publtshed data. o

T T
RS
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FIGURE 3.18. THE VARIATION OF THE CALCULATED SMALL-SIGNAE GAIN

. COEFFICIENT HITH CENTER—LINE GAS . VELOCITY FOR
."CONSTANT DISCHARGE CURRENT ' :
--Initial gas mxture co /N2/He-4/4/6nm, §=0. 3;
 experimental Ips 2A; two multi-electrode rows -
~ both anode and cathode n K03 for theoret1ca1
"curve. 570 sec KR 6 S :

et “a"'
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Good agreement was found with: exper1 nt 1n the pred1ct1ons of
" --the. varlatlon of galn and gas temperature Hlth flow velocity. An
L;effect1ve ;‘bratlonal exc1tatlon rate was est1mated however, poor

agreement was found wlth a theoretically expected rate. Th1s may

have been aggravated by errors “in the exper1mental e]ectron density,, :

‘use of a qas mixture dlfferent the tneoretwcaI calcu]at1ons

. and discharge generated 1Mpur1ties

184
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3.9 Laser Output Power

3 9. ] Rernaton UGALQn
Ssveral resonator configurations,were tested these 1ncluded
© single and multiple pass atnbte arrangements and a p051t1ve branch

unatable confiquration Fiqure 3.19, 51m1lar to that of Krupke and Sooy
Le2l: | |

. .

»‘ . Both external and internal resonators were used In the
; external case, however, the intracavity NaC1: windows werée subJected
to high intensities which caused enoss- hazched patterns ‘to appear [83]
: For the unstable resonator this’cross hatching caused the mode quality
to deteriorate to such an extent that a near-field annulus of uniform

inten51ty was. no longer obtainable.: The unstable resonator was placed

v', 1nternally with the output beam coupled from the system by an NaCl flat

. of high Fresnel nun’ber, N = 40 was required .Fo

at the Brewster-angle The NaCl was then subjected only to the much lower
output 1ntensities and appeared to have little 1nfluence over mbde :
quality. , B ;1. ‘. e T v/t o :_: ( ‘.

' In order to couple effectively to the activ medium,,a resonator(k\f

e stable resonator, ,

this produced a hiqh-order rectangular mode, sucl ﬂ; at the inten51ty
appeared almost uniform across, the*beam width For mode stability the
lowest order transverse mode is desired. For the stable case. thlS "TH”
corresponded to a mode volume small relative to that of the active medium

‘ The large lowest-order mode of the unstable case, however, can ‘be more :

_ easily matched to the active medium. Hith this consideration and to |

| avoid thermal runaway problems associated with qermanium output mirrors, ;:"

ah unstable resonator was. built usinq only reflective optics '1A,~
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"2

~ NEAR-FIELD
" ANNULUS

_ 1 FIGURE 3 19 SCHEMATIC OF THE UNSTABLE RESONATOR The near-fleld L
“annulus- was recorded bj inserting a’ white card lnto '
.the output beam approximately 30cm fro- M3. Actlve

-

YRR

- total gas pressure 28mm;, Cozlﬂzllle-4/9/_15—,o=40-/sec.* S

= -
‘l. c. e
n [

o o
Il

medium’ between 5 anode and 4 cathode electrode rows;

]

S0

. -TABLE 3-9 - -
UNSTABLE RESONATOR PARAHET ERS
-16%m . Ry=2lsC .
RUR gtk
10667 7 =o.0a88 e s
1,255 = round-tnp nagnﬁcation .
0.14 = rutout coupling fraction .
llm-resonatorlength RPN
0.025m = hole diameter. of output T
. coup'ler L :

LI D
Bl

ll'



oL T a'*ry A . ']“.,Eﬁﬁ R 1874.
\ ,\{1 NS . - ;' _ . . o o :7f”kf‘g ‘%'
;}:> collimated output was desired but sfnce the resonator was constructed L
.using an etisting concave mirror, a sliqhtly divergeﬂiggghtem was f,?‘,f
<»deSigned Tabie 3 9 ‘The’ calculation procedure, as presehted in :‘ ]
VAppendix 3-2, follows ‘that of Siegmanl[84] The fundamental mode of ah -
‘7unstable resonator is an annulus of uniform lntensgty in the near field -
:The near field mode pattern, ‘shown in Figure 3 19 was recorded on a -
' ¥vpiece of heavy white paper with a short exposure to the beam hor a

colljmated beam the far-field pattern contains a main central lobe Wlth

;concentric rings- Tikewise, the focussed spot from a diverqent , =

: confjguration [84] o
| 4 Stainless steel optics ere used;h f”all reflection components

of the various resonators These were coated w1th an evaporated layer E

)

of gold or Silver Since alignment tolerances are small for both the

.
- .

'unstable and multiple—path stable configurations mirror mounts were

designed with adJustinq screws of 80 threads per inch.. Also on the '_
o suggestion of reference [84], the interidr of the output coupling hole(flhfr

'awas)ground smooth so that the edge was free of "nicks" o R
L 2
| / | . |

R ;3;9.2 Laaen Powen at lO 6u (;,;7 ' E : ;‘.~- SR
=

First the benefits of convective coolino are*illustrated by
Acbmparing the laser po&er with and without convective flow Figure 3.20
Lgives the laser power as a function of input power to the discharge for f’v

J._externally coupled resonators A single path active medium extending 1;

< 38cm along the laser axis was qenerated between tw6 electrode rows for

oth anode and cathode “The replacement or make-' gas ate was .

;r;‘,‘g’:ﬂpproximately 1% onthe chanlel mass flow rate p Hith,;io cross flow, 3

curve A, a maximum single path output of 1. W was obtained at an input
I \-’ .- . . . .

o
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B FIOURE 3.20 LASER 'POWER VERSUS‘ELECTRICAL INPUT PONER FOR VARIOUS

EXTERNALLY COUPLED RESONATORS ANO FLON CONDITIONS.

nq1e-path active medium of 38cm anode and cath

ode . of

"?: v-?‘ two multl-electrode rows each as- out]ined in Tabtes - 3-3

andets 4 resonator detaﬂs as outHned below.
,9..4

' _éﬁrve A; Output § of 0.1 throuqh a coated NaCl flat 21 Sm
Lo mirror; resonator length, L~80 cm..

Curve B: <Resonator outlfned 1n Fiqure 3-19 and Tab1e 3 9

e Curve C Stain]ess steel f]at 1ntermediate 21 SmR concave
- Ge. output flat (8= 0 23) L=2m. R

;'vi&f;J{ "._f“‘ . ;'i'? _ f‘"“l | _7’

R concave

mirror,



._'. ‘h
" of. l KN. The output was a §trqng function of gas pressure and the . o )

N

' ;constituents. The partial pressure of He, by Virtue of its high thermal

conductivity, had a strong inf1uence on output Curves Band C |

g demonstrate the grﬁat improvement in both volumetric And e]ectricaT _
vconversion efficiency to be gained through convéctive cooling Curve 3’ fﬁz
' gives the- output with a flow velocity of 40 m/sec for a Single path | c

, unstable res ator.. For comparison cﬁrve C was obtained for a fo]ded :égj}
Z-Pat—\gtable configuration-_ 80th~;nand C show mo:e than an.ord;r of - A

}magngtude improvemeng.in laser output. For instance' 175 W was ogkainedég

.for the unstab]e resonator at an input of . 3 5 KW compared to a maximum RN

\"rof 11 Wat1 KW for no cross f1ow._ The gas composition and overa]] gas o

/\ \.

:; pressure uere 1ess critica] for convective flow, with the ro]e -of He
"being greatly reduced at Tow input powers . ; Tv 1"‘§W5m\,}‘_"; =
N ’ m k o

For the above case the two e]ecirode \1%7’ﬂdid not generate Lfiﬁw

~ an-active medium to fill the resonator mode vQlume uniformiy é&f unstab]e e

"7_resonator mode was annular but not & uniform intenSity Upon expanSionf

© of the active medium, mode qua]i

' improved but was ‘still degraded H/-J/

_the internal windous An annul ; mode of near unifdxfﬁintenSity, Figure

3 19 was produced when the mirrors were mounted internaiiy Note that o

: ‘thé burn pattern of Figure .19 was obtained for a tota] operating

' pressure of me Eve more uniform patterns&ere observed at loWér gas

The v riation of output pouer Hlth flow ve]oCity is illustrated v';i
in Figure 3 2]

4 The datasvere co]lected at constant discharge current ,;,/(f
ﬁ‘through an active medium expanded td fiVe rows of anode electrodes and
:fifour cathode rous The resonator consisted of a two-path stable

P - : FERETIN e ;
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: HOLTIMODE LASER POHER AS A FUNCTION OF FLOH VELOCITY
‘FOR CONSTANT DISCHARGE CURRENT. ' ‘
N Tnitial gas. mixture, COZINZIHe - 4/6/15mm ID 3A;
.5 anode rows and .4 cathode rows as. illustrated”in __
! Figure 3.3; internal double path’ stab]e resonator
o cons1sting of a stainiess steel flat, an intermediate
stainless stee] spherical mirror of 21.5mR, and a water—:

cooled.outpd% flat of Ge. B g;,J -’



y arrangement\outlired in Fgure 3. 2l. laser power increased steeply
. up to 30 m/sec as heat was convected fro- the laser region. In the B
range 30 to 60 -/sec output was <rather i enSitive to flow indicating
that translational telperature effects lle\nated. : For

' velOCities past 60 m/sec laser lﬁwer declined This appeared to be
associated with a gradual liis-atching of‘ the active liediuin and the

. resonator. Although the electrical discharge showed little mve&et .

'I.in the direction of flow, the active medium -ived downstream as‘ \\ ‘ .

; illustrated by the gain scans of Fioure}3 l4 section 3 7 ‘%n other
jds. Optllllll resonator position shifted down ream with veloCity, as :'
expected. The: relatively short chanéel aperture did not pemit
investfgation of laser power froa a resonator located downstream from
the discharge Sune pouer rechction na_y have been associated \ﬂth

structure in the active liediuli generated by the seqiented electrodes.
Fo higher veloCities structure perSisted for longer dista'nces as“‘

’ verified by the electron denSity -easuremnts of section 3 6. o ”
Cmnsequently to liaintain a certain uniformty of ad;:e mediun the )
resonator shifted in the direction of flou. |
R - The louer curve of Fioure 3 2l ~aives the increase of input
power uith velocity for constant discharge current. lhe initial rise

A was /attributed tc increased gas density as the translational utgnperature _

, was lowered by convective cooling. As preViously discussed in - :
section 3.4. 2 ‘the more. gradual slope past 30 n/sec was attributed to. .
COnvective charged-particle loss from the plasna. AR A' . "

o “The. laser output versus discharqe input power lS given in - ,\I_} |

‘ Figure 3 22 for the expanded active -edi:-. The data were obtained for

¢
~ the Zepath_stable_.resonator of Figure 3.21. The optimn alignmnt was
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, | :1In1t1a1 qas m1xture, C0,/N,/He: - 4/6/15mm-‘u 40m/sec,

F ‘ .- mass f]ow approx1mate1y 0 029 1bm/sec 5 anode rows and -

‘ o 4 cathode rows as i]lustrated 1n Figure 3.3; 1nterna1 '

‘ Vdoub1e path resonator con51sting of a aold-5urfaced |

: stainless steel flat, an 1ntermediate qo]d-surfaced

'f_stainless steel spherica] mirror (21. 5mR) and a. water-

. -cooled Ge output flat; efficiency is- based on the o

. reiectrical power d1ssipated 1n thn)qlow discharge..‘ o

. ..\:,

-
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sought#égr an optimum mixture of C02/N2/He 4/6/15mm and fiow veTocity D
- of .40 m/sec The output coup]ing. however, was not optimized The e
jhighest 1aser power was near 400 W with a discharge converSion eiriCiency

f greater than 8% The overa]l effiCiency, including power dissipated

: in glow discharge .the bal]ast and the compressor motor, was

‘ approximate or the datd of Figure 3. 22 the compressor speed -
' was 5000 RPM with an e]ectrica] input to the motor of 0. 5 KN representing -
| approximate]y 5% of the tota] input to the system at maximum ]aser power.,:
" The loading of the discharge is characterized by discharge |

f specific power defined as the ratio of the discharge input power and the |
mass fiow rate. The mass f]ow rate for Figure 3. 22 was ca]culated as-

0. 013 Kg/sec (0 029 Tbm/sec) giVing a discharge specific power of o

| approximateiy 150 KN/Tbm/sec Optica] output may be limited by either

the onset of - discharoe instabiiities or gas heating Gas heating appears

- to Timit discharge specific powers’ to the range 200 300 KN/Tbm/sec [85]

“Ih closed cycle systems, however, discharoe generated impurities tend R

to reduce the stable power ioadinq [86] Oné form of discharge
v.instability expected for the seamented electrode structures of this
ﬂtheSis was - the break-up of the discharge into discrete coiumns at high
.pressure and/or high discharqe current SuffiCient power ioading was i"
_unavailable to produce this condition For the parameters of Fiqure 3. 22
chere was no VisuaT eVidence of filamentation of the discharge. vﬁ";

| | : In summary, reasonab]y efficient (>5% overa]]) ]aser opeﬁation |
‘was obtained for the transversely excited cross f]ow system. Even '
‘greater efficiency and power were expected for an optimized output

vcoupiing and a larger discharge specific power.l‘High order modes were T

produced from a 2-path stahle resonator High power Single mode f{-



| | (S
operat1on was ach1eved w1th a single pass unstab]e resonator. Tﬁe.
emaxlmum output of 400 W clear]y d1d not represent ‘the maxlmum

‘ vo]umetric.eff1c1ency obtainable from this system..

it

., e
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~_ Appendix 3<1

Eleetron'Density of the‘CrossffTowaaser Plasma
ThQOAy 0§ Schubz and Brown = _
~ The theory of Schu]z and Brown [74] was’ deve]oped to

:_aCCount for co11151ons within the sheath however, the theory was

deve]oped for a stat1c p]asma “The fol]owlng equat1ons are presented

in- reference [74] for co]lision dominated current f]ow

2.'nu1e£V2 _ /\

I
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t

I. - ion current collected by prObév

t
i

Jw; -iomic mobility o NI
€ 4ipenny§tivity‘of free space -

£ - probe length
Py '

V - probe bias T , R S :"gl
v. -t -.~ - ' ‘ o ' \

v - probe radius

'y - function of the ratio of sheath radius, a, to. . - ¢

_‘ - probe radius, rp; as'giVen'by expreséion (A3.4)

J_ - fandom”current<dehsity.withinAundistUrbed,plasma

T, - ion temperature -

n;. - ion number density

M - molecular weight of ions

ag - scattering]factor.dué'to Co]]isionsvwfthin the sheath

P - gas preSSureAin miT]imétefs of Hg.”

4

The following expresSioh,defived by'ku]gein [87] was uséd for °55 

=!9rb£n(£p/rp).h>a.
-3 L‘Bpki(l+TélTi)

a .

o (A35)
_ﬁhérefxi,is the ioni¢'meaﬁ free path, and T_, the electron |

j:',-témpefature. 'j R e



- [Equation (A3.4) wes used in the form presented by'sevigny et al [88].
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f,— = exp [o 0451(1.mr)2 + 0. 3663(zm) i 0. 7717] (A3.6)

P .

P

: The electron denSIty (ni-n ) was calculated by the following procedure:

"t(l) ¥ 'was calculated from (A3 l)
»-;;3;« - (@) ‘a/r; from (A3 6)

-_"(3.)_' .u from (m 5)

o~

(4) n by,substitut1ng above parameters and (A3 3)
S 1nto (A3. 2)

o

Theoayogczmuuands»ny” T AL s

Clenents and Smy [73] [75] have presented theories wh1ch '

7‘take lnto account convection of 1ons into the sheath Both a th1ck

"'sheath and a th1n sheath theory have been developed The nen- d1mensional

-parameter Ru2 2 detennlnes the reg1me of operat1on as outlined in

. Chapter 3 sectlon 3 6 | From Table 3-6 Chapter 3, sectlon 3.6,
*nthlck sheath conditions prevailed for the probe dimensxons and b1as
lpotentials used in this thesis The following expression relates‘;

_fthe collected ion current and the 1on number density
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L Pl e

i - :_I; -2/3
- (MWT) {

oy

PP

- where u is the flow velbcity, e, electronic charge, and -

thé:fEmaining'symbols as defined previously.



: Appendlx 3-2

_Desrgn of a Single-ended Positive Branch Unstable Resonator

B
“The procedure presented here is a special case but 1s

fvrepresentative of . calculations used generally. The unstable resonator

' output coupling over the confocal case. The formulas were taken from

was designed around an existing concaﬁe mﬁrror. ‘Due to thlS

| ‘Krupke and Sooy [82] and Siegman [84]

Spec&‘&cattona :' "

-

SR The following parameters ffse dictated'by the experimental
syStem*I ’ ' | Co '

(l) Raduis,of;curvature R2 of concave mirror, M2

;//;> o '(2) approximate output coupling coefficient,v
B .'(3) resonator Tength, L -

- -_(4) laser cav1ty height H

A diagram of the resonator is 1llustrated in Chapter 3 section 3 9 1.

The unknown parameters are the radius of curvature, 1> of the convex

'mirror, Hl and the hole diameter, D3, of the output coupler M3._ The

.calculation procedure is outlined below.

!

_ where N;is‘the Fresnel"nuiheriandiﬂ’the_onesnayrnagnification:factor.‘

Deﬁ&n&t&on,og Puaametena

Y

An equivalent Fresnel nuuber 534] is defined for the !!ggtric

'.“ R 3 . . 2
~case hy S o

‘¢

~ o -

- -restriction a slightly diverging output was necessary to increase the B
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US1ng equ1va]ence re]ations‘defiuad in reﬁerencﬁﬁi”tx" ‘i“' i
o R A

."“‘

‘or single-ended case bécomes ﬁxzpapg-

‘,{

3

4

vex mrror, H‘l R

' ) » .¢ '
. .' T . c ‘.. : :
Fm RN
o N T . : N "
- : a2 o Lo '
.

Fresnel mlbé

o
W

1 effectfve d1ameter

‘ ._x»‘ = radIatlon wavelength lo.épm}l_ ' - S -
g =1- L/R' D R R
M = mund—tnh maghIficatmn for s1ngle—ended
| output|B4] .

The mode output dIaneter can not exceed the cav1t_y height H, ﬁhat
is D <H,Q1 where D1 D3, the hole d1alneter 1n the output coup'lerzl‘B :

L

Substxtutwn of (A3 9) mto (A3-8) y1e]ds

. 9 »Neq Ta__gzk M- H SR (A3-10)

grom reference [84], Neq is ;de'f_inedf for '5t;'ahsverse mode d'iscriini nation

m= 1»,' 3‘,'5, . ..
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The magn1f1cat1on is given by the fol}GWTpg approx1mate
-relat1onsh1ps [84], ’

o | 1445 - 0,845 (m='l) QA3-12) =
"2- T .06 PR . - :
2 1.065 - 0.066° - (m—3) .
. - s (m=.5) ‘
Ca:éculaﬁon 'P}wc‘edu/ce o e ~ o | -

(l) M was calculated from one of (A3 12) and the des1red

‘; output coupling.. 5.

L (2) From (A3 -11) and (A3 lO) D D3 was calculated
| ‘(3) D was optimized by adJustments of M 8, and m to
. glve a large mode volume SubJeCt to the cond1t1on -
o DA H/M. | |
: (4) Hav1ng selected M ‘the parameter g] was calculated

from the single-ended magn1f1catlon [84]

B *f(S) Finally R], the convex m1rror rad1us, is g1ven by
SO N S {
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CHAPTER 4. . F
N . . ‘ .

CONCLUSIONS AND SUGGESTIONS-FOR FUTURE RESEARCH = .-

T4 Summany of’ReshltS'and Conclusions |

N

" : The prevmous chapters reported the results of an 1nvestigat1on -
of glow d1scharge geometrles applled transverse to the laser axis and
.subjected e1ther to slow axial (alono the laser ax1s) gas flow or to
| h1gh veloclty cross-flow. - o B ﬁ{‘ o
Chapter 1 was 1ntroduced by a br1ef rev1ew of related CO2
laser developments. This was follodg% by as d1SCuss1on of varlous
spat1al reglons of a DC cold—cathode glou d1scharge The negatlve
glow and Faraday dark space are regxons of lou laser galn Host of
~the useful laser power lS generated 1n the p051t1ve glou. The 'éi f
7i. 1mportance of a low cathode—fa]l potent1al was stressed for short jl" LR
i d1scharge lengths where the potent1al fall can be greater than the f!
| potent?al across the pos1t1ve glow or act1ve med?um, caus1ng a great
reduct1on 1n laser power eff1c1ency. In add1tlon pouer dlSSlpated in . B
the cathode reg1ons may cause conSIderable gas heattng unth subsequent
lowering of the laser ga1n and output power. | \ o
Glow to arc tran51t1ons ‘were d1scus$ed w1th respect to the -Q ,
| power load1ng of a d1scharge generated between large area electrodes n
’ D1scharge 1nput may be l1m1ted by a trans1t10n of the nbrnal or abnornal
‘. glow dlscharge to the h1ghly contracted&arc mode. Th1$ causes dauage
to the electrbde surfaces and a great reductlon of the active nediun.«

Cathode surfaces hav1ng low heats of subllmation or conta1n1ng lnsulation :

1nclu510ns appear to be conducive to thé~1n1t1atlon of a glou to’ arc.
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. o S .
"ftransition.} Gas heating may also cause a tran51tion by a local

reduction of the plasma impedance The hlgh power dlSSlpated in. the

‘cathode region contributes to this problem .

Significant energy transfer. processes were/also outf%ned ‘in ..

'Chapter l ~ These included v1bration - v1bration transfe;:letween | _
"Nz, CO and th_E3é asymmetric mode the relaxation of the upper laser o
level (OO l) by 1ntramolecular processes the deactivation of the Tower.
laser Tevel {l0°0) to translation V1a the bending mode, v1brational
"’exc1tatlpn by electrgn 1mpact and the deactivation of v1brational |
{ venergy via collisions of the second kind Wlth electrons It was also,
7.p01nted qut that the published results of’ fractional energy transfer e
A'calculations 1nd1cate that an optimum average electron energy lies in | B
the range,O 5 to‘l eV. Higher electroﬁ energies result in decreased o
‘laser eff1c1ency as: a larger fraction of the 1nput power is coupleH 1nto-“ R

1 v .
: ﬁﬁectronic exc1tation vb oo '” . C

Experimental 1nvestigations of CO2 dissoc1ation were rev1ewed o
with respect to ‘the equ1l\brium dissoc1ation fraction as a function of.
discharge current gas pressure, and tube diameter (average electron ZW4_
energy) -CO appears to be particularly benef1c1al in a discharge Wlth— .
out N2. CO v1brations have a large cross section for exc1tation by - fj

'_electron impact.. Resonant transfer of CO v1brational energy then ' |

S takes place to the CO2 asymmetric mode._ Thelgole of CO‘is reduced‘

. when N2 is present Oxygen plays an active le in electrode surface .
-'chemistry and can lead to the eventual depletion of CO2 in a closed
f;cycle system In addition 02 may be aetive in discharge chemistry \vi

2 o

-producrng such compounds as NO and NZO which have been shown to be

7 | , -
1detrimental to discharge-stability SR R '-»\?‘



N
flowL Glow to arc trans1t1ons l1m1ted operat1on of the initial- large . _
farea electrodes to low gas. pressure (<lmm) and low current densit1es '159
To reduce this problem a segmented cathode was employed w1th a s1ngle

str1p anode. The remoteness of the conta1n1ng side walls perm1tted the

B!

| d1scharge to operate ithout a pos1t1ve col@mn wlre _,iQf?*‘ds were

1nstalled between the anode and cathode to 1ntens1fy the: pos1t1ve glow

e

and therefore the laser ga1n and output power

oo

A model was set up to analyze the 1nt§ract1on of the grid w1th

A':the dlscharge plasma. From th1s model 1t appeared,that the gr1d

‘_‘attenuated the low—energy d1ffus1on dom1nated current of the Faraday
rdark space Further, 1t had cons1derable control over amblpolar | \
“\g-d1ffus1on losses from the active- medlum and therefore the average electron ‘:
\energy._ Th1s was demonstrated by the variat1on of positive glow f |
. 1nten51ty w1th grld b1as potent1al . . _
‘ Varlous electrode mater1als and geometr1es were stud1ed 5
,}Th1s evengually led to a multi—element cathode WTth 1nd1v1dually ballasted ,
| _elements an%a s1ngle strbip anode all of water-cooled copper. §The |
cathode surfacés conta1ned annular grooves in order to expl01t the
-,propert1es of a hollow cathode in that the cathode fa™1l ootential and
negative glow length were reduced-from the flat surface ca&e ~
» The V—I cha)acterist1cs of the d1scharge were extenStvely

astudled with respect to grid poslt1on mesh size b1as potent1al gas
v"m1xture, and total gas preSSure The grld exh1b1ted stable control over
”vthe d1scharge when located just past the anode end of the negative glow, :

. A
“in what had’ formerly been the Faraday dark space.‘ The mesh size was

'Lﬁg'.
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~

- high curre“t similar to the behaVIor of conventional tube lasers%

assumed*to have been governed by thé sheath thickness about each wire
The fact that stable operation oqcurred when “the grid was separated
from the DOSItlve glow by a thin’ ‘but observable dark sheath suggeSted
an overlapping ‘of the sheaths from 1nd1V1dual grid wires . Stable aal-~

operation was p0551ble with an electrically isolated grid" By applying

a self;bias FESlStive network the range of stable operation was

| extended The most efficient bias potentials were ﬁowever st1ll

negative with respect to plasma potential

The results of studies of laser ga1n and output power were 9

-

also presented 1n‘Chapter 2. Both gain and laser power were 1ncreased ‘

:i by'a factor of two to three over the no-grid case. Max1mum gain was

observed at low discharge current while 'mum power was obtaxned@pr
A

.

" multimode output power of 3 W was obtained at 1 A and 550 V for

/N2/He - l.4/l 4/8 3 flowing axially at approximately 6 5 l1ters/se& 1x‘
The discharge conversion'e 1c1ency was approximatery 0. 5%, ; ThlS 15.‘
low compared to the usual 15 to 20% for a conventional tube\laSer j;' o

\

l cathode

Laser power was expected to rlse con51derably by mov1ng

‘elements. closer together, extending the mode diameter to more closely o

match the grid to anode separation and opt1mi21ng the output coupling.z Y

Power consumed in the cathode fall however, was &he rimary cause of ‘
low effic1ency.‘ By gLnsidering only the power dlSSlp:;%d 1n the v '
p051t1ve column and anode glow the efficiency rose to over. 3%

0verall discharge efficiency could be improved by using 2 larger anode

to cathode separation and an electrode material of . lower [7 ll potential

| say a thermnonically emitting surface._.f

By applying the same volumetric flow transverse to both the -

\
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'laser and distharge axesé a factor of two improvement in output power

‘was observed'OVer'the axial case.' It was assumed that.this was due to

convect1ve heat removal and 1mproved column to column unifonm1ty Nlth :
regard to CO2 dlssoc1at10n. The substantial lmprovement in performance
observed with low cross- flow (<0 Sm/sec) led to the hlgh—veloc1ty cross—v
flow system of Chapter 3.

Chapter 3, a laser system. ‘was descr1bed in whlch a DC glow

d1scharge transverse to. the laser axis was subJected to h1gh veloc1ﬁ¢

cross—flow. The laser, the flow, and the.d1scharge axes

were mutually perpend1cular. An order of magn1tude 1mprovement in
volumetr1c and electr1cal conver51on eff1c1ency was obtalned by employIng
convect1ve cool1ng of the laser m1xture.

| Although large area electrodes cont1nuous across the full

channel w1dth were employed 1n1t1ally, d1scharge power load1ng was

i aga1n l1m1ted by glow to arc. tran51t1ons.x Indlvwdually ballasted

multiple electrode assembl1es for both the anode and cathode improved

the power load1nq and stab1llty.‘ 0bservat1on of the performance of. the Lo

large surface electrodes suggested that local1zed gas heatlng w1th1n

'. the pos1t1ve glow caused fllamentat1on w1th rapld degenerat1on into a

h1ghly contracted arc. Th1s p01nts out the 1mportance of flow ‘1

un1form1ty in ra1S1ng the useful power loadlng of the electr1cal
£ - 0

d1scharge. o vnh "i" ' ‘_, S

The anode cons15ted of coppe_;pIns mounted flush Nlth the

N AR '
flow channel. The opp051te channel wall contalned an array of hollow v

K cathodes recessed 1nto small diame}er ceram1c tubes. For Tow. pressﬂbe

operatlon (the order of lOnnn chaé%?d-partlclellosses to the tube walls

conf1ned tﬂglnegatlve glou andz‘al day dark Space to the interior of ‘;.




~ the tubes and out of the laser volume. At hlgher pressure the role n\\\\.b
 of these tubes was expected to be reduced s1nce the cathode reg1ons
" of the d1scharge contract touards the electrode surface Hlth

e
1ncreas1ng gas den51ty. - B L j o S .

'4’ Further in Chapter 3, the effects of flow on p051t1ve glow ;;bf
1 lum1nosxty were recorded photographically and correlated with dlscharge ‘
) potent1al ' For constant d scharge current ‘the potent1al rose rap1dly
at low gas veloc1ty. ThlS was attrlbuted to an 1ncrease in gas dens1ty .
'upon lowerIng of the translatlonal temperature by convectlve cool1ng. >
~ The gas denSIty change was ver1f1ed by translat10nal temperatures | |
‘recorded by a thermocpuple scanned through the laser reglon In the ‘ v
low velocvty range (<10 m/sec) the.pos1t1ve glow attempted to. preserve :
| '“a hlgh temperature low dens1ty core uhIle bow1ng in the d1rectlon of "
flou. At a veloc1ty of approxtmately 10" m/sec the colunn broke w1 a
marked reductlon ln v;51ble 1nten51ty.,=Th1s was assumed to have
‘,resulted prlmarIly from a sudden change of the electron den51ty. The )
.'change may have been ampli by the effects of stepHISe electron1c_;
‘i;exc1tatlon. Upon further S;fj;ng of the gas veloc1ty, the p051t1ve e
m'glow gradually lntenSIerd wlth a correspondlnq 1ncrease in E/N. The
'Tglow posrtlon was stable agaznst the flou, contrary to the lou veloc1ty
case.' In thlS reglme, charged-particle loss hy d1fquIon and i .
: recomb1nation was superceded by that due to convect1on The gradual
1ntens1f1catlon of the glow suggested that the fractlonal pouer coupled
fﬂinto electronlc exc1tation was . lwkewlse r1s1ng. Consequentl) a

_d1scharge having short w1dth (along the flow axls), and operatlng in

~ the second reglme. may show a gradual decrease of eff1c1ency Hlth flow |
._velocity. B 5 S e a

v



The eTectron density was 1nvest1gated by sweeping an

eTectrostat1c probe through .the dIScharge and afterg]ow.v Ion-

" saturation current was collected and anaTyzed by flow—dependent and

. stat1c formu]as to est1mate ‘the electron density. The probe had L
v suff1c1ent reso]ut1on to 1nd1cate structure 1ntroduced into the posit1ve
mgTow by the multi- eTement,eTectrodes As expected the structure
increased and pers1sted for Tonger d1stances downstream as the gas
veloc1ty was raised. The spat1a1 r1ppTe 1n 1on1zat1on den51ty was
reduced as the fTow progressed past succeed1ng rows of eTectrodes
Upstream electrodes effect1ve1y preionized those downstream Structure
or r1ppTe w1th1n the flowing afterg]ow d1sappeared 1n a d1stance of a
| ’few cent1meters In th15 connection TateraT spread1ng of the 1onlzation
+ by amb1poTar d1ffu51on may . have been augmented by d1ffu510n due to ' _
'_.»turbu1ence of the flow. Ca]cuTated dens1t1es agreed quaT1tat1veTy WTth
ithose determ1ned by standard m1crowave methods. A compar1son was

d1ff1cu]t due to the vastTy d1fferent discharge geometr1es CaTcuTat1ons

o were expected to g1ve onTy order of’ maon1tude accuracy in a determ1nat1on 5

i.of the absoTute dens1ty in v1ew of uhcerta1nt1es 1nvo]ved w1th A

1dent1f1cat1on of the 1on1c spec1es the mob111ty of the ions, and the

appl1cab111ty of the formulas to th1s pressure andrveloc1ty reg1me

| o The spatia] behav10r of the Taser smaTl signa] ga1n was studiedﬂ

'j.'by pass1ng the beam of a 10w power osc111ator aTong the Taser axis

band scann1ng in the d1rect1on of fTow “Gain rose rapldly at the upstream,
v edge of ‘the d1scharge and decayed reTat1veTy sTowTy in the flow1ng . y

‘,}afterglow, the rate of r1se and decay be1ng dependent on- fTow ve]ocity, L}

o d1scharge current, and- gas dens1ty. Max1mum ga1n was approximately

: 2%/cm WhTCh compared w1th pubiished reSuTts of other convection systems

L.
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The - ga1n at the spat1a] peak var1ed more or ]ess 11near1y with low

'discharqe current Current. saturat1on did occur wh1ch was’ attr1bdted

'_pr1mar11y to-c0111sions of’ the second kind between the v1brat1ona]]y
'exc1ted species and e1ectrons, rather than therma] effects Th1s o
-content1on was supported by records of the - trans]at1ona1 temperature )

';and computed qaxns from a theoret1ca1 mode] of laser processe ’ ThlS

_ model was set up uSIng v1brat1oha1 energy - ba]ance equat1ons 1ntorporated

into qas dynam1c equations descr1b1ng the f]ow Substant1a1 e]ectron

| deact1vat{on was requlred in. the mode] to s1mu1ate the behavwor of ‘
‘ga1n w1th d1scharge current Good aqreement was found w1th exper1mentv-d

1',on the: spatia] behavior of ga1n and translat1ona] temperature w1th

f]ow rate By emp]oy1ng e]ectron dens1t1es ca]cu]ated from the exper—

“;imenta] data, rather poor f aqreement was found between an exper-‘

“imental effective v1brat1ona] exc1tat1on rate and that computed from

,'Zpub11shed theoretica1 results for a. somewhat d1fferent gas mixt re.

" The agreement probably was. substant1a11y better s1nce ca]culated
'dens1t1es appeared to be h1gh by an. order of magn1tude
A more. def1nit1ve compar1son of the model and exper1men; is dependent

. ;?M ,‘j .
‘on more accurate know]edge of e]ectron densit1es and exc1tat1on rates

% Bl *’ _e;' : R A
o [

fnfor a given gas m1xture G% “;_'j g ,:.;ﬁ,
‘ = Final]y, 1n Chapter 3 laser output power'was 1nvest1qated -
p;for vary1ng flow and dlscharge 1nput uSIng both stab]e and unstable
ﬁfresonator arrangements Laser power with convect1ve cross f]ow showed
’~at least an order of magn1tude 1ncrease over that for d1ffus1on-

| .r“dominated flow In. addition the sensit1v1ty of laser power to the qas'.i y

t.rconstituents was greatly reduced For constant d1scharoe current,-~ ."‘?d‘,

'2'_;1aser power showed a rapid rise with f]ow up to a certawn ve]oc1ty

.,/

N £ 30 m/sec) after wh1ch output remained near]y constant The turnover:,""'

point corresponded to a lowerlng of the,translat1ona1 temperature to ,7j ,

'; -i N
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a point'where'thermai effects were’now sma]]. For high ve]oc1t1es

' (=80 m/sec) output decreased, due pr1mar1]y, 1t was assumed to

‘ 1neff1c1eht match1ng of the resonator to the active medium as a resu]t

of a 11m1ted laser aperture.. Invest19at1ons were 11mited by power

supp]y capab111ty to pressures ]ess than -30mm. Substant1a11y higher
'volumetr1c eff1c1ency was expected by 1ncreas1nd”the gas dens1ty.

-Th1s 1s dependent “howeven, on a high. stable power load1ng of a h1gh
'pressure d1scha}ge. The maximum power loading of the d1scharge was "

; not reached for pressures less than 30mm Power loadings used were,
however, comparab]e w1th pub]1shed results of other convect1ve systems,
that is, in the range of 150 - 200 KH/]bm/sec. Hhx1mum laser power '
‘of near 400 H w1th an’ overa]] eff1c1ency of 5% was obta1ned for a
htwo path stab]e resonator, a flow ve10c1ty of’40 m/sec and a mass flow
of approxlmately 0.01 Kq/sec.: Th1$ corresponded to approx1mate]y

1 H/cm of mode volume compared Nlth a va]ue of 4 H/cm3 pub11shed for .
- the Buczek magnetlcally stab1llzed system Greater d1scharge power
.1oad1ng 1mproved heat exchangers opt1m1zat10n pf the output coupIIng,
and 1mproved match1ng of the mode vo]ume and act1ve med1um were

/. Y

,H'expected to substant1a11y 1ncrease the vo]umetr1c eff1c1ency of the o

o cross- flow system descr1bed in th1S thes1s

ly 4\3 Suggest1ons For’ Future Research

" Further work is required to ascerta1n the max1mum stable—'
d1scharge power ]oad1ng of a convect1ve cross- f]ow system employ1ng}‘;
multi- e]ement electrodes as. described in th1s thes1s In this® con-‘dg'

f: nect1on, a study of power ]oad1ng at h1gher pressures may lead to |
"'dbsubstantlally h1gher output per unit volume s1nce laser poWer is

A', expected to sca]e with gas density.lﬁe
R -
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b Investigat1on is requ1red on. the role of flow turbu]ence
'_ln the productlon of or d1$51pat1on of d1scharge f1]amentat1on at - (/‘
N h1qh pouer loading. F]ow cond1t10n1ng nay perm1t ]arger e]ectrode

| surfaces prov1ding a more un1fonn active med1um and allev1at1ng

s constructlon prob]ems. ’Some very pre]1m1nary exper1ments on’ the

.

cross-flow system 1nd1cated that upstream 1on1zat1on may be useful

- for support1ng a cW dlscharge between large area e]ectrodes

" At present high f]ow c]osed-cyc]e systems ;1ve 1mproved
'_output w1th the use of a sma]l rep]acement ‘or make-up Flow." This _'
;appears to be connected to‘discharge qenerated impurities. An .

__1nvestigatlon of the ro]e of these spec1es on d1scharge stab111ty

and ]aser gain may lead to a. reduct1on or e]1m1nat1on of rep]acement
;ffow. , _,4: e n -
| The above squestlons have concentrated on d1scharge

5 stab111ty, a maJor prob]em in the generation of large volume h1gh
pressure d1scharges. Theoret1ca] and exper1menta] work would a]so

. appear to be usefu] on. the phy51cs of the ]aser process For,‘1nstance, -

1
1

: __the model outllned 1n th1s the51s may prov1de 1ns1ght 1nto the effects

;of convectlve f]ow on the saturatlon of the 1ntra cav1ty rad1atlon
¢

f1e1d. ‘ N
In conc]usuon the above paragraphs suggest on1y a few bf
uany toplcs for research 1n the cont1nu1ng deve]opment of a compact ,"

:-h1gh power CO2 ]aser for 1ndustr1a1 app11cat1ons



