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. done with a sealed cyhndrrcal discharge chamber, lO cm in diameter and:

‘to'the chamber- wall. . - S

. »”
) Abstract e .
Efforts to increase the discharge specific power loading in hrgh po\é carbon dioxide :

)

lasers have been hampered by the onset of. electrothermal lnstabtlmes Prevrous research

performed at the Umversrty of Alberta's Laser Laboratory. showed that a stabilrmtton

[%%

technique, usmg static magnetic f: relds -was effective in suppressing these tnstabrhtres in bbth _
transverse and coaxial geometrres through the generatron of sheared mixing velocities _m_ the °
bulk gas -and magnetic stablhzatron of the charged sheath regions.

' The purpose ‘of this mvesttgatron was to adapt this magnetrc stabtltlauon technique to
an axral discharge, with the. use of a transverse rotatrng magnettc field. I}ehmmary work,

S cm in length

showed that electrothermal mstabrlmes were indeed preventable in 7ch an’ axral discharge,

' through a _]udlClOUS choice of’ magnetrc f teld profile artd strength

" A theorettcal analysrs showed that the stabilization mechanism in thrs axial drscharge
geometry was not a result of the generatron of mixing velocities in the bulk gas, as was the
case for the):/umsverse and coaxtal geometrtes In (fact “high speed photography revealcd that
the plasma column was deflected away from the. centerlme position when the - transverse

rotatmg magnettc freld was apphed Further theoretrcal analysrs showed that this def lectron

* was the result of a Lorentz force acting on the ‘plasma column. Consequently as the magnetrc

\

freld rotated the plasma co]umn swept aroynd the discharge cross-section. As the magneuc

} fteld strength was increased, the Lorentz f orce grew thereby deflecting the plasma still closer _

-

Experimental studies were performed with . the discharge test section, now 50 c¢cm in

' 4length mounted " mto a recrrculatmg gas loop Diagnostics, done wrth a 20 Torr laser gas

mixture, mcluded terminal characterrstrcs temperature measurements, electron densitly

assessments and gain studies. Laser power output’ is drscussed brref ly The rcsults indicated

~

that a transverse rotatmg magnetic fteld can indeed rmprove gas drscharge stabrhty m a? axial

dlscharge geometry A 25% increase in discharge power loadmg was demonstrated, using this

0

| drscharge stabilization technique. E .
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/ﬁ C ; INTRODUCTION

laboratory devrce wrth an output of ~1mW into'one of the most versaule industrial lasers in
use tbday Industrral C02 lasers in the 1 kW range are now routmely used l‘ or cloth cuttmg

' markmg and scnbmg Lasers wrth outputs of -2-5 kW have been . suceessf ully utilized for

uttlng, weldmg, drrllmg and heat treatrng varrous"ﬁtetals Very high power lasers, wrlh up to
|

20kW output power have been developed for heavy section weldmg in the pxpelme and shlp

burldmg mdustrres 2 - |

-

j " As the number of applrcatrons for industrial C02 lasers has grown, §o has the‘nced

-y

for more compact and more powerful devices. This has translated into a rcqurrement f or

, hrgher power densmes wrthm the CO, gas drscharge In thrs chapter a brief hlstory of thc ' .
evolutton in- hlgher power densrtres m the context of C02 laser development wrll be

presented ThlS is followed by a drscussron oovermg the. physrcs of the laser process ar}d’

plasma ch‘eztéry of the gas drscharge Next is an- mvestrganon ol‘ drscharge mstabtht{es

- whrch have been-inund responsible for lrmrtmg the mput power densrty to the glow djv{arge

Lastl& isa dtscussron of how these mstabrlrttes may be suppressed or prevented

sealed off drschar,ge tubes or devlces w1th a slow ax1a1 gas flow. In erther casc thc waste. hcat -

: /

is reJected by s1mlple drffusxon to the cooled outer walls The character}strc diffusion time, T

_.associated with thrs ,p_rocess, is given by:

| '. _:L:;\ \‘“‘.",T’ ’ ’ - : l\‘ . » o R
’ where“"i'l;)y,- A, and ¢ are the, tube \diameter, mean free path of the CO, molecules in the gas

N

Vo

i ' ’ ’ 1‘ . ’\: ’ ’ . ./e

/ In the ‘past 20 years, the. carbon ‘dioitide laser has evolved f rorn Patel's simpR—

W

T = S‘ ) ] L ' . (1'])
D mC e ' o / _ :
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" Transverse Flow.

Fig. 1.1 CO, Laser Gas Flow Georhetries

~



* mixture and the thermal molecular speed'reSpectively. The rnax_imilm CW laser output power”
‘density, Pp, attainable with such a device, has been shown to be inversely proportional to this . .

characteristic diffusjon time?

, hamely: -
_ , Ppari- ‘ ; :
D D%, . ‘- ] - (1_?)

where p is the mass, density. Smce the mean free path 1s mversely proportnonal to prcssurc

\

the enhanced hea,t transfer beneflts normally expected f rom an mcreased pressurc arc.,
unfortunately negated by the reduced mean free path Srmrlarly lncreasmg thé tube dramctcr
also provrdes no addmonal benefrt because the power per’ umt volurpe decreases at the samc
rate as the volume 1?self is 'mcreasmg Thus, - the power o*utput per umt length of a

»

drffusron cooled laser has been found to be essentrally l”ned typically at ~70 w per mctcr of :
S

,. drscharge length Consequently, the !)nly means of significantly increasing thc power output

for dlf”@l -cooled lasers is to increase the tube length Because ofithis fdct,’ lascrs as long

4220 feet have been reported provxdmg an output of a few -kilowatts.® Retcntly. morg

‘ practrcal systems have been developed, that use several parallel mounted lascr'tubes..r_optica_lly

’coupled wrth foldmg mrrrors‘4

The next major advance in the evolution of the CO2 laser transpired when rescarchers |

' discovered the enormous benef its that “could be-deriv

devices, the inefficient dil‘fusion-cooung process is aced by convecuon of the hot gas,
completely out of the active discharge -region. The charactenstrc time for a

"convection-cooled” discharge nc:y‘becomes :

<jr

7o , , g (1.3)
i where L and V are the discharge length in t‘he drrectron ol" gas flow and the gas f law vclocrty"

______;especuxeha_ﬂencetheacmevableiaseummoumumme.ﬁ _ e

- .Pca'p%.“: T as

With cenvection cooling. 67 In thesc, '



.

' N

The fast axlal flow convectxon cooled laser geometry is shown m Frg 1 l(b) where

the dischatge tube has srmply been modif 1ed to pertmt fast-axial convection of the hot gas out

“ of the actrve\dtscharge regron As will be drscussed in section 1.4.2, the characteristic growth

*ttme for thermal rnstabrlmes m a 20 Torr laser drscharge is ~1 msec. Thus if the dwell time

of the gas molecules in the actrve discharge regron is to be kept below 1 msec, a velocity of

1000 m/sec per meter of drscharge length rs\requtred In order to move the gas at these very‘
-htgh ‘velocities through a narrew bore drscharge tube necessitates the use of a high static
». pressure Roots blower Thrs fact rmplres that a dramatrc mcrease m the cost and complexrty'

of the system results However, m spite of this drffrculty, commercral lasers up to 2 kW are

..

sttll generally of the fast axial T low-geometry o L : -

Trf fany, Targ and Foster noted that. 1f the discharge length in the drrectton of gas

{ f low could be’ reduced to a few cm then the requirements on the’ gas transport system were
~such  that conventronalyblower technology could now be ‘used. Therr work led to the
development of the transverse flow geometry, shown in Fig 1 1(c) In thrs conftguratron the
excrtatton field, optrcal axis-and the drrectron of gas flow are all mutually orthogo"l\ial The
length of ‘the drscharge in the drrectron of gas flow\ is’ srmply the wrdth of - the elfctrMe
structure. Thus the requrrements of the gas tranSport system are greatly reduced as revealed

by examination of Eq. 1.4, As a consequence of thrs situation, transvérse flow. geometrres

- have become standard for most high power (over 5kW) CO, lasers available. commercially

today.? . ) o L . VS
‘ _ "~y
o : ‘ &
1.2 The Physrcs of Lgser Actron . - T G

7. This sectron wrll ‘concern itself with the physics of CO, laser action. Vrbratronal

‘

energy levels of the C02 molecule w:ll be presented first, followed by a drscusston of the

. upper laser level excrtauon mechanrsms Next the details of lower laser level relaxatton will be

) K .

presemed . )
. &



12,1 Viprational Levels of rnDix S :
| The energy levef dragram for‘ a CO, laser presented in Fig. 1 2, reveals that the’ C02
laser is a 4 level system capable of lasmg at 10.6 and 9.4 microns. The 10.6 wm Iaser'

transrtron is between the asymmetnc stretch (00°1) and the symmetnc stretch (10°0) )

L 2.2 er L ser Excit tion M ch nism

[

- efficient process.”

vibrational levels; whrle laser actron at 9. 4 um results from the transition between the
asymmetrrc stretch (00°1) and the bendmg (02"0) vibrational levels Depopulatton of the _
lower laser levels, (10°0 and 02"0) rs by colhsronal relaxatton to the ground state (OO"O) vra the |
bending vibrational level (01'0). : o ' t

/.
!

Excrtatron of the upper laser level C02(00°1) is erther by resonant encrgy transfer

from the excited nitrogen molecules, whrch is given by:1?

4

€ + Ny(v=0) » Ny(v=n<8) + (e-K.E), - (19)
\ .‘ o
followed by: ]
Ny(v=n) + CO,(00%) » Ny(v=n-1) + CO;(00%1)", (1.6)
. ) i . . < A .\(

,
o

or else by direct electton impact of the CO, molecules in.the ground state:
. o . . “«

4
r -

e + CO,(00°0) - CO,(00°1) + ‘(e—K.E.ﬁ)», . an

4

where KE is l{inetic 'energy Elliot, Judd Lockett and Rockwo$ have presentcdg‘..f".

comprehensrve lists of the cross sectlons for both of these mechamsms n

N

If CO is p'resent in srzeable quantmes then .the vibrationally cxcited CO may also

provrde some excrtatron for the upper CO, laser level by resonant energy transfer. Howcver
‘the energy difference between C02(00°1) and CO({v=1) 1s greater than that bctwecn

C02(00°1) and Ny(v=1). Hence, resonant energy transfer between CO and CO, is a less
12 .
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The collisional relaxatioft mechani§m§ for the upper laser level, which compete directly -

with stimulated emission of laser radiation, are given below, with their rate coeff icients for a '

temperature -of 300!(.12 S -

c02(00°1) + He » c02(04°0) " He . k< 8secMorr!T (1.8)
COL00) + Ny(v=0) > CO00%0) + Ny(v=1) k= 106110 (1.9)
CO,00°1) + CO,(00°0) » COL(00%0) + CO,(1110) k = 350:365 -~ - .~ (1.10)
CO,(00°}) + CO(v=0) » coz(ooo};{cou:n k =993, RN

Nitrogen an helium which account f 6r ~80% of a typicel laser gas mirture ‘have relatively
low rate coeffncrents and therefore are poor at relaxatxon of the upper laser level. Carbon |
dnoxrde and carbon monoxnde have higher rate coeffxcxems However the coefficients are
mixture wexghted and these constituents typrcally accoum f or less than 20% of a CO, laser
. gas mrxture. ' |
¥ Coflisional relaxatiorl‘ of the lower laser ievel is a two part ~pro‘cess. The f irsr is a fast

vibrational relaxation to. the COz(Ol‘O) level given by:I,2

C0,(10'0,020) + CO, - 2CQ,(01°0) k > 6(10)° sec™!-Torr V' (1.12)

This is followed by a somewhat slower collisional relaxation of the CO,(01'0) vibrational lcvc[
- to the ground sfa_te, CO,(00°%0). These processes anq their rate coefficients, again for 300K,

- are given by:12

2
CO,0110) + CO, » 2C0,(00°0) . k=175-#0sec’-Torr"  (1.13)
CO,(0110) + CO » CO,(00°0) + CO  k=4(10)" BT}
 COM010) + He » COx000) + He . k=(353.3)10° (1.15)

'Eq. 1.15 demonstrates the effectiveness of the majority constituent, helium, in deactivating
the CO,(01!0) vibrational level. This benefit, in addition o the improvement in therm4l

conductivity and the. adjustment of dischar'ge' E/N are the primary reasons 'fqr adding helium .°



o P

-have been made by Franzen and Colhns , and py Bulhs. Nrghan Fowler d Wregan .

5§

to a laser gas discharge. -

D

¥

" Collisional relaj atton js a strong function of gas temperature. Because the C02(01‘0)

: vnbratxonal level is close o0 the ground state any increase in the gas temperature tends to

increcase the populauon of the C02(01‘0) vibrational level f rom the ground state, C02(00°())w

Ny

This in tumn reduces the depopulatron rate o the lower laser levels C02(10°0) and

C02(02°0) Furthermo(re. the collrsronal relaxatnon of the upper slaser level increases with:

increasing gas temperature, thcreby decreasmg the upper laser level populatron 13. This

temperature ef fect known as thermal bottleneqkmg results in a reduced population

inversion and concomitant drop in laser power output. It is, for this reason that some of the

’

pnoneermg work wnth(Qi“lasers was done with gas'- discharge tubes cooled to temperatures as
low as 60'C 14 Unfortunately, this option is of, value only for narrow bore diffusion cooled

gas dlscharges Detailed studres of the laser power output as a function of gas temperature
4.16 '

(. ‘ " . "“0 o
1.3 Plasma Chemistry °~ -

. . X . “w - N
The same eclectrons used to excite the vibrational modes of N, and CO, are-als¢

-

involved in a host of other chemical reactions.that produce a number of secondary species. An

analysis by Wiegand and Nighan”, has shown that the principle secondary species in an

 clectrically excited CO,:N,:He gas discharge are CO, O and N. These disassociation products

—

accumulate tapidly, reaching concentrations of 1% of the initial species within ~0.01

seconds.!”. The principal ionic secondary species is O, which leads to the \formation of COy”

s

L (3

occurmg in a CO7:N,: He laser drscharge are presented These reactions may be grouped into
five major types: 1omzatron drssocratlve attachment drssocratlve recombmatnon _ion-ion

recombmatron and assocratwe detachment /7

- e
N

., ) ‘? . . . ' . . . N 3 3 ' .
- jons through a three body collision’ reaction. In thlS. section, the basic chemrcal reactions _



The»ionizat‘ion reactions and their rate coefficients an electron temperature, T,.
of ‘195 for a typical CO,:N,:He discharge are as‘ﬁﬁowgg‘“;” o
e + COp » COy* + 2e k= 1010) 4-220) Pemssee - (1.16)°
e+ Ny» Ny* +2¢ k= 1(20) 5-2000 1 (1.17)

|

Only those electrons in the high energy tail of the electron distribution can cause ionization.

o
e

Thus, the ionization rate coefficients are a strong fungtion of electron l’em"rature”x‘ Few’

ionizations of He ocetir because the ionization enetgy for He is 24.6 eV comphie:

_ €V and 15.58 eV for CO, and N, respectively.!3

/e +COy»CO + 0O

The secondary' species generated _by jonization and dissociativ‘s‘ attachment are
themselves involved in further reactions. Dissociative recombination reactions, which ‘have a
weak dependence on electron temperatureu are presented below, 'togethcr with their rate

coefficients: 19 )

e+ CO* >CO+0 | K®=60010)%m¥sec  © (1.19)
e+ NF >N +N k= 2.8(10) - (1.20)

- lon-ion recombinations and associative detachment reactions have no dependence on electron
temperature, since they do not have electrons as the}r reactants. The reactions that involve the

secondary products of ianization and dissociation attachment are given below : 17

O+ N0+ N, k= 2.0(10) Tem*/secc T (1.21)
Q +CO»CO, +e kg= 65107 (1.22)
0"+ Ny»NO +¢ | o kg=20000Y - ., (1.23)

The oxyger ions are also involved in a cluStering' reaction with CO, in the three body collision



10
given by: 20

\
|

0 + 2co2 - CO;” + CO, © k= 1.1(10) Pem®/sec (1"‘;24)'

Formation of the O™ ion has a large mfluence on the discharge operating conditions, evén
#~when external ionization ls_used.20 The relation between negative ion production and the\

jonization instability in covered is section 1,4.1. " ’

1.4 Discharge Instabilities Y

- As indicated previously, convection cooling represented a major advance in the
engineering of CO, electric d.ischarge lasers. However, when researchers scaled these devices to
larger volumes and trigher pressures, vthey found. that the .vachievable plasma power density was
severely limited by the onset of plasma insrabilitie\s». The most common instabilities observed
in low pressure glow discharges are the occurrence of ionization waves (striations) and
discharge constriction. | ” |
1.4.1 Ionization Ins rlities

P In a comprehensive paper, Haas has investigated the.hydrodynamié instabilify
processes for weakly -ionized, volume-dominated glow discharges.21 Further studies, by.Haas,
Nnghan and Wregand revealed that negatlve ion formauon pla)“'s an important role in
promotmg ionization instabilities.22 The next few paragraphs will drscuss how thls instability
‘forms. and more importantly, how it may be prevented.

The formation of ionization waves” in a plasma is fundamentally related to the
production ‘and loss mechanisms of electrons and negaliveions in the plasma. For a weakly
ionized, _volume-dominated' glow ‘cllischarge, the- electron conservation equatior_l may be”
\'v_ritten:20

on

5 = Nenk; - nenpk,® - nenkg + nynkg + n8 (1.25)

where n,, n,, np, and n are the number densities for electrons, negative ions, positive ions

o



‘ ’ ‘ ' l l

and the neutrals respectively. The parameters k;, k,°, k, and kg are the mixture welghtcd rate

’

coefficients?® for fonization, - dissociative recombination, -dissociative attachment and

associative detdchment respectively. Parameter S is the source of external ionization. Similarly,

the negative ion conservation equation is: 20
ann i .
57 = Nenky - npnky - npnpk,, : (1.26)

/ .
-where k,' is the rate coefficient for ion-ion recombination. The balance between clectron

production ahd loés mechanisms determines the value of E/N (elec.tric field/neutral density) -
that is required to sustain ihe‘discharge. Sensitivit‘y of the rate coefficients for a representative
gas mixture are shown in Fig. 1.3.

| " For a self -sustained diseharge.’clectron production by ionizafio_‘ and detachment must
be balancedby-the loss mechanisms of recombination and attain}mem. as suggested by¥?Eq . '

1.25. The relative importance of the detachment reaction given by: "

p=
O +CO~->COp+e, | ' (1.27)

determines which loss mechanism is dominant.
If the concentration of the detaching species, CO, is low, then in the steady state, the

electron .conservation equation reduces to:

ki = k, + (ny/n)k® . | | (1.28)
. .
Fig. 1.3 teveals that for a self -sustained discharge, k,>>(n,/n)k,*, and so k, = k,. The point

at which electron production by ionization balances the electron loss. by attachment occurs at
the point labelled "A" in Fig. 1.3, where the clectron temperature is ~l.5éV,.

Conversely, in the strong detachmgpt limit; -the high concentration of the detaching
species, CO, is large enough to immediately convert O back 1o CO, and a free electron. With
a small negative ion concentration, ioﬁ-ion recombination will be nqgligible compared with the

detachment loss mechanism. Thus, in the steady state, electron. loss by attachment is1balanced,

by the detachment process, and the negative ion conservation equation may then be written '
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as:
S . . vl \ ‘ #
n.nk, = nynky . (1.29)
Upon substitution into the electron conservation equation,
A}
k = (ny/nk’® . | (1.30)

Refering again to Fig. 1.3, bthc strong detachment operating pbint where clectron production
"by ionization is balanced by recombination, occurs at the int labelled "B". Hence, in thg
sirong detachment limit, the discharge can be.sustaincd al a much lower electron temperature.
Wiegand, fowler and Benda?® have shown that CO is readily brodu;ed‘in discharges
containing CO,. Wiegand and Nighan, in a study of CO, plasma chemistry, détermined that
in ~0.01 sec, the accumulation of CO by CO, djssociation may rczich coucenlraiions on the
order of 1% of the initial CO, de'nsi;y.” In a later study, they shdwegl that if the CO
concentration has time to accumulate to a concentration greater than 10% of -the initial CO,
densiiy, thcn. negative-ion proce‘sses._.are ins’i'gnit”icam.20 Thus, the concentration ;f the -
detaching species, CO, determines where, (between .po‘in’f‘s "A" énd "B"), ths discharge
operating point wﬂI"'beLOperation at t\he no _detachm;‘r;i limit (point "A"), is only po'ééiblc
for fast-flow convection cooled lasers with a residence time less than ~0.0lséc. In sealed-off
or slow-flow lasers, where the CO conccnlrétion has time to accumulate, or el§c in discharges
containing CO as a primary ‘species, operation is typicajly at the strong dctachr;lenl lirQil
(point "B"). Exi)erimentally, ‘the entire range from "A" to "B" is accessible, by varying the
dwell time of the CO, molecules-in tﬁe active discharge.? ‘
P The major disadv;ntage of self -sustained operation is that E/N, (and the clcctro;\“
temperature), are dependem on the electron production anod loss mechanisms. Because. only
the hxgh energy tail eL\Ehe electron dlstnbutwn is capable of prov:dmg ionization,, the
discharge E/N is 'somewhat Thgher than optimum for maximum efficiency of upper laser levcl.

excitation.2* A further drawback -of self-sustained operation is the difficulty in providing

uniform ionization in large volumes. This has resulted in the development of high-energy
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. electron beams as well as photoromzauon techmques26 21,28 to provrde external sources of\

o

tomzatron Generally for externally s‘ustamed dtscharge. operatton 1s to the lef t of ponft "B" o

m Frg 1.3, at, an E/N that 1s 1nacces51ble under self sustamed operatton Under °these -

' \condtuons the romzatton from the external spurce is almost totally responsnble for electron_

é

producuon ' ? n, k ). In the strong detachment ltmrt wh"ere the electron loss mechamsm

: g
is dommated by reeombmatton the use of external 1omzatlon results in both the electron loss K

and produmon mechamsms bemg relattvely msensmve to electron temperature In the no

: detaehment llmtt thc electron loss mechamsm by attachment 1s sttll a strong functron of

electron temperature Thrs strong dependence on electron temperature may lead to 1omratton

mstabrhttes as wrll be drscussbd below Ref ermg to Flg 1 3 rt 1s clear that 1f the drscharge is-

attachment dommated then it ‘is necessary to operate to the left of pomt "C", where
RS 5.0 R s
recombmatton again becomes the domm;aynt loss mechamsm ' o

e " Nrghan and ergand in. thetr mvestrgatron of negatlve ion processes in a glow

drscharge have determmed that the tomzatron 1nstab111ty mechanrsm is related to the electron
\

: _temperature depende’nce of the electron productton and loss mechamsms.20 The 1omzatton

.,g

‘f-'mstabrhty proccsses and thetr charactensuc times are shown in Flg 1. 4 Consrder a dlscharge

T

; perturbatron that results in local fluctuatrohs in the electron densrty ‘Haas shows that in a-

volume dommated dtscharge the resultmg fluctuatron in electron temperature is 180° out of

phasc\wnh the f luctuatlon m electron densrty ! This results from the electron temperature

-~
momentum transfer collrsron f requency 2 Thus a posmve local f luctuatlon 1n electron densrty

, ts accompamed by a n.egauve f luctuatlon in electron temperature How ihe dtscharge reacts to .

: -thrs perturbatton 1s dependent on the eff ectrveness of the detachment mechamsm

: Consrder. f-trst
' ‘Y
‘mechamsm lS strong

3

reveals that the electron loss mechamsm k e, 1s relatrvely

vl

msensmvc 0 changes in electron temperature However the electron productron mechamsm

th, »v’recombmauon dornmated dtscﬁa'rge where “the detachment

.

'} dependence o&” the energy exchange collrston frequency bcmg stronger than that of the ‘

Lok is strongly d’ependent on electron temperature and a decrease m electron temperature 1s

71accompamed by a sharp decrease in k,. Awrfh concomrtant decrease in electron densrty Thus,

PR ) ' ‘o
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the .recombination' d‘ominated discharge‘ responds to a positive local perturbation in electron
| vdensrty by reducmg the productton of eléctrons. Thrs 1s negatwe fwdback and so an
ionization mstabilxty will not occur in'a recombination dommated discharge.. |

Now consider an attachment doﬂnnated discharge. In this case, both the electron |
production and loss mechamsms are strong functtons of  electron temperature Thus the
‘stability of the discharge is not only dependent on the magmtudes of k and k,, but also-on

their rate ol” change with respect to the electron temperature Nighan and Wregand20 have -

£l

)

-

shown that a negessary co‘ndition for an ionization instability tmcur may be expressed asg.

Kby T (1.31)
‘where kaiy = alnka(,)/ alnT Nighan and Wiegand22 calculated that this condmon was easﬂy ‘
rnet f or conditions typical of -an attachment dommated COz laser drscharge A local posmve
T luctuatton in electron density results in an increased negative: ion population due to
dissociative attachment. This in turn increases the electron dens{y a\s a result of assocxative o
detachment. If recombination can di.ssipatethis increase in electrOn density, then the discharge
remains’ stable However if not then" the increased 'electron'i density reinforces the initjal
disturbance This is positive feedback which results m an. tomzation mstabihty, as shown in -
tvFig 1. 4 ln a theoretical study, Shapiro has shown that the ionizational 1nstab111ty may be
suppressed usmg a rotattng electric fteld His analysis was - based on the results r?ported by .
Nighan, Wiegand and Hass22 showmg thatbthe formation of striations was a peaked function
.of the electric field direction A later experimental mvestigation by Lrpatov Mmeev '
Mvshenkov Pashinin’ and Prokhorov demonstrated that an alternatmg magnettc fleld was .
' also ef fi ective in suppressing the 1onrzational mstabthty in an attachment dommated dtscharge
In conclusmn 1omzatlon mstabilrttes which manifest- themselves as discharge striattons
~ do_not occur if the discharge is recombmatron dominate That is, if the detachrng specnes
Co, 'c_oncentra'tion is at least 10% that of CO,, thz ionization instability “is entirely

. preventable. -
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The second and most troublesome, instabrllty common: to glow discharges rs 4 thermal . .

 this phenomena for high pressure noble gas discharges 31‘32'33 Discharge constriction in

high-power volume dominated COz lasers .has been studred by Jacob and Mani®, thhan and

* * ¢ ' . t' ' 13 el \ . 4 y
- assumes that the input electrical energy in converted mstantly into tranglational energy of the

- gas, finds that the growth rate of the thermal mstabllrty varigs as the cube root of the power

densrty for hrgh mput power They present the following physrcal description for the
condltrons leadmg to the formation of a constricted arc drscharge Consider a densnty

perturbatron that results in a localrzed mcrease in plasma conductivity.. Addmonal current

' instability which eventually Tesults in discharge constriction. Numerous authors have studted '

‘ Wregand35 , and later agam by Nrghan
" Ja ad Mam present an analysrs of the drscharge constrrctlon phenomcna based |
on the eff€cts of a spatially non-uniform electrical conductlvrty. Their analysis, which

v 2 '
flows mto this enhanced conductivity area rg;ult;ng in gas heating, and concomrtant decreascA

in the gas densrty Conductivity increases further, thereby provrdmg a positive f ecdback

mechamsm for the 1mtral perturbatron until the orlgmally diffuse glow collapses into a

I

‘ constrrcted drscharge.

. Nighan and Wiega‘nd:i5 analyzed this constriction _phenomena, byv-considcr-ing~ a

-

dlscharge having- a single dlatomrc specres with a° vrbratronal temperature, Ty, and a

translatronal temperature T. The sequence of events leadmg to a thermal mstabrlrty m such a
~

.system is. shown in Frg 1.5, and ‘may be explamed as follows. Consrder a locahzed décrease m
‘ neutral densrty with concomitant increase in neutral temperature This, -mmedratelyleads to an
' mcrease in the electron “and vr'bratronal temperatures, as $ fow-a by the  solid lmcs An
increased electron temperature and density promotes direct electron gas heating (path #2), as
“well as vibrational excitation of the, clratomlc specréﬁiaath #1). Vibrational relaxation of the

’ molecules also leads to increased gas hea(ting (path #3).AThus. there are wo .positive

feedback mechanisms for the initial disturbance. If thermal conductivity is unable to dissipate

*this addit@al heat load, then the process depicted by Fig. 1.5 will lead 1o discharge

A\

——

©
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’ recombirfation dominated discharge, are shown in‘Fi‘g 1.6. Results afe presented for 20 and

constrrctron T ’ .

\’* .

Haas21 has” shown that extemal {ohization enables the electron preductron and: loss -

mechanisms to be decoupled from perturbattons in electron temperature’ or gas densrty.

*'Nighan and Wiegand®, in an experimental study, documented that external -ioriization has a

‘

~ modeérating influence on electron density perturbations, and thus improves gas discharge

" stability; |

Ny

Electrothermal inslabijlity growth times, as a function of discharge power density fora

200 Torr ror a series of - drsturbance scale lengths £. This figure reveals a number of
interesting features Freot()’z, the, growth tlme for thermal mstabthty formauon varies mversely

with discharge power den%ity. Secondly, the growth times are reduced wrth an increased

pressure. Thirdly, since the growth times are always positive, the discharge is inherently

unstable, regvar'dless' of poWer de_nsity; a _result that is confirmed by Nighan in a latér report.’36

Thus, in'order'to maintain a stable and diffuse 'discharée one must ensure, that the residence

time of the gas molecules in the actlve dlscharge regron is less than the time for electrothermal

' mstabtlrty growth For a. pressure of 20 Torr this means a maximum resrdence time of ~1
msec. If the resrdence trme is longer than 1 msec, a srtuatron can occur where the upstream

" end of the drscharge is a well behaved glow drscharge, while further downstre ... the

discharge is constricted.*’ A

~
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In *the pl‘evious sectton the reasons for the onset of plasma instabilities Were
discussed This next ieetton revrews two 1mportant gas dlscharge stablhzation teehélques which

have been developed to prevent the onset of these instabilitiés; namely external jonizatiorr and

-magnetic stabilization. -

1 '.lFx rnal lonization

. External jonization, as a means of producing large volume glow drscharges
" repres a major 1mprovement over self sustained operation. The more important external
ioniza;wmethods developed for high- power CO, lasers are: electron beam prenomzatlon
photoienization and photo plus impulse ionization. R

Electron beam preiom?tton was first demonstrated by Fenstremacher Nutter, Leland

and boyer25 for a pulsed C02 TEA laser A high energy electron beam (150. keV) was-
'gvnerated and injected into the mterelectrode volume The beam -energy ionized the gas
volume, and thereby provided a uniform and homogeneous background electron densrty,.l ;
whnch greatly 1rnproved dischargeﬁ)bihty and umformtty The main shortcommgs of this
method of external ionizatien, are the difficulties associated with passi'ng the high energy
" clectron. beam, from the vacuum chamber into the high pressure gas discharge volume.

| In the photonomzatlon method the active volume is uradiated by ultravrolet (uv)y
radiauon The uv photmomzes some of the neutral particles, and a- uniform background of
clectron density results. This external 1omzation technique was fi trst applied to CO, TEA lasers

2739 extendéd this technique for

by Seguin and Tulip38 and Judd 2 .Seguin' Na'm and Tulip
N CW operauon wrth the development of the 1 kW P.L.E. (Photoinitiated, Impulse-enhanced,.
~Electncally excrted) laser. This external - 1omzatlon system featured a high repetmon rate
| pulser, which produced 10 - 12 kV impulses, 200 nsec in w1dth havmg a repetition rate of up
to 10 kHz.?® These 1mpulseso were applied to.both a UV spaik source ‘array and a
multiclement, fluid’ballasted cathode. A much larger P.L E laser with an output power of’

up to 20 kW has subsequently been developed for a variety of .mdustnal apphcations-.
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' Magnetic stabxltzatron. developed at the Unlversrty )ﬁf A:lberta by Seguln and

'Capjack‘“. mhrbtts the development of glow to-arc transrtlons through the use of magnetic

t
s D

- fields of appropnate proftle and strength This stablllzatton method w?as first applled to the

© transverse dtscharge geometry pictured in Fig. 1.7. HA dlscharg@“ was struck between (wo
- planar, water cooledfelectrodes, ‘vwith'an interelectrode spacing of 5 cm. The electrorna‘gnct.

positioned over the cathode, and whose magnetic field profile is;ﬁ"hown in Fi‘g' 1.8, providcd a

field that varied from 700 Gauss near the cathode surface to 90 Gauss near the anodc In:
operation, thc _transverse drscharge current, Jz, interacts wrth thc radtal component of thc‘
' magnetrc fteld Br, to produce a Lorentz force: on the oharged species in the azrmuthal‘
direction. Thls results in‘a sheared rotatron flow structure for both the chargeﬂ(anﬁ neutral
species. A theoretical analysis by Capjack, Segum and Antomuk"z. whrch mcludcd the
- secondary flow effects was done to study the azimuthal motron of the chargc c‘rrels and

their subsequent ef fect on the bulk gas. Their results showed that the peak azimuthal veldElty.

Vg. of the bulk gas wag 35 m/sec. Experrmental analysis, showed that a specnfrc power
rloadmg of 20 kW/l was readrly achievable and was restncted only b) power supply limitations
and not by a glow-to- arc transmon '

Based on these encouragmg results thls same magnetlc stabthzatlon schcme was
applied to the coaxral drscharge configuration, shown in Fig. 1 9 Two coaxral water-cooled
electrodes were assembled, with the inner and outer electrodes bemg the anode and cathode.
‘ respecttvely and with the mterelectrode gap being 3.6 cm. -The requrred magnettc ficld, up to
600 Gauss in strength, was pl‘ovrded by a slmple external solenoid. In opcrauon the radial
current densrty,“l‘;?mteracts wrth thc axial magnetlc f leld B,, thereby producing an azxmuthal‘
Lorentz force Fg, orr the charged parttcles Experiments showed that a specnf ic power
loadmg up to 40 kW/¢ was possrble wrthout glow to-arc transitions, and as before this was a '

power supply ltmrtatlon
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A later theoretical analysis, by Razdan, Capjack and Seguln“'“’ examined the drift
velocities of charged particles ina magnetized plasma, using a Moqte Carlo s'imulatlon of the
caihode falldlegion. Their results indicated that the primary stabilization mechanism, in ef Fect
for the tr? ferse and coaxial discharges discussed previously, was a Lorentz driven charged
particle mixing velocity at the cathode surface. Specifically, with a sufficient magnetic ficld
strengmthe induced trarisversc motion of the charge carriers is sufficiently rapid, such that
their residence time, within a spatial region characteristic of the electrothermal instability (~1
cm), is less than the glow-to-arc transition time \_(~1 msec at 20 Torr). Conseqﬁentl&. these
mixing ‘velocities effectively "smooth out” any perturbations in electron density, thercby

reducing the susceptibility to glow-to-arc instabilitics.

1,6 Scope of this Thesis
The motivation of this investigation is to cxplpre the feasibilit)} of using‘ the magnetic
. stabili‘iation concépt for‘a large bore (10 cm) axial discharge stabilized with a transverse
rotating magnetic field. Preliminary work, done with a 25 c¢cm long sealed dischérge tube
having a. diameter of 10 c¢cm, demonstrated that plasma self -consfriction could indeed be
prevented through the judicious choice of magnetic field strength. However, as will be
supsequemly reported, the stabilization mode f or this axxal dnscharge differs significantly from
those of the previously discussed devices. The driven azimuthal velocity of the bulk gas is
insignificant, and as such, gas cooling to the discharge wall is insuffi ncnem. Thus, }n order to
. permit’a c.omplete study of this new stabilization method, the discharge tubc, now 50\ cm long,
was mounted mto a recirculating gas loop. An exhaustive series of diagnostic tests was
performed mcludmg an evaluanon of the electron denslty This was followed by a study of
‘ the axial gas discharge optical qualities, mcludm% a brief investigation of the laser output

power.
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This chapter is separated into three sections. First is—a—brief—discussion of the
f unda.memal plasma parameters and how these are evaluated. The second topic addresses the
| qhestion of bulk rotation, where the effect of the transverse rotating magnetic field on the
| ncutral gas velocity is analyzed. Finally, a discussion of the Lorentz forces generated when an

axial discharge interacts with a transverse magnetlc field is presented.

2.1 Fundamental Plasma Parameters

The next few paragraphs present an introduction to the plasma parameters used f or
gas discharge analysis. Typical values for these parameters are given in tabular fofm.
Magnetic f ie:l~d effects, if any, on these parameters are also discussed. Topics addressed are;
collision frequency, viscosity, thermai conductivity, heat capacity, mobility, electrical

conductivity, drift velocity, effective pressure and the ionization coefficient.

2.1,1 Collision Fregyency

In general, the average collision frequency for momentum transfer between r and s

particles, each with a Maxwelliéﬁ/ velocity distribution, is given by:“7

<r > = nQ{<c,>? + <>, ‘ (2.1)
81"*BTr(s) 2

where <C)> = [———] . 2.2

1(s) ‘ () - (2.2)

The quantities ng, Qs and <c5)> are the number density, collision cross-section and mean
thermal speed respectively. T (), kg and m,(s) are the temperature, Boltzmann constant and
particle mass. The collision cross-section for heavy species, (ions and neutrals), may be,

¢
approximated with: 4’



n

Ql‘l = '(rr + 13)2 = Q" J i (2'3)

where 1,(;) are the molecular radii of the colliding species. Values of molecular radii for He,

N,, CO, and CO, are presented in Table 21 The calculated collision cross-sections between

these épecies are given in Table 2.2.:

[}

: ’
The average collision cross-section for a gas mixture depends on the fractional -
composition of the individual gases.*’ For neutral particles, this becomes: /‘
an(mix) = Zi J/;fiQ ij . ‘ ” (2.4)

where f;) afe the fractional compositions of the.i( j)m gases. The average molecular weight -

for a gas mixture is given by:

. _ :
My = Zj—n—’a’ : (2.5)

where M; is the moleéular weight of the j‘h species and N, is Avogadro's number. Values of
Qun(mix) and My, are presented for several typical laser mixtures in Table 2.3,
Using Eqs. 2.4 and 2.5, the collision frequency for momentum transfer for the

neutrals may be calculated using:

16kgT,, ]"2 @

<> = 0Qun(mix) [',,7,,—— (2.6)

. mix
The accelerating electric field in the positive column of aggas disch#¥ge is small in
comparison to the fields that exist in the cathode fall region.*® For this reason, and also due

to many ion-neutral collisions, the ion temperature remains relatively low. A reasonable

approximation of the ion-neutral collision frequency results for T, = Tp; in which case,

<Vin> = <Vnn>.

The collision cross-section-between electrons and neutral particles is a function of the

Ta

& - a
electron temperature. Such information has been cc:mpiled.11 An excerpt from a table of

electron-neutral cross-sections, for a typical range of electron temperatures found.in CO,

laser gas discharges, is shown in Table 2.4.*”

oo
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o
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Table'2.1 Molecular Radii‘and Masses of

&

the Laser Gases’
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3'Avera§e }g[olecular Mass and Cross- Secuons for Several Typlcal Laser Gas Mixtures
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.be given by:

30

. . ) ,. q . . . " ‘ . .‘ e.
For a gas mixture, the electrdn-neutral collision cross-section is given by:
Q‘e.ﬂ(fﬁiX) = ijerj v ; o 2.7 .

4

-where: Qg; is the collision cross-section for mom.en.tum transfer between the electrons and the

j?h component of the gas mixture. USing Eq. 2.1, the electron-neutral collision frequency will

~

‘ ‘<Vén? = then(r‘nix)[<ce>»2 + <Cn>2]](~2‘. o . (28)

’
. .

The mean thermal ‘svpced of the electrons is much greater than that of the neutrals.

(See Eq.-2.2.) Thus, heglecting the neutral‘ mean thermal "speed and substituting for the

electron mean thermal speed, the elec;ron-neutral'collision cross-section becomes:

- o rskgT, N
<Ven> =N, Qen(rmx) [_T] - (2.9)
The average collision frequency for an individual species is:
e | ‘<Vr>. = Z <V> | S » (2.10)

For a weakly ionized plasma Ng(i) << n, . Thus, the colhsnons between neutrals and charged

particles will be inf requem in companson to those between neutrals Hence

W'.:;‘%ﬁj.” .

<p> = <>+ ‘<vne> > a<o,> . (1))

2 . .

Similarly, ‘the species collision frequency for a- charged partif’élem" 'Will be dominated by its

 collisions with the neutrals. Thus:

‘ <pi> = <Lp >+ Ly > o+ <> s <pp > .and L 12)
\ V> = <> e + P> = <Veynj?‘ o (2.13)

.}(‘}
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it rmal Conductivi .

- , i ‘ ' Y n T
Viscosity is a macroscopic measure of the frictional and tangential forces involved in
transmitiipg momentum in a fluid. For a gas consisting of a single species, the coefficient of

shear viscosity is given .by:49
Cu = %msp$<c§‘>ls, | : L (2.14)

'w\Sere <¢,> is the mean thermal speed and £,=(2"?n,Q)"!. The viscosity. for a gas mixture
49 ' |

is: ,
- O bmix =Zs[mn—:m—sr—] w.ooo o 1)
S Q, [ 2m, 12 . o
where | M§r = 65—5_[_@_] ] (2.1_6)
.The recl'uced mass, mg,, is given by: -
My, = —ﬁ{%r— : (2.1?)7‘

The thermal conductivity, A, iS a measure of how well' the gas transmits heat. ngfia
. fi i

single species gas“?,

15 kp [ 9vs°3. : ] ' ¢

s = T, | TS0y, D) o 218

where y,=c¢;/¢. cp‘and c; are the heat capacipy-dt, constant ‘pressgd volume 'respcctchly.
Values of "y, fqrmonato'mic(Hé), ‘diatomié(Ni"i@ CO), and polyatomic(CO;) gases are

1.67, 1.4 and 13 respectively.”’

( . Y . . » L
For a mixture of gases, the thermal conductivity is: 9.
. ' .. ng o . o
Amix = ‘Zs [m—] Ao @19

rirtisy 7 >

\

Values of "pure gas vis_cosity and therfnal, conductivity for I-ie. Nj, CO and CO, are shown in.
'Tablé 2.5. The ﬁscoSify a'nd thermal 'con’ductivify for sev‘crai CO; laser gas _mi\xt__uresj: are

‘ presented in Table 2.6. ¢

¢
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Table 2.5 Pure Gas Viscosities and Thermal Conductivities for He, N, and CO4 (T = }SO'C)

Gas. -  ug(10°5kg/ms) A (kgm/sK)
HE 23.119 01801
N, o o0m1 00292
0o 048 0028 .
W o, 17086 0.0i80 ?*
.fy\v'

Table 2.6 Viscosity and Ther?ﬁal Conductivity for Several Typical Laser Gaé ‘Mixes‘

(T = 150C)

. COy:CO:Ny:He umix(lO'ékg/mé)\ | kmix(kg-fn/s3K)
1:0:1:8, 22,602 . 0.11603
1:0:1:3 . 21345 . 007821 -
1:0:2:3 21.297 " 006766
1:0:7:30 S 3272 012012

1:1:4:14 . 22789 - 0.10128



Eqs 2.15 (and 2. 19) show that the }gtscosity (and thermal conductivity) of a gas

mixture is only dependent on the density ratios of its constituents ‘However, they are both '
‘,.1ndependent of the gas density itself. Thus, the abihty of a gas 'to transmit momentum and

heat is not altered with a change in density_. (The benefits of increased density are negated by }

a reduced mean free path between collisions. This is shown clearly.in Eq. 2~.14.)

2.1,3 Specific Heat Capacit

- Specific heats Cp ‘and cy, are thermodynamtc properttes that give the ratio of heat’
supplied to a unit mass of a substance to tts consequent rtse in tempcrature The constant -

‘ volume speclftc heat, cy, is less than thé constant pressure speufnc heat, Cp» ‘because in the -

" latter, the gas is allowed:to expand and do work on the system.
For pure gases, ¢, and c, are given by:! -

1 e

Cy = le

g|m 8|»
-

=T (2.21)

0where R is the universal' gas constant (R. = i(BNa = 8.3144 J/mole-K),. m is the mass in
kg/mole and y = ¢,/c, is found in tables.”! Values of ¢, and cp for He, Ny, co and CO, are
“shown in Table'237. , | | A

The specific heat.capacities for a laser gas mixture have been sho»yn to be: 32

;o B DY

- CV=’ ——,—ZW————,and © | ‘ (222)

Zyilyi - D

¢ = Tmf - . : S (223

~

- where f is the fracttonal concentration of the i" spectes Values of ¢y and Cp (gor scvcral gas

mtxtures are presented in Table 2 8 ' Coe

. (2.20)

-
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Table 2.7 Specific Heat Capacity for He, Ny, CO and CO,

. Gas

Y 6(/kg-K) c(I/keK)
He 1.668 3109 5186
N, . 1.403 36 - - 1033
co 1.402. B 1088 o
co, 1.303 o0 L

/\/\ “

Table 2.8 Specific Heat Capacities for Several Typical Laser Gas Mixtures

COZ:‘CQ:NZ:.He ‘ -Aév(J/kg-K) cp(J/kg-K)
1:0:1:8 1419 2218
1:0:1:3 1016 . 1511
1:0:2:3 946 U 1392
1:0:7:30 1513 oz

14 1270 1962
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Mobility is a measure of a eharged particle's. ability to travel through a background

' medium. The background medium for the partially mmzcd gas mixtures typical of C02 laser
dxscharges 1s simply the predominantly neutral gas. ln the absence of a magnetic field, the

electrical mobility of a chatged particle is given by:

] —‘ msvs ’ (2.24)

. |
‘ | L

* where g5, mg and vg are the charge, mass and collision (requ_erfcy of the species respectively:
N <) > .

"~ The retip of ion mobility to electron mobility is:

Y ) Ky o }neve | ' C .
L o (2.25)

Hence, ion mobility. may be neglected when cempared to electron mobility.53

Electrical c0nductivity, 0, is related to mobility by:
y .

0 = nq;k; + ncqe .. - . P ‘ (226)

~ For a neutral plasma, n —ne, and ar singly charged ions 191 =19l Becauge ke is much

. W
SO e
ey ) - ﬂ,‘w

) L3

4

greater that x,, electrical cond ctmty j a gas discharge is dominated by ihe electrons and ¢

' o=neqexe. ’ ‘ s B . (2.27)

In the presence of a magnetic f 1eld the electron . mobility, x., is a function of magnctic

fxeld Thus, using K“, k, and kTt to represem the. parallel, Pedersen and Hall mobilities, onc

finds that:>* «
| { a
€
N 0= = moy,, (2.28)
2 -
) Ven . 1 y
Ky = Ky —5——a = Kg —5 , (2.29)
vzq +@f, T T4 B
YeePlon _ﬂe :
rER T TR Y ., (2'30)

e
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where Wee = eB/mc (electron cyclotron frequency); Be = W, /vcn (electron Hall parameter)
) is the electron mobility parallel to the magnetic field; « n is the electron mobility parallel to '
the' eleetrlc field, and perpendrcular to the magnetic field; x-,- is the mobility perpendrcular to
both the electric and magnetic f relds

The parameter of most interest ln thxs context, is the Pedersen mobilrty, x,, which is
the axial mobrltty down the drscharge tube, It is clearly a functron of the magnetic field
strength‘ B, and the collision f 'requency. Ven. A low magnetic field strength results in & small
Hall parameter Be» t’n whlch case k; = k. Wrth a high magnettc field, B, is large and
clectron motion along the electric field is restrrcted The electrons are "tied" to the magnetrc
field lmes and «, is greatly reduted. |

-Electron mobrlrty is shown as a function of collision frequency in Fig. 2.1. At low .
pressures, where collisions are inf requent. the 'Hallqurameter rs large, and «, is therefore
small. Again, this is due to the electrons being' trapped by the magnetic field. For high
'pressures and therefore high collision frequencies. the Hall parameter is small, but s‘o is K.
Thus, &, is again greatly reduced. | '

As is revealed in Fig. '2 l . the Pedersen mobility,"lc 1» ls a peaked function of collision
f requency The maximum value is ‘found by drfferentratmg Eq. 2. 29 and setting the result to

- zero. The solution 1s ven = wce, and thus the maximum Pedersen mobrlrty becomes

Qe 1

Kimax = m = "—Q-B— - A K : (2.31)

_Frg 2.1 shows that Pedersen mobility, «,, is a functlon of collrsron frequency, ene U the
_collision frequency is in turn a.function of radrus in the drscharge tuhe then the \Judrcrous./_
choice of magnetic field strength may allow for any desrred radial mobility profrle

oExperiménts have shown that, wrth ZeT0 magnetic freld. the discharge establishes itself
on the centerline of the dischar"ge fube. Naturally, this promotes a centrally accentuated
.temp_eratu‘re profile..As a consequerlce, a hotter and lower‘ derisity region is invariably created
on the tube ‘axis. More cu‘rrent then l'lo_ws into this highly conductive region, and this
regenerative process leads to ithe‘rmal’ instabilities, as was shown in section 1.4.2,

’ . K
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Temperature measurements in section 4.2 show that the use of a‘magnetic‘ficld does

not change the fact ‘thaththe te Mture profile is centrally accentuated. A good‘

‘ A approximétion to the experimental conditions is given by the relation:

~\

T(r) = Tygy + (Tags - Toa)Jo(2:405 T7R) , 3
| »®

where Tyui» Taxis» Joo T and R'are the temperature at the wall; centerline temperature, Bessel
function of the first kind, radius and ma‘ximum tube radius respectively. With an input power
of 3 kW, and gas flow of 10 m/sec, the condition midway betwgcn the anode and cathode, is
given by T, = 150°C and Ta'xis = 350°C. This,tempg’;raturg profile is shown in Fig. 2.2.
 With the temperature profile in Fig. 2.2, the electron-neutral collision frequency
becomes a function of radius; as do the Hall parameter, B,, and the freg-fiéld electron
mdbility: xo. The resultant axial electron mobilitif profile is shown in ng. 2.3. With no
applied magnetic field; ¥, = &, and the mbbility is maximum on axis where the gas
temperature is highest. Because the mobility is maximum on axis the gas discharge establishes
itsell down the centesline of the discharge'tube. With the applfcation of the magnetic f?eld, '
the mobility everywhere is decreased. At a field of 50 G:uss/Tdrr, the mobility profile is seen
to flatten out. A{ this magnetic field, all regions of the cross-section become edually attractive
for current flow. This‘umagnetic field—vatue corresponds to the condition that B, is ~1. A
further increase in‘ the _magneticAfield stréngth results in a mobility profile that is inverted

from the case with no magnetic field. Fig. 2.3 also reveals that as the pressure is increased,

the magnetic field required for an inversion in electron mobility also increases.
. L N———

o
2.1.5 Effective Pressure

The application of the magnetic field causes the electron to gyi‘ate around the

 magnetic field lines.”® This makes”it more difficult for the electrons to travel"befvtaen the

. el;ctrodes, and accounfs for the reduced mobility (and therefore also a reduced drift velocityj

as discussed in seqtioh 2.14. With a' longer_'time in transit between the electrodes, the

electrons undergo more inelastic collisions. This is similar to the effect of a pressure increase;
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Pedersen Electron Mobility Profile
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hence the term “effective pressure”. - | .
Blevin and Haydpn'"5 established ‘that under the influence ol a transverse magnetic

field, a gas discharge behaves as though @nly an electric ficld is prcsent' and the pressure has

{ncreased fron}p to p', where v ’

A}
f

p' = Pl + (0e/ven)?. | (2.33)

Bernstein® has verified this ,ex'pcrimcmally for 20 < E/p S 150 V/cm-Torr and for Hall

parameters 058,525,

)

The concept of effective pressure plays a role in parameters thaj are a Function of

E/p (or E/N). As an example, the percentage of power delivered {0 the upper laser level is a -

~ function of E/N. This will be discussed further in section 5.1. Another example is the

Townsend ionization coef’ f_ icient which is discussed below.

r 5

The source of electrons in a arge is ionization of the gas molecules. The

number Qf electrons produced by c' ith neutral molecules, as they travel f r?m
cathode to anode, is of vital importance when predicting whether the discharge will require
external fonization or be self -sustained.

The number of electrons produced per unit length, in the direction of the electric
field, is known as the ionization coefficient of Townsend's first ior{ization‘coéf ficient, a, and

&

is given by:

a/p = A exp(-Bp/E) . '(2.34)

¥

The coefficients A and B-are constants dependent on gas mixture.*® With an applied magnetic

z

field, p is replaced with-p'. Upon substitution:

a/p = Afl + (0 /Pen) 1 %exp [:%Rgl + (wce/ven)z}llz] . o (235)
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Thrs reveals that « is reduced wrth the apphcat‘on of a magnetrc f teld ’I‘hts ef! fect has

I

been expenmentally vertf red Thus ifa constant voltage is marntarned actoss the drscharge.
the: numtger of ionizatigns by electron collrsron a, will decrease with the applrcatton of the

transverse magnetrc field. ,&. lower currem density résults rf no external 1onrzatron is present

b

2.2 Bulk Rotation

Prevrous mvestrgatrons discussed in section 1 5.2, demonstrated that the use of

crosscd electrrc and magnetrc statrC;lds could be used to produce a sheared velocrty flowétJ E

‘

structure in the bulk, gas (neutrals) of a transverse gas dtscharge 41 44 i These stabrlrzmg.-"

mrxmg velocrtres proved effective” in the suppressron of electrothermal mstabrlrtres Thrs

.

sectlon describes a theoretrcal mvestrgatron ‘that Was undertaken 1o determme rf ‘the transverse -

0

rotatmg magnetrc field apphed to -the axral drscharge would also generate these stabrlrzmg‘

mrxrng velocmes

The study of bulk rotatron begms wrth arC analysis -of the~ single fluid

magnetohydrodynamrc equation. This is_ grven by:’ CE ¢

?

- s
.~

e ST TR R : ; N o
whcre p v, ’ll J and B. are the mass densrty,~average velocrty pressure tensor current

denstty and magnetrc field respectrvely The ﬁressure tensor in terms ‘of the pressure P fnd a

vrscous stress tensor r is grven by: _ , . ’ AN
, n=?+m, A T ¢ 1))

o

wherc 1 isvthe unit tensor. The- viscous stress tensor 1 1s a measure of - the frictional' and "

, tangentral mteractrons resultmg durm§ momentum transf er in a fluig. ‘ Ergctor notatron

;‘=;'-‘u(,vv-+(vv‘)T)'+(%u—‘s;)(V-V>l. S (2‘?8%'

]

_where u and § are the shear and' bulk viscosities. Shear viscosity was discussed in section

2.1.2. Bulk viscosity is concerned with the-internal state of the gas’ molecules, ang is zero for

Y4

3. = = »->—>  >, ‘—> -> ‘ . k
—a—t(pV)'-i- V(pVV) +V =J XB, ‘. ' ('2.36)~



' a monatomrc gas and small for polyatomlc gases 58 (VV )T is the transpose of the dyadlc

V V as defmed by Morse and Feshbach ,59

= L : , i N . Coa
. . ,

L

- The quantity of mterest is the azrmuthal gas velocrty as a f unction of -radius. After -
considerable substitutron. the 8-component of the momentum equation, given in Eq. 2.36 -

 becomes: T ] -

| L [ a : - EVI | ' ‘
Hov + L[Faovg g ovd) ¢ Sive) + Vo] + 1

roav : W, Vo1 B g AV Ve 1.
_u|8] SV 8 _L 9 ) 3 o] , 1 Ve Vo
r[ar[r ar]+ ae[ 5 T r]+ez [rﬁaz]““‘r‘,,_aef‘r ]

- (S + —u)i aae [%[ (rV) Vg + :z (’V'Z)]']‘

>

Thankfully, the followmg assumptrons may be made to reduce thrs toa manageable form; A

- "steady state solution 1s sought SO Bt = 0 The azrmuthal velocrty, Vg, is assumed to be a

functron of 1, but not of 8, The dnvmg force is umform over a large regron m 1. Thus there
... are no secondary flows in the r-z qrrectrons and*the depenclence in 2 may - be removed Also,
smce the plasma is contamed by. the dtscharge tube walls Vi = 0 Wrth these assumptrons

g Eq; 2 .}39'reduces to:

Coretv, 1oV, VY, o .
R IR S AN

: where__Ba', is the field strength of thetransverse_rotating‘f ield and o is the _angtllar velocity.,

The rotating field is provided by a two?nole vinduct_ion- mOtor stator, hénce, the rotating field -

has'angular veloclty -of 1207 "'radiaqns/sec (3600,RPM’)'.

- a3

={ XB), ) | \t‘f SR "'".(2;.'3:9)

«Br = Ba).é(?f(‘;i}.f ). ... o ., “ SRR | ("2..41) -
By = B;,sin(_otb; . T (2.42)
R O N

Yoa

g - = : . ) :
BN » s . P o L SRR R :
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ln the analysrs of the gag discharge it is 1mportant to know lf the apphed magnetic

‘ l" ield 1s distorted by the plasma column Thrs is determmed by an analysrs of the magnetnc "
o \ Reynolds number. R which rs ‘the ratro of induced to total magnetrc mductton When
R << 1, the magnetrc field penetrates the medrum completely, arid the magnetrc field lines
are not drstorted. Any induced magnetic f ields generated are negligible compared ‘with the

“imposed fields. However, if Ry, >> 1, the magnetic field lines are distorted by the induced

" fields. 506! Ag R, - m, as for a perfect conductor, the magnetic field lines are incapable of .

Coa

penetratmg the medium

The magnetic Reynolds number 1s given by

-

Rm)=-uoaVL . | | - e
| . w . ¢ . ; T )
where ng, 0, V and-L are the magnetic ‘permeability of free space, electrical conductivity,

velocrty of the gas and a scale length For this analysis the scale length L is the maximum
- tube. radius, R. The maximum . possrble angular velocrty is wR. ”Wrth these substitutrons the

magnetrc Reynolds number becomes. S
Rp=wmo@RR.© - e

- Fora 20 Torr presss)re and a magnetrc field strength of 500 Gauss the mobrlity down the
centerlme of the discharge tube is 8 Csec/kg Cfrom F1g 2. 3) The electron densrty is_ :
: estrmated to be 3 5(10)18 m" f rom Frg 4, 27 Thus the electncal conductrvrty (a = NeQeKe)»
‘ rs 4, 48 C2 sec/kg m’ Wrth the angular velouty, 1201r lradrans/se? and the maximum
tube radius of 0. 05 m, the magniilc Reynolds number Rm, is 5. 3(10) 6 Thus we may‘

conclude that the magnetrc field lmes are not distorted by the plasma and that any mduced' .

\magnetrc f 1elds are small cc’)mpared {0 the 1mposed f 1elds

I As a consequence of the time varymg nature of the magnetrc fteld an axial - electrrc .
freld rs mduced *'Far =1 g Law. sgrtes thd? W o SRR . <
R e . T A F— : . } | .
S R (Y ->' -> . . 3 N . o
,\};, oo S ixE J_EB_'_ | o ©



where&"the éubscript AC is added to differentiate this in'duéed electric field from the applied

tz-'comb,onent of Eq. 2.51 is:

electric field, which shall B2 18f, ;ré b

ey oty
Wit

IR FHL s o o
E, = fz(‘DCv)"""‘Ei(AC)' o _ - (2.50)

£l

‘The final ‘step in ‘the solution. of Eq. 2.40 is.to derive an _expressioh for J,. (Since
. ’ ' oty

‘ 45
- With the assumption that E has no variation in z, Eq. 2.46 expands into: .. "
= - 1 aEz . S '
(Vv X‘ E )r = T 350 = —[—QBwSln(Ql - 9)] , and (2.47)
| > > B, . | -
. . - (V 'X E )‘7 = = —[wacos(wtli— ). . {2.48)
The' solution of these two eQuatioﬁs is: . R ; K
E,(aC) = 1wB cos(wt ~ )= 1B, | . o (2.49)

%%DC) The total electric field is therefore given by:

B, =0, the secoﬁd term,.J_;Bz. is eliminated.) This is found by fu}s‘ing"the genefalized Ohm's

~law’for a plasma in a magnetic field. Neglecting the ion slip and electron pressure gradient

terms, this is given by:47 .

-> . - > > ' ' . ’ L0 .
J =0-(E +V XB). S (_2.51)

With the same assumptions, 'ai_sfthose used with the momentum equation (Eq. 2.39), the

L
v

. Jz=' OJ_(_EZT vgBr') , ’ - . (252)

~y

%

“where o, is the Pédersen conductivity, which (using Eqgs. 2.27 and 2.29) may bc wrilten as:

Lo

"Thus, the azimuthal force is found to be:

e : h . Fg= VJzBr:.' 0,(E, - VoBr)Br . - - : E (254 o i

_'o_L’-_-'ﬁeqéx_L',. ' C e ' (‘2.53.')j



Subsututmg for E, from Eqs 2.49 affd 2.50, ylelds. .

‘51"

Fq

. :;4 L .
U.L(EZ(DC) + I'(n)BQ 2 Qﬂﬂ )Br , or T ‘ s " (2.55)
alEz(DC)Br Yo VOB . (236

4

, Fg

Further substitution for B;, gives:

Fp = alE,;,DC)chos(éx - 6) + oy(re- va)B,jcdsz(wt —6). s

At ﬁm point,: 1t is 1mportant to realize that Fe is snll a functron of 8. To derive an average

“azimuthal force, it is nccessary to mtegrate Eq 2.57 over 2 radians. Upon domg s0, the first
¥
'term vamshes Thus the DC apphed electnc f xeld does not contnbute to azrmuthal motion. It

s only the AC induced electrnc field interacting with the rotatmg magnetic f ield that results in o ‘

G'

an azrmuthal force on: the plasma. We are then left wrth , ge
Fo@v) = %‘O.L(“w - Va)Bw2 . ‘ B (2.58)
I o R Lo | T
Finally, the momentum equation may be.completed by substituting for Fg(,y) in Eq. 2.40 to
yield, with som,el‘manipul'ationbz , jﬁ o
AL .I%é'vo Vo o %, | 2
2 TR a ‘rz = ;Vo‘_f“’),Bw . - (2.59)

At this pomt 1t 1s desrrable to swdtch to dlmensronless vamgbles ‘in order sto have the
e'.;_ B

.~ momentum equatron asa funcuon of the Hartmann number, which is the ratio of the J Q?B_

“force Lo the v1scous force. The followmg subsmuuons are made

= I - 9 .
n = —-—F | ..UQ-— _0—)_R , - (260)

With these substitutions, the momentum equation becomes: =

¢ o - :
oy 1 By Y g2 |
—f 4+ = -9 = IH v - ).,
agt M o 27 2R e,
: S L1 Lo :
o U ) o Sy
<~ where Hy = [T] BR. - (2.61)



S

‘This equation may be solved by making rhe substitution:

o vy = vg-7. S e -

v .au vouy .
9 1 6 [/ 1gy 2, o : .
¢ —— —— _—_—-«:.._,H v , ., 2.63 .
anz n ‘ aﬂ n2 777 "8 ¢ K ' ( )
which can be rearranged f urther to'give:
2v, ] 3v .[1 s 1 o |
Ovg 1% Ty +__]., Y= . (264
3772' . n  on 72 %a 772 ) . ( )

which is a homogeneous modified Bessel drfl‘eremral equatlon 62 The boundary condmons

‘assumed for this system are that the azimuthal velocity at the tube axis and at the tube wall is

zero. That is: vg(n50) = vg(n=1) = 0. These boundary 'condf-ti_ons. for the primed

variables,_become: vo'(n£0) = 0‘, and v,'(n=1) = -1. Eq. 2.64 has as.lts solution:

.

L(Hav2) <
‘= —te——"—————" and so: .
V', = L (VD) and so | .(2 65)'
I, (H,2/v2) » o ‘
- -_—— : ' 2.
Vg =1 LEND ‘ \_ | ( 66).

where I; is ‘the modified Be'ssel function. This function is .plotted in Fig. 2.4 for a range of

Ha‘rtmannlnumbers 'between 1 e.nd 50. fhis shows tﬁat as the Hartmann 1rrumber increases,

'more of the neutral gas in the discharge »is being spun up. For high values of H,, the ncutrals®™ .

move at synchronous speed. | oo |
Unf ortunately, this is not the srtuatron at hand. For a- 20 Torr gas mixture

(1 1:4:14), the viscosity, g, is 22. 789(10) -6 kg/m-sec. The conducuvrty (as derrved for Eqg.

~2.45)is 448 (Zz-sec/kg-m- . With the tube radjus of 0.05 m and the maximum magnetic {ield

“available being 450 Gauss, the Hartmann. number (Eq..2.61), rs only ~1. At this low

Hartmann»"number .the maximum generated azim‘uthal velocity results at n=0.6 (r=3 cm),

' where "a=0 023. When multrplred by wR this- corresponds to a mixing velocrty, Vo, of only '

04 m/sec Thus we rnay conclude that without a srgmfrcam mcrease in magnetrc field
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strength, very little azimuthal totation of the neutral gas is expected.
N v : I !

. Initial observations suggested that the magnetic field forced the discharge to assume a

much larger cross-sectional area, than is. the natural tehdency.“ However, high speed

‘ phgtography revealed that the plasina éqlumn is in fact deflected away from the centerline

position when the transverse Yotating magnetic f ield is applied. Consequemly as the magnetic

field rotates, the plasma column sweeps across the tube cross- secuon at the same angular,

" velocity as the impressed magnetlc field. An analysis of the Lorentz force responsnble f or thls

plasma column deflection will now: be presemcd.

. . . N ‘ . . !
Consider the expression for Fg, derived in the. discussion of bulk rotalion, and

re-written below: " , . o .
Fg = 0,Eypc)Bucos(wt - 8) + o (10~ Vg)Bcos?(wt - 8) . (267)
A similar procedure as used in the derivation of F, may be used to derive F:

- F, = I,By’= 0,E;pc)Busin(et - 8) + o, (10 - Vg)B,Zcos(wt - 8)sin(wt - 6) . (2.68)

. The ratio, A, of the second term to the first, for both Fg and F, is:

. 4' i. g :
. o (‘m Vg)chos(wt - 9)
A= ﬁ 5
: 2(DC)

- (2.69)

The results presented in the discussion of bulk rotation showec that Vg~0, and so the -

maximum value that the numcrator N, can have is Rwa. which is ~0 85 V/m Typically, the .

‘ denommalor ‘D, is 2500 V/m. (See Eq. 5.4.) Thus, thc first term m both bqs 2. 67 and 2 08

" is much larger than the second. Hence, Fy and F, may be approximated by:

Fy = 0,E,(pc)Bucos(wt - 8) yand - | (2.70)

. .. -FsoEpoBsin(et-6). L en

The‘:,r; magriitu__de of the total transverse - force ma&'.then be ‘written:
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14 “ ,
2 J .
frr [F"z +F '] = 0,E,pe)Bo = NedekiBypeyBe - 1 (27D
Upon substituting for k, and B, (by recognizing that B, = q.B,/meVe,), Fr may be written -
as: | S ' '

. R FT = “eqc'l':c—ﬁTEz(DC) . . . (275
€ ’ : .

_ By difl ferent'iatlng Eq. 2.73, it may be shown that Fy has its maximum when Be = 1. For

B, < I, Fyis an mcreasmg function of magneuc field. Hence, the radius of rotation of the

'plasma column is an increasing fungtion of magnetic field strength. If B > 1, Fris a .

decreasmg function of magnetic field. Physrcally, this phenomena. may be explained as

follows Recall that the Lorentz force is a funcuon of the axial drxft velocity of the electrons

‘from cathode to anode. The axial drift velocity is a function of Pedersen mobility, which was

Ul

discussed in section 2.1.4, and was shown to be a decreasing function of magnetic field.

'However, when the Pedersen mobility, x 1, is multiplied by the magnetic field strength, Bw; as

in Eq. 2,72, this pr~duct is an increasing function of magnetic field for_Be < 1. Thus, the
decrease in axial mobility, Ky, is 'more_than compensated forby’—the magnetic field multiplier;
consequently, Fr increases nlith maghetic field s_trength. ‘Conversely, r Be '> 1."the
decrease in axial mobility, «;, is not fully compensated for by the magnetrc field multrpher' :

and Fr is then a decreasing f unctron of magnetrc field strength. . “,,.

: Durrng experiments under low pressure (3.5 Torr) condmons a magnetrc field of 175
Gauss rtesulted in what appeared to be a donut shaped annular discharge. High speed
ph0tography revealed that this was in fact an azimuthally rotating plasnia column forced off
the tube axis. Increasing the magnetic field to 250 Gauss caused the discharge to quench on
the discharge tube \ralls'. These phenomena 'are depicted in Fig. 2.5, which shows the el’f ect of.
rnagnetic field on ‘the gas discharge 'raclius as. it appears to the nake_d eye. The radial
boundaries weﬁ not as clear as suggested hy Fig. 2.5, but were "simply extrapolated from a

series of photographs.
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Fig. 2.5 Effect of Magnetic Field on the Apparent Radial Bouﬁclary of the Gas Discharge at

- Low Pressure (3.5 Torf) N - . ' . S
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' Experlments at high pressure (20 Torr) showed that with the magnetic field strength
available (450 Gauss), the "annular® discharge could not be demonstrated, nor could the
discharge be extingulshed by forclng the plasma into the wall. However, this magnetlc field
was of sufficient strength to force the plasma column away from the tube centerline. A
qualitative explanation for the degree of plasma deflection, resulting when the magnetic field
is applied, is as f ollows. T:he electric field causes a drift of electrons from cathode to anode.

" When thes/e electrons pass‘ throu;h the transverse magnetic field, they are deflected away fronr
the tube centerlme by a Lorentz (J X B) force, in a direction mutually orthogonal to both
the clectric and magnetic fields. Thus, the maxrmum charged partncle concentration is located
of f-axis. However the electron moblhty is still greatest on axis (see th 2.3, 25 G/’I‘orr)
and in the absence of this Lorentz f‘orce space charge effects would certamly force the
current to become, concentrated on the tube bore. Consequently, the final radial position of '
the plasma is a balance between (1) the natural tendency of the plasma to travel along the
highest electron mobility path (on axis), and (11)4he magnetic force which is deflecting the :
electrons away l‘rom ‘the tube axis; thereby reducing the on-axis conductmty (negexe).
Because the magnetic force is an increasing function of magnetic field strength (see Eq. 2. 72),/ )
the radlal posmon where the peak plasma conductmty occurs, and thus where the plasma 1s ‘
established, is also an increasing function of magnettc field strength'{wrll be shown rn
Chapter 4, thrs magnetrcally induced del’lectlon allows for up to a 25% increase in us ful
power loading into the plasma. In Chapter 5, the 1mphcatrons of these effects on the/ gajp

~

charactenstrcs will be discussed.
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The initial experimerits were conducted with a 25 cm long gas dnschargc syslqn\ havmg

no external gas flow. This resultcd in the generation of high gas tcmpcraturcs unsuiwblc fog.. .

lasing; since, as was shown in section 2.2, the Lorentz forces generated negligible flow in the

“bulk gas. Consequently, an expanded system, that incorporated convective gas cooling, wéi}’
. 1

necessary. The components of this expanded system, in which a recirculating gas loop is used,
are shown m Fxg 3.1. The apparatus consists of six major subsecuons a vacuum system gas
transport system rotating magneuc field supply, electrodes, thyratron pulser, and a DC
sustainer supply. An expanded view. of the magnetized gas discharge test seqtlpn is showp in

Fig. 3.2.

3.1 Vacuum System

The recirculating gas system is constructed of 6 inch diameter aluminum pipe with a '

1/8 inch wall thickness. The fan housing is 12 inches in diameter and the beat exchanger
housing ‘is fabricated froih aluminum chanﬁel. J&ims ate sealed with 1/8 inch Q-ring sclalcd
flanges. - K s | ‘ '
' " The test section consists of two parts. The first is simi)ly an acrylic tube, 6 inches in
diameter, wnh a wall thickness of 1/4 inch. Thns was necessary to provxde electrical isolation
for the "hot" electrode in the cemer of the test section. The second is a double wall, water
caoled chaﬂnel. ‘The outer channel is constructed of 57 inch diameler acrylic tubing wnth a
1/4 inch wall. The inner channel is 110mm(4.3in) glass tubing wilh'()mm(.24in) walls. This
left a gap. of 0.85cm(.34in) between the tubes through which water was flowed to help coof

the discharge, as well as to dissipatg any thermal gradients in the gléss tube. Delrin was used

in the construction of the electrode supports, which will be discussed separately,

>
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Fig. 3.2 Detail of the Gas Discharge Test Section
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Vacuum vessel eVacuatton prror to backfrlhng.’ is achxeved Wlth a Welch rotary mMrcal .

‘ pump havmg a: pumﬁng speed of 500 htres/mm Pumpdown trme .from atmospherrc pressure
to 0 1 Torr was 7 to 8 minutes. Af ter several hours of pu,npmg, to allow for outgassmg of g 1.

’ matenals the lowest attamable pressure was 6(10) Torr. ' ' |
sontammatron due to leéks is of jmajor concern, smce even small quantmes of o
'rmpurrtres such as molecular oxygen from the air can adversly affect the drScharge -
parameters 20 To det;rmrne the lealg rate the system is pumped out and sealed off.” The

pressure rrse is then observed over a perrod of trme The leak rate is subsequently calculated

using the r ormula =, "

,_leakrate =V-—§f— B L IS (3.1)

»\,where % 1s the system volume (180 lrtres) AP and AT are the changes n? pressure and trme

\respectrvely Snstem pressure was observed to rise from 6(10) 3 to 550(10) -3 Torr over a
“perr’od ‘of 20 hours Thrs corresponds to a leak ra4e of 5.0 l Torr/hr Thus the system has
’ »good vacullm mtegrrty Over a typrcal run of 10 mmutes the pressure rise due 10 leakmg 1s',

L] B _ . - .

“"oniy 4. 6(10) Torr o ; B | | |
32 Gas Transport System ’ : SERER
ln order to provrg full flextbrlrty in parameter measurement a varrable gas flow -

:f eature wascdesrgned mtto the gas transport system.: The prmcrple components of thrs system
N .

are the motor drive and controller the shaf t seal, and the blower The srmplest method to -

Vary the blower speed was the use: of a umversal motor wrth a triac speed controller A |

" Robbm.s &..Mvers 1.25 horsepower 230 VAC serres‘ wound umversal motor was selected

o

AN

- » e ‘ . ‘ ‘ R N

| Usmg ES srmple vfull~_wave trraﬁ:roller, the motor _speed rangeq betwee_n ~1000 :and 6000

TpmM. s

4

#
Since the fan is. mounted in‘side the system while the mot‘b'r is external, a shaft seal

was ypured to transfer power to4he blower umt A Vplvo hydrauhc motor seal with a 1.inch

_ drameter shaft was utili

d f or this purpose and is rated f or a top speed of 10 000 rpm Fan o

-
3
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.' shaft dl'ch ‘was accompltshed via a 1 1 pulley system with a’ quyflex V- belt Blower speed .
was momtored with an electro- opttc tachometer - D - '
| A smgle stage blower was employed to crrculate-the gas The 12 mch drameter fan is’
comprtsed of 10 injection molded blades mounted w“lth a 43‘ pttch angle. Blade clearance - |
between the blade trps and the: blower housmg was ~1/4 inch. . e L g
Evaluatron of the gas transport system performance involved" measurements of the

| gas flow velocities, on axis in the system test section, using a strarght pitot tube The pressure
dif ferentral was monitored w1th a capacrtance manometer (Datametncs Model 1400). Flow '
. elocmes were observed for a typical laser gas mixture (1 Gl 8) for 10 20 and 30 Torr total
'pressure These observattons are presented in th 3. 3 A ‘brief- study was also made of the
. radial varnatton in f low velocrty thhm the test section. The pttot tube was: rnounted at a radral
" posmon mtdway between the wall and the axis of the test sectton Flow velocttres s0 observed
were similar to those measured on axrs This feature is charactemttc of a fully developed

3

turbulent‘ flow.

3. _3 Magnettc Field §upply and Charactensttc

The rotatmg magnetrc f 1eld was provrded by means of three separate modules, as .

shown in Figs. 3.1 and 3.2. Each module is a three phase two pole wrndrng srmtlar to that

- )

used” for &n" mductron motor stator Because the plasma generates neghgrble back®emf, the -

magnets were wound withe AWG 22 copper wrre so as to 1ncrease the mdnctance of: each coil.

l

This allowed. a larger number of turns to be used ‘than uld be possrble w1th the usual’ ‘

g \ -

wmdmg of AWG 7 or l&.v Consequently a hrgh voltage wmdmg, rather than htgh current

-\yas obtamed thereby permrttmg easy magnetrc freld control thh a three phase

‘autotransformer - - S ‘ RN ;

1t was of paramount 1mportance for an approprrate analysrs that the strength of the

oy

) rotatmg s 1eld as well as its: dlstrrbutron be known Thus a Sprague UGN- 3501T hnear output _
* Hall effect sensor was rrlounted on an adjustable probe, in order to study*the features of the

Totating magnetic field profile’ in_»detail. This Sprague ‘sensor has a sensitivity of 700mV per

e e
. '
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l

@%auss of. magnettc fi 1eld Because the sensor is onlglnslttve to perpendicular frelds the

3600 rpm rotatmg magnetic f reld generates a pertodtc (60 Mz) waveform at the sensor output '
. d)
Sensot{*output was momtored thh an osclIloscope. to record the peak magnetrc field Values: A

digital AC voltmeter was used to record the RMS voltage output.

Measurements were made at 35 sx)arate locations, wrth the probe kept in a horrzontal
ortentauon (Flve radral measurements of magnettc field strength were .taken at seven axral
posmons) These radtal measurements conftrmed that the magnetrc freld was relatrvely
pmform across the drameter Thus, for a gtven axial position, the ‘transverse magnettc ftelcl

»

was f ound to be essenttally ~umform throughout the discharge region. The two modules on -

J extlter side were also energtzed to extend the regron of influence of the center ‘magnetic .

'
-

' orient‘e'd' In ‘this m)

module However in order for the ftelds to interact constructrvely. rt was necessary that these *

srde corls have the proper r’ﬁrecuon of rotatron as well as the correct phase orrentatrbn This
was cdnﬁrmed_ by lloscopetraces; shov_vmg_-a good sine wave when the coils were properly-

ionted! @r a nearly‘ uniform t‘ransv'erse rotating magnetic field could be imposed
over a 20 cm length of the gas drscharge The maxtmum magnetrc field SO obtamed when all
three corls are energrzed -was approxrmately 450 Gauss ‘At this- magnettc field strength the

*“total powler consumptron of the magnetrc freld structure was 5.7 kW; 1. 9 kW per coil. The

transverse magncttc f teld strength profrle measured as a functron of axial posrtron is'shown

;9~

in th 3 ﬂl
34 Electrgt_le I)esrg ,;.:" N
' Fbur dtf l' erent- electrode structures were developed and tested durmg the course of
o

this inve‘st‘tgatton "The frrst tlu‘ee ; sltown -inl Frg. 3.5‘ are the ring electrode, coaxral pm_

,,,,,

electrode and the segmented tube electrode Each was developed as an 1mprovement on the

f ormer, T?he fourth and l"mal electrode AQﬁucture is the button ‘electrode, shown in Frg 3.6.

‘I

Allof tpese electrode structures have the flurd ballast concept mcorporated mto their desrgn

Thts ba ast feature took the form of an mternal recrrculatmg electrolytrc solutron comprrsed

S

~of Potassium, Carbonate (K2C03) and water. In operatton these ballastmg fluid gaps

u

¢

“ . RN . | L S
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. failure, due to meltmg Thrrdly the

balanced the current fed to each sub-electrode ring, pin or tube. Thls‘fluid‘ ballast technique, ‘

40,64

developed within the University of Alberta's laser laboratory overcomes. many of the

'dlsadvantages inherent in- using: dtscrete resistors ‘as” ballast elements. This technique t’urther

provndes a cooling feature as a consequence of flowing cooled ballasting ‘solution through the

,electrode structure. @

.The stargl@eel Ting electrode was constructed with a rrdge on the inner dtameter

50 a‘s/ to cons‘,tram the plasma away from the edges of the device. The major shortcoming of )
- this: dmgn was that the plasma established itsell on one point of the electrode and remamed

fixed. This resulted in locahzed overheatmg and subsequent f atlure of the ‘seals at the edges’ of ,

the structure )

The' coaxial pin electrode spread the dtscharge effecttvely However ‘thé stamless steel

pms were msuff rcrently cooled and the pm ends would glow red at only moderate currents.
Agam thrs resulted in a f arlure around the seals on the pins. |

- In an attempt to cool the segmented type electrode more effectrvely. tubes with cool
ballast solution runnmg through them were employed These devices worked well unttl air
'locks developed m the tubes; thereby blotking the fluid flow, and leadmg to individual tubes

overheating.

All of thé prevrous three electrode. structures were tested with a short discharge length | ‘

of only 20 cm. When the flowmg gas transport system was, developed the test sectron was

' "1ncreased to 50 cm in length ’l‘hts feature permitted- electrode phenomena to be separated.

from the magneuc f 1eld phenomena of interest. With this change in the expernmental system,

o
te-nded 10 constrrct to the axis of the discharge tube:;z-regardless of electrode structure. For this

reason a single button electrode was developed both for the anode and cathode structures _

%
% ‘ From the experrence gained wrth .the mrtxal designs, a number of design cnterta, are‘

now known Frrstly, the electrode must, be adequately cooled Secondly all 0O- nng seals must!

[P hid &

. be posrttoned suf lmmw removed from the dtscharge area, in order to prevent premature,

4'*).\ . ‘

rode housmg* must be adequately protected ‘from the '

it was f ound that a segmented electrode was no longer eff ecttve"l his 1s because the discharge -
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plasma and its heating effects.

The button cartridge electrode configuration developed and shown in Fig. 3.6,

“ultimately met. all of these design crrteria Cooled ballast solution lS forced. directly. to the end'

of the electrode so as to ensure maximum coolmg All O-ring seals are far removed from the
-discharge region and conf med to an area of the electrode system that always remains cool. An
added bonus provided by the design is that there ate no seals between the vacuum and fluid

. ballast systems.. Protection for the electrode housingis provided by means of a ceramic sleeve

between the button cartndge electrode -and the electrode housmg Hollow cathode grooves

were mcorporated into the cathode button structure s0 as to improve performarlee 65 The

development of this hollow cathode button electrode proved to be a significant improvement

over the initial designs and has ‘been demonstrated to be both rugged and dependable.,

Lﬁ_T_le_n.l_‘nlss_r_lp.myt___L_ﬂistm

The desirable- features afforded by the use of external -jonization were discussed in
section 1.5.1. A thyratron pulser pre- jonization' source was added to th\e present system for
one addttronal reason; thrs being that the breakdown voltages needed for the 50 cm long

—

discharge at 20 Torr operating pressure exceeded the normal operating limits of the DC power
ly. S
Sllpp y . | & 1 N
The pulser jonization system, which generates impulses up to 20 kV in amplitude,

typically 300 nsec in width and with a rise time of 90 nsec, is shown schemattcally in Fig. 3.7.

. The system consists of a hydrogen filled ceramic thyratron (EG&G 1802) a thyratron driver

1
(Plasma/l\metrcs Model 121) operattng at 5kHz, a charging network, two pulse transformers

" and the discharge electrodes. When the thyratron is in its non-conducting state (between.

driver pulses) the saturable inductor and the charging ‘capacitor, C,. form a resonant

. chargmg Cll‘CLllt In a manner similar to an underdamped control system, the voltage across C,

swings to a value 60% hrgher than the voltage: of the pulser power supply. To prevent the

“current from reversing, a holdoff drodersplaced in serres wrth the resonant gérng crrcurt

In this manner the voltage on C, is clamped until the thyratrontrs fired: W 3~

%ﬁe thyratron |
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is l‘ ired, the hlgh voltage side of the capaoitor C; is shorted to ground. Because the voltage
across a capacitor cannot change instantly, an inverted voltage appears across the primaries of
the two 1:3 step up pulse transformers. The two secondaries, which are in series, re invert
the voltage across Cy, as well as steppmg up the output. voltage by a factor of six. Thus the
' voltagc from the pulser power supply xs stepped up by a factor of 1.6 by the resonant
charging circuit. A further step-up of 6 is achieved with the pulse transformers developed by
Merchant, Seguin and Dow.% These combined effects give a 9.6 to 1 step-up, with this
greatly increased voltage being trans.ferredfto the angde through the coupling capacitor C,. »

| Du:ing operation, it was noted that the step-up of 9.6 to 1 was only realizable when
feeding a load of very high impedaiire (open circuit) a‘nd even then for an input voltage of
less than 2kV, For a pulser supply voltage of 4kV, a step up of only 6.25 to 1 was obtained.
Another reduction m output pulse voltage was noted when the pulser was connected to the
system. The discharge 1mpedance proved to be suff1c1ently low to load the pulse transformer'
secondaries to the degree that a 6kV input voltage was required 0 provide a 20 kV output
pulse, when the system was filled with a 20 Torr (1:1:4:14) gas mixture.

Furtherrpore, the pulser efficienc' proved to be a function of DC current. As the
conductivity of the plasma increases with increased DC current, the output pulse voltage
decreases. For a cohstant pulser input voltage' .of 4 kV, the output pulse voltage dr‘opped from
15 kV at zero amps DC to only 10 kV-at a current of 2 amps DC. The ionization power input
to the plasma depends on the amphtude of the pulse output voltage squared. This aspect is
illustrited in Fig. 3.8, which features pulser output voltage squared plotted agamst DC

* current. As will be seen in section 4.3, this pulser charactertstlc has mterestmg consequences

for the evaluauon of electron density.
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is 2 40 kVA DC supply. adjuStable in voltage up to 4000 V. The series resxstor./RB. i§ the ~
fluid ballast resistor ‘described in detal earller The blockmg mductor L,, \fs reqmred to
prcvem pulser ou;put loading Idue to the highly capacmvc coaxial feed line of the syistamer
power supply. Sevofé pulser loading was noted in the abéence of L,, with the pulscrtlosing,/ 5
_over half its ,enc,rg& :é,harging the coaxial line. This aspect resulted in upacceptable losses|in the

‘power available to pre-ionize the gas discharge volume.

In conclusion, the expcnmemal design is now complete. A 50 cm long test SCCllO: lS’
mounted into a recirculating gas loop; with a flow velocity of up to 12 m/sec bemg avallablé‘
at.a 20 Torr pressure. The transverse rotating magnetic field, up to 450 Gauss in strex';gth, is
supplied ‘with threé individual modules; all having 'the same diréction and correct phase
6riemation. A reliable electrode structure has been developed and the means of providing . '
external ionization is a\'railable. The experimémal analysis of the magnetically stabilized gas

discharge may therefore now proceed.



Once the system design and construction were complete, a comprehensive series of
‘ i .

" tests were ddne to detern”e the operational characteristics of the magnetically stabllized gas

discharge In this chapter, investigafions of the terminal characteristics gas lemperature and

- electron densrty will be discussed. Gain characteristics and laser output power. ‘derived fr
‘the expertmental gas discharge, will be presented in chapter VI. : . ‘
a , l |
4.1 Terminal ‘gngrgg_tg[lggigg . ‘ A ‘.
" Terminal (V-I) characteristics were the first | tests performed on the magnetized
plasma column, For all measurements (unless otherwise noted), a gas mixture of '1 Torr CO,,

1 Torr CO. ,.4 T&'l' Nz, and 14 Torr He is used All voltages, currents and power in the

o &

graphtcal datla ref dr 40 t:ay:ulated quantities exclusive of ballast resistance losses

o - The effect of ga%“flow velocity on the V- characteristics is shown in Figs. 4.1-44.
. : HETELE [ .‘.’t’
i,

v The performance with zero magnetic field is shown in Frg 4.1, Operatmg voltages are
’ ! obserEed to,;be; an mcreasmg function of gas velocrty lmtrally, the V 1 curves exhibit a

posmve slpp; relattonshrp mdlcatrve of behavl'@ur in the abnormal glow regime. 8 With
}“* T

- i

1hcr€ased current the;operatlng voltage is seen to saturate signalling the impending onset of a

gloweto'-arc tm’Mmon2 Upon .the a‘pphcauon of a 450 Gauss transverse rotating magnctic
s, v,

,ftel.dt the V-'l charactertsttcs change to those shown in th 4.2. In this figure, operatmg

R Ce ] it

L voltages for a. gwen gas velocxty aﬂe seen to bé significantly higher than those f ound when the

‘mag xc 'ﬁeld 1s absent The V I curves mamtarn ‘a positive slope for the range of .currents

A x

: ‘ ~observ“ed t"l'hus the drscharge remains in the ahrbrmal glow regime to a much higher power

: lOadrng level when the magnetrc field is -used. For all flow velocities, the dif’ ference in voltage‘

» ~

. betWeen ,the magnetrzed and non-magnetized plasma is observed to be“an mcreasmg function

of DC current ThlS effect is shown clearly in Fig. 4.3, whrch derrves its data from Frgs 4,1

[}
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The eff ect of the transverse rotatmg magnetrc f reld on the V l charactenstrc for alld
m/%ec flow velocrty. ls shown is b‘xg 4 4, for a series of magnettc freld strengti{s In all cases,, ol
4‘ .

an mstabrlrty 1s seen to be 1mt1atéd at the anode under a DC sustamer current drive of ~2 B

amps .A? the onset of the mstabrhty. l.ght flasheg were observed to be emrtted from the '

- anode lncreasmg the sustainer voltage strll f urther resulted in the development of an arc. It is -

)

‘, achreved as f unctron of gas Véloiljw is shown- m Frg 4.5, whrch takes 1ts data: fr

*

mltratmg the mstabllrty ‘ g "' : , R A

»

l-rgs 45. and 4, 6 are dertved f rom the V 1 characterrstrcs The maximum mput power

.
-~

and 4. 2 The 450 Gauss magnetr f 1e1dq§ S

L)

magnetrzed plasma grows at a faster rate, such that at a flow velocrty of 10 m/$ c, the use. of _

4

f‘\!
a 450 Gauss transverse rotatmg magnetrc freld alld‘ws arr addrtronal 0 9 kW to be deposrted

“into the plasma Input power vs. magnetrc f reld for a serres of DC currents is shown in Frg S

4 6 Thrs dhta is derrved from Fig. 4.4, At currents of less than 1 amp, the magnetrc freld 1s:

seen to have no- apprecrable effect. Consequently, the addltronal power deposrted into the
~ -
; 'grble The benef icial ef,l ect of the transverse rotatmg magnetrc freld becomes

L}

apparent at nts above 1.2 amps Ata current of 2 amps the rotatmg magnetrc freld :
allows the power loadmg of the plasma 10 be mcreased by a fagtor of 25%
- Prevrous experlments were performed wrth a frxed/ﬁ;ser mput voltage of 6kV 'Ihrs

to study the eff ects ‘of external 1onrzatron o/n the gas drscharge a series of V- I characterrstrcs,

-

: wete taken at 1 kV; pulser voltage mcrements between 2 and 6 kV The term-rnal' -

N A
W’

& characterrstrcs 0 generated at zero and 450 Gauss magnetrc freld are shown m Frgs 4 7 and

’ 4 8 respectlvely In Frg 4.7, a deerease m the pulser mpttt voltage results m an mcreasedf-

"2

<
as the amount of external 1omzatron:

"ﬂ termmal voltage Thrs effect may be explamed a& follow,s The pulser clearly provrdes':

preromzatron for the plasma volurne Cansequently

de? eaSes the spst)mner supply voltage must mcrease to compensate for the reducedf o
“') .t";‘ S ; : ‘ g‘< o 'A,, l.lv -

\/——' P
belte\ted that this is prtmarrly an electrode eff ect wrth the bulk gas playmg a negligible role in. o
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conductivity of the plasma volume at a given current.
i

‘With the application of the transverse rotatlng magnenc field, the voltage required to

sustam the plasma is observed to increase dr&matically. particularly for low pulser input
voltages This effect, illustrated in Fig. 4.8, is the result of a further reduction in axial plasma
- condyctivity, resulting from the magnetically mduced rotatlon of the plasma column. This
| magnettc field ef fect was dlscussed m chapter 2. |

The va;mlon of dxschlrge power input thh pulser power .as derived from the results

*s‘ 4. 7 and 4.8, are shonm in Frgs 49 - 4, 11 thh zero field, the power destxted into

the dischar, .ge changed only sllghtly w1th pulser mput regardless of Dg‘currcnt Howcvcr‘

w1th a magnetrc freld

substantrally htgher especrally for low values of pulser 1omzatnon and high DC currents. Thts

aspect provrdes ; we opera.tor Wxth a convenien!t means- for optimizing the E/N ratro thereby

facllrtatmg maximum power deposition into the upper CO, laser level.24 These results
" suggested that a low pulser power input, in combination with a transverse rotating magnetic

field, could ovide an d" fective means f or CO, laser excitation,

-

»

In order to. completely mvestlgate the device termmal charactensucs additional V-]

curves were taken for three other gas mlxtures All three experlments were pe"‘rformed at the

wT

same total pressure of 20 Torr and the gas flow velocxty for all three tests was held cohstantl a

.-q.

at 10 m/sec. Each test was done w1th and w1thout thé applied rotatmg magnetlc ficld. The

*data in Frgs 4,12 -4, 14 demonstrates that essenttally the ‘same effects are observed with othcr

gasmlxtures. L ’ te

, .
;,50 Gauss, the sustainer power depbsited into the plasma was -

*



A

e

Input Power (KW
e

v

.0

Fig. 49 Input Power vs. Pulser Power, B = 0 R

o

. “Input Power vs. Pulser Power (B=0)

80

:w.

{ L l T

b

02 04 ‘06

»

-

»

K Pulser Power (kW) \ e \)

10

.

- Bard,



W

Input Pawer vs. Pulser Power (B=450G)

¢ 5 - T

Input Power (kW)

I I I |

-,

v ¥
"

v

Cy

. . ., . .
. V.
AT .
. ‘ B .,
. , -

" Wig. 4.10 Input Power vs. Pulser Po@er,‘B % 450 Ga(xés:' e ' o )%
. o . .8 R : . ? ’
R , } . o )

04 - 06 08 10
- Pulser Power (kW) .

Fil SN

»&%
N



:?:\ \’i";_." "7
.’\ : ““‘,,‘v,‘ .4 3 \
Input Power vs. Pulser Power
> T T T m
AT

»

"
N

? finput PoWgr' (kW)

* ¥

4

e

0 1 1 1 —e ] ‘
0. . 02 04, . 06 - 08 10

Pulser Power(kW) B .

e P « ‘ * ?

. P ’ ‘ a y <

-~ » - -

PN LA SIS e o ool -“',,' ’ ‘q‘- v o
o " s et ey £ C .
‘;.fg } R . 7 B l#. s .!1 "b;’ 173 i 'q 4 a : : oA ";47?: L e .I'f""l,*;;‘a‘\:x, ’ :‘*"ﬁ )

', ¥ TSR : ;! c : e T e ¥
TS B #4.11 Input. Power vs. Pulser Powgr: EZegt ‘of Magnenc Fneld .- Y,
vyt PR e B o . R oo Cor e
I‘L,A‘;r VAN T .



>

L4

Y2
B ¢

83

| I

L]

1 |

1

/

igh ' .Q-Cﬁaﬁ¢t‘éri§tics:'1/0/4/lsi Ga’quixture‘
7 o SN - ,

<

0.5 v - 10

-

1.5

- __~Cyrrent (A) B

- -



V-I Chatract

o~

84

er'iisti%s'-: | é/O/Q/ 16 '~Gas Mi xture _

1900 “ iR
1700

1500 .

Voltage (V)

1300 |-

1100

“. 900"

2100 %

o

IR

* Fig. 4.13 V-I Charactesistics: 2/0/2/16 Gas Mixture -

55

o ;1_.0'_4., —
- Current (A)

¢

15



B

- V-I bbarac\te’kis‘tiés:{ 2/1/2/15 ‘Ga‘s;Mix_tur'e

2100 —— L AE—

900} - 7

i

o 4, .05 0

/ S
- Fig. 4.14 V-V Characteristics: 2/1/2/15 Gas Mixture -

/

/

o o . Current (A)

15



U

A dtstrtbutton At high power loadings the rotéting plasma column is found to sweep though

D charge Temperatur
The secend set of measurements made were those of gas temperature Such data is
important, since prevrous expenmentatron has shown that the temperature ot” ‘the gas media .

must be kept sufftctently low $0 as to prevent ' thermalbottleneckmg of the lasmg process 16

‘ Thermal bottlen(éckmg ?urs whenever the C02(01‘0) vrbratronal level becomes populated as |

! result of thermal exci tion from the grdund state. A dlSC sion of thts toprc was presented

l
in sectton 1. 2

»

Temperatu‘re meéasurements were made cm downstream from the.cathode end of the
d

discharge apparatus Measurements were Mformed wrth a type J thermocouple

(iron- constantan) havmg a wire diameter- of 0.010 inches (AWG 30) The response time

- constant for this thermocouple is 0. 28 sec; thus provrdmg a sufftcrently l‘ast response l’or’

accurate temperature analysrs The thermocouple has a useful workmg range of 0to 750'(‘ e

The temperature proftles obtamed wrth: 2610 magt’tetrc I‘ ield are shown in th 4. 15.

" During this test tt was ohserved that the gas drscharge was of f-center. This was the result of

.0 0y

the discharge column being - blown downstream from the side-mounted anode. thh the

application of ‘a 450 Gauss magnettc fteld th% rotating plasma column sweeps through a

larger cross-section, whos&area tncreases with DC input power. This effect i5 a mamf estatto_n

-

of the stronger Lorentz force t-hat increases with applied voltage and ‘current. The

© temperature proftles ol‘ th 4. 16 are still sltghtly skewed at low power inputs. However as

. ‘e

‘pawer  input tncreases,ﬁ tHe temperature . profiles- adopt the more -_usual Bessel type

o

_ the enttre Cross- seetron of the. dtseharge chamber

. In order to complete the investigation, data showmg the vartatton of gas outlct
temperature vw'ith' input power is required. However, srirce rneaSurements, mdtcated that the

temperature - distributions | are non-axisymmetric for. the zero-magnetic field case, the -

-temperature profiles in’ Figs. 4 15 and 4.16 were integrated acros‘s'the tube diameter to yicld

average values. 'l‘he result, (Frg 4 17) rllustrates the vanatron of gas outlet tempcraturc with .

Bom =

input power and reveals that the gas output temperature saturates with inereased power

[y

’
-~
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“ input), the dtfference between T,y and TH o also mcreases Thts effec
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mput This unexpeqied feature may be explained by postulating‘ ‘that, the cbol}* et‘i iciency’
associated with the water cooling jacket improyes with an increased gas temperature al the :

discharge chamber wall, Some justification for this contention ts afforded by an examination '

‘of the power actuatly absorbed by the cooled water jacket, Such an absorptton is given by:®

P - 2"kgiassL(Twail B TH,O) L L (4.1
wall ™ In(1-+ twa"/R) e LoD

w

where kglass, L, Twaii- TH oF R and Lyal AT€ the thermal conductivrty of the giass tubmg. the
length of* the tube, temperature of the discharge tube inner wall, temperature of)the coolmg
water, radrus oi‘ the tube and wall thickness respectrvely Eq 41 shows that”as- the gas

temperature at the ‘lscharge tube mner wall mcreases (resultmg from ) mcreased power

in turn provrdes a
hrgher heat transfer efficiency. Hence more heat is removed by waii conduction This results

1

in a reduced temperature rise of the gas,‘ as it is convec.ted past the thermocouplc:

. ¢ _ \ .
The effect of gas- velocity on gas temperature is shown in Fig. 4.18. The input power

‘and the ‘magnetic‘.i'ieid stren'gth were kept constant at 2 itW and 450 Gauss respectiv'ely.:

Recordings were taken at the discharge tube axis, as well as at a’ radius of 4.5 cm. The output -

)

temperature with no gas flow,is low because the thermocouple is physically situated at some.

distance from the dtscharge As the gas ve]ocrty increases, hot gas is convected past the

>

thermocouple and the temperature rises. This ef fect continues until gas flow velocrty of 8
m/sec 1s reached. At this point, the thermocoupie is being heated by the additional hcat

-

transported downstream b'y the low-speed gas flow. As the gas flow increases still [ urthcr
past 8 m/sec, convec—&ve cooling becornes more eff ectrve “Thus, the gas outlet tempcraturc is
observed to drop The shorter gas resrdence time that is achreved results in icss gas hcatmg
wall coolmg accounts for the lower gas temperature recorded at the 4.5 cm radius. ,

This series of measurements demonstrated that the gas temperature was far too higiy
to sustain laser action. Thus, a short test was perfoamed to determme how f ast the gas outlet

temperatu} Tises. Magnettc field strength and DC power input were kept constant at 450

- Gauss and 2.5 kW respectrvely The temperature rise observed as a functton of time is show/

a . M
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1n Fig 4 19 Thp nme cpnstam for this equnent_[ally inc;rea&ing curve is 6 8 seconds. Itis

important'to nbte that thls vgue is far grcater than the response timc constant ol" thc'

+ IS o -
\ .

thermocouple . oL

LR

*

It 1s cLear from the tempcrature expenments that the plasma is only uscr ul for laset

-

#

. -action for 210 3 seconds at- mostg "For thls rcason. it was necessary to do gain measurcmcnts

of the magneucally Stabllxzed dnst:hargc under short pu!se condmons leaving umc for gas
. . &

s coolmg bctween pulses.- Thys burst mscharge techmquc is dncussed in section 5.3.
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4.3 Electron Density Measurements - ~

The next set df measurements undertaken were those of electron dchsity within the

- discharge volume. Such measurements were first per'l‘ormed by Lapgmuir and Mou-Smuﬁ in

the mid 1920's.58 This data was desired, since extensive research has documen}éd-tha‘t,elecl,ron
density has a direct bearing .on the gain attainable in the gas discharge.’ In addi{ion. the

spatial behaviour of the ’plasma will affect the optical quality and concomitant power level

_ achievable from the gain volume.’Th'is being the case, the electron spatial distribution and the

manner in which the externally applied pulser affects the plasma electron density are of great

significance to this work. .

Measurements IWere performed using the tonventional Langmuir probe apparatus

. shown in Fig. 4.20. A single conductor probe was inserted into the plasma at a point midway

between the electrodes. The probe axis, being off-center, allowed the electron spatial

distribufion to be studied by simply rotating the probe body, ghercby’ ;;;ovi&ing a radial scan

L 4
.through the tube axis. A blocking inductor, L, is needed to filter out the high voltage impulses

" induced into the probe tip by the pulser.

The probe is biaseﬂ, with regbcctito the plasma, by using a power supply and voltage
divider technique. A voltage divider is necessﬁry to ensure that the power supply vohage 1s
hi‘gher‘ than the plasma potential a;t all times, since current cannot flow inte the power suppl);.
The resistor, R, is used to prévide a low voltage signal (less than 50 V), to a_differential
oscilloscope. These low vﬂhage signals were used for the low pressure (5 Torr) evaluation of
electron density. This will be discussed in section 4.3.7. a ' .

The parameters of interest are the probe-to-plasma potential and the probé current.
Both are related to the experimemél measurements of po\w*‘cr‘supply voltzigc and current. Th:cl
power sppply used is the Fluke #412B precision variable (0 - 2100V) DC supply. Power
supply current was measured with a Hewlett-Packard #4288 clip-on DC amr;mer. The probe

voltage and current, where probe current is defined as that flowing ‘from the prbbc into the

- voltage divider, are given by:
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Electron Density Probe
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(A} D artz Tubi
—A) P Quartz Tubing
_ | | A ‘
Rq —
- A\ ./
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C Differential Discharge
Oscilloscope - Volume -
Input ‘ R
1 .
Vos: Vari_able Power Supply, 0-2000 Vs o Ry =2.005 k0 -
C, Isolation Capacitor = 20uF, 3kVDC Ry =24.92 k2
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L, Filter Inductor = 1.16 mH

Fig. 4.20 Electron Density Probe Apparatus
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ngbc = Vpowu wppiy~ lpowu mpnly"l i R " (Q}lA ‘i

(
St Vorobe ‘
lprobe = ‘]{{‘I‘R;' = Ipower supply * -

_ A knowledge of. the floating potential is requlred; in order to determine the

Py

PR

4.3)

probe-to-plasma potential. By definition, this is the probe voltage for which the probe curtcﬁt
is zeto.69 During operallori; a series of power supply voltages and currepts were r&opdeé.,
Upon calculating the values Of Vprobe 80 Iprope. the point in the experimental data wite
Lrobe = 0 may be evéluated by interpolation. | The dlfference between the floating vollaée at
Iorobe = 0 and the probe voltagc for the Iorobe # 0 measuremenls is the bias voltage or

probe-to- plasma potential. Thls is given by:

V bias =_Vl’loa(ing - vprobe - L (9'4‘)

"Values of Vbias ane Iprobe are used in the calculation of clectron density. . )
The plasma, at some distance away from the probe, is assumed to be neutral;lxing i
composed of equal numbers of ijons and electrorls lf the probe is biased sufficiently positive
with respect to the plasma ions wxll be repelled from the probe. Electrons will however bé
’ amacted to theg)robe and current will flow from the external circuit to the probe. If the
probe is 1solated so that I ope = 0, then the probe will be at the "floating” potential. When
“the probe is negatively biased with respect to the plasma, electrons are repelled. Consequc_ntly.
current flows from the probe into the external circuitry. |
It is desirable to restrict operation to the situation 'wherc the probe is biased negative
with respect to the plasma. This is done l" or two reasons. Firstly, a probe biased vpositivcly
tends to draw large electron currents 1hat pcnurb the plasma giving questionable results.
Secqndly, the presence of a magnetic field makes electron current collection a function of
probe o,f‘entation.71 A difference il’l thelelectron mobility parallel and transverse to the probe
is reSponsible for this effect. This aspect was discussed in section 2.1.4. Because ions are far

more massnve than_electrofis, moderate magnetic fields of 500 Gauss will not affect the ion

mobility apprecmbly Consequently, electron density calculatnons are based on ion current
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--'\‘f'collectron usrnganegatrvely brased probe e o ,

o /
The probe theory—developed by Langmuir is partrcularly useful in the study of very

" low pres5ure pla mas, where th'“bn and eléctron mean free paths are larger than the probe e

f drameter In thrs 3cenago the 1ons and electrons are able to reach the probe in a collrsronless- ‘

" .‘;".fﬂﬁshron However at the 'S and 20 Torr pressures used m this experrment the mean free paths -

of electrons and dons are much less than the probe. radius. Thus it'is necessary to use a hrgh c

Ty

pressure probe theggvl’or a eollrsron dommated plasma sheath A number of such hrgh o
N\ .

o pressure probe theorres Jhave been developed each for a specrf ic regrme of probe operatmg:

e condmons

In"the applrcauon of thrs theory. it must frrst be known’ if the plasma may be

consrdered statrona&/f 50, Qen erther the theory deVeloped by Krel72 or that by Su and

lam ‘would apply. On the other ‘hand, if the plasma is movmg, the theory developed by‘ |

Clements and Smy would be apphcable In order to resolve this questron a number of

T drmensronless parameters must be evaluated the electrrc Reynolds number (R ), the Debye. :

E number (a) and the drmensronless bras potentral (x).

.

Evaluatron of the jectnc Reynolds number Re, is done t0 determme rf the plasma

may be consrdered statronary Thrs par&meter grves the Tatio of the ambrpolar ron drffusron

veldcrty to: the plasma flow ve10crty If. R is less than 1, then theﬁsgare not berng swept out ,

or the probe sheath and the plasma may be e0nsrdered statronary Thrs condrtron 1s expressed
: as':v‘_; BRI g LT e e ‘ f‘(\ .
/ | vfzrﬁe
L T ' ’ . »

R

whcre vf,. rp.

condurOns under study the maxrmum flow velocrty is 10' R/

constructed of copper wire (AWG 24) wrth a radrus of 001 mches (2 54(10) m) Ion

e, Ky, kB and T are the plasma f low velocrty probe radrus electron charge ion-

Also the probe used is.

mobrluy canbecalculated usmg (Eq 2'24) T T T ) i
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The average volume werghted mass of the ionized molecules is calculated usmg Eq. 2.5, Ft‘om |

.Frg 4.16, the témperature mrdway between anode and cathode is estimated 10 be 610K The

. ion- neutral collrsron frequency is calculated usmg Eq. 2 6. With theSe values, the ton mobrlrty >

is calculated tb be 0.0342: m2/V -Sec. Upon substrtutron into Eq. 4.5, the maximum Reynolds

"number (at ’vf = 10 m/sec) is 0 15 suggesting that for “this study the plasma may be- - -

consrdered stattonary o T

Havrng determmed that the plasma is statronary the ‘question remams of whether the ‘

“thin sheathl expressmn derrved by Kiel, or, Su and Lam 8 thick sheath expressron 1s o

: l
: '_approprrate‘ An adequate drfferenttatron between these two hmtts requires knowledge of the

e

w remammg two parameters the Debye number a, and the drmensronless plasma pot tral X.
.If aX < 1, then Krel s thin sheath expressron holds However, if ax > l then the e prcssron e
derrved by Su and Lam is correct “
The Debyé number or normahzed probe radtus is given by: T Lo ‘ ’
. ] a=rD ___L[oBze] , . ) N (4.7‘) /
. LT Ip e s . L L
where Ap and r. are thweDebye length and probe radius respectlvely The parameters ¢, and
n0 are the pgmrttrvrty of free space and the charged parttcle densrty respectrvely ‘As, wrll ‘
. dtscussed in sections 4:3.1 - 43 5, the electron densrty varies between. l( 10)!8 and
5(10)18 . With an average value -of 3(10)18 “and a typical electron tempyr/ature
/
of 1 eV11 . the Debye length is 4(10) m and the Debye number a rs 0 02 The n/{rmalwed
‘ probe to plasma potentral is given below - : ’ ‘ : /
: “‘kT_«bras" L - v , o
' ‘\IEOI 1 eV electrons e/kBT =1, and so Eq 4 8 reduces o X= Vb,as LN o

In prrnetple either the thm sheath or thrck sheath expressrons may be used to ’
deterrmne the electron densrty How;evdr the repeatability of the expertmental data collected is. g )

better for bras voltages greater than 100 volts as s revealed by-. Frg 4 27 Wrth

1



contrast with the very low pressure theory developed by Langmurr

. where ybii: must be at least 100 V- for the pressnon to be valtd This equatron is. used f or all

- | 0"
I v T ®
mes .2 100 V and a Debye number of 0.02, ax 2 2 and the tthk sheath expr’essron is used
to evaluate the electron densrtyt
For' electron density calculations in the statlonary, thick sheath regime the express1on K
dertved by Su and Lam is appllcable ‘This is gtven by 0 |
v ‘. o B L h
igy = (41re )4 (vbiasrp,obe)1’2(4n’nokBTe)3"‘ [1 + —T—‘e—] K @9 \

.

'whcrc all parameters are as def ined previously. An tmportant consequence ol' the thtck sheath

regxme)‘§ that the jon. current does not saturate with mcreased bias voltage 1‘l‘hrs is in ldrrect
i .
. ;‘

The expressron derxved by Su and Lam is for a spherical probe. Smce the cylmdrtcal

probe used (length of 0. 30m = O .762cm) has a surface area larger tharr' that of 3 sphertcal

\U_S,e,,lS.glVCn—by—Z ST N o
‘ ) » lrj 4‘/3

o= [ Lion ]
s L.5(10) Bilya)'? 4

electron d Ly calculattons made at 20 Torr in thts mvestrgatton




ar .

' Initial electron density;measurement‘s were made with the probe tip on the axis of the
discharge tube. The fi 1rst two expenment,s were done with zero gas l‘low A study was made of
the effect of DC current on the electrou density. th 4.21 shows the relattonshtp between ion
current and nega(ttVe bias voltage wnthout magnettc f 1eld Each trace on the curve was done/
with a fresh gas mixture, to ensure that gas contammatron eff ects dld not have a cummulauvc '
eft‘ect on the data As seen in Frg 4 21, hrgher ion currents are collected at low DC .currents
than at high DC currents for the same negative btas Expertmental observations of the pro'be'

" tip dunng a typlcal Tun are aq f ollows . ‘ »
For negattve bias voltages greater than 250V, the probe has a vrstbly dlsturbmg Bffect
on- the plasma The t1p of the probe gloys red and mstabrlmes between the probe™hd the

anode are visible m‘,‘the form of flashes thiough the bulk gas. For a rjegative bias of l_es_s than

250 li\\sheath around the probe tip is apprortimately the same thickness as th'e probe .

diam (0.5mm), havmg a diffuse boundary extending ~1.5mm from -the probe At the

v“floatmg potenttal, where the probe voltage -and the plasma: volta}e equal, the ‘boundaries
of the sheath become more clearly defined. For posmve bias vOltages, the plasma shcath is

‘ very sharply defined, and too thin to measure

LN

l

The electron densrty is evaluated in the follo ﬁgﬂanner For each trace m Fig. 4 21 |
~ several pomts with negauve bias voltages greater than 4100 V are taken. Upon substttuttdn mto
;. Eq 4. 1(‘ consistent values: of electron densrty result with typlcal standard devgauons of
0. 15(10)18m These are shown m/Fg/ 4, 2224For low DC currents thc electron density i
6(10)18 Son decreases exponenttally as DC current increases, At a f)C current of 1.5 A

" the electron densnty falls to ~2.4(10)}% m v 3,
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The previous test Vas 'repeated' this timewith a transverse rotating magnetic field of

'450 Gauss. It was hypothesrzed that the electron density on axrs should decrease due to the

Howev

rotatrn p1asma column moving away from the tube axrs in the presence of the magnetrc f 1eld
the experrmental data obtained wrth a magnetrc freld of 450 Gauss shown in Fig

4, 23 is essentially the same as that in Frg 4.21 when the magnetrc freld was not present“‘

b

Prcdrctably the electron density; shown in Frg 4.24, is also srmrlar

The data obtained thus far raises two questrons Firstly, rs the pulser providing such\

uniform romzatron ‘that the presence of the magnetrc field has no effect on - the electron

density? After all, high speed photography has revealed that_ a plasma column is moving

- azimuthally through the discharg’e'tube To answer this . question, a radial scanning of the

drscharge tu\:e was done with the electron density probe T hese results are presented in section

k.3
4.3, 4 The second question pertams to the reason for the exponentral decline in’ electron

3
density as the -DC current is increased. Thrs phenomena is explained by recallmg the

ycharacteristic of the pulser as the load (the plasrna) increases in conductivity with 'increased

N

ﬁ DC current The exponentra] declme in palser output voltage with increasing DC current was

shown earlier in Fig. 3.8. This curve bears a str’tkmg resemblanc; to those of Figs. 4.22 and

4.24. 1t is believed that the exponenttal decrease in electron densrty wrth DC current is srmply
h &

‘a res_ult of the mcreasmg plasma: conduct-rvrty.u, ad ,concomrtant decrease in pulser -effrcrency, '

B ~as discussed in secion 3.5.. ..
A W ; ' . -
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a Elqec;tron Density vs. Current : B=450G
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Thrs test was performed both with and wnhout magnetic f leld In the case of zcro

magnetic field, however, lhe da‘(?was of little use. Recall the off -center discharge discussed in

probe. Clearly the probe was a dlsturbance to the dlscharge and the results of thns v

»

therefore of little value

0.5 amps. Gener?lly, the ion currems are lower than in the case of z : gs velocrly
. to be expected, since the gas velocrty creates an ion loss mechams“m. resultlrrg in a lower
" charged particle density. Thei electron density for this test is shown in Fig. 4.26._- Despite the -
lower electron density, the exponential decrease inb electron density- with -increased DC current

s still apparent. . , »

Wt
-

4.3.4 Electron Density: Radial Variation
The results in sectlon 4.3.2 supported the nouon that the pulser was mamlammg a
uniform ionization wrth or wrthout the presence of the rolatmg magnetlc f 1eld To investigate )
this theory, six addmonal tests were done. For each test _the DC current ang.pulser input
voltage were kept at 1 amp DC and 4 kV respectively. Alﬂ cach of three radial values (1, 2.5, 4 -
cm), vt\‘v'o tests were performed, the first with zero magnelie.f ield and the second with a 450
Gauss transverse rotaling'-magnetic field. The resuits for all six tests A}c presentcd in .Fig.
4.27. For negauve bias voltages greater than 100 V, the clustermg of the data about a smglc

curve confirms that the electron densrty for all six lests has indeed been the same (3. 5( 10)”‘

m 3). This is the same value predrcted by _Flgs. 4.2]1 - 4.24 at the 1 amp data points.
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" Probe Characteristic : Radial Variation
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4,3.5 Electron Densitv: Pulser Yariation
[ »

The next series of expcrimems were a study of how the electron density varies with -
pulser voltagc‘. The test was performed with a variation in pulser input voltage l'rﬁm 2106 kv
in 1 kV increments. The discharge was established and maintained at a constant DC current of

" 1 amp. As with all previbus tests, each trace of the ion current vs. negative bias voltage was

- done with a fresh gas mixture. The first set ot; measurements were done with zero magnetic
‘field. The exmrihcnml results are shown in Fig. 4.28. Based on this data, the electron density
variation with pulser input voltage is shown in Fig. 4.29. As expected, the electron deasity
increases fo;~increased pulser input voltage, For a pulser input 'voltage of less than 2 kV, the
“plasma could .‘not be sustained, At a pulser input voltage of 2kV, the clectron density is
1.5(10)¥ m"3. For an input of 6kV: the electron densi?y is 6(10)!8 m>, « fourfold increase.
"The shape of the curve, with its apparent rise to a saturation level is belicved to be a pulser |
effect. For a low voltage input of 2 kV, the pulser produces ar‘\‘ output of 9kV, a mr‘ulliplyin’g.%
factor of 4.5. At 6 kV, the pulser is only able to produce ‘an %nbut of 12 kV, a reduced
multiplying factor of only 2. Thus. as the pulser input voltage increases, the pulser efficiency - i
is decreasing. This accounts fori the satﬁration wffect shown in Fig. 4.29. | o

The previous tests were repeated with the gas discharge being subjected to a transverse
rmatﬁhg magnetic field of 450 G. The ion current vs. ‘negétive bias voltage for this test is
shown is ‘Fig. 4.3Q. The resulting electron density is shown in Y’ig. 4.31. The "similarily in ’

_ results for these two tests support the notion that the pulser is indeed maintaining a uniform-~

e g

jonization throughout the gas discharge tube.
A
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The serres of tests just discussed appear to mdtcate that the electron denstty has no,

spattal variation. \x’hether the 450 Gauss transverse rotatrng magnetrc field was energtzed or

not had no ef fi ect on the resultant electron densrty predrcted by Eq. 4.10. This was desprte
the revelations from high speed photography that showed the gas drscharge to be a raprdly‘
rotating plasma column sweeping azrmuthally around the discharge tube at the angular
velocity of .the rotating‘magnetic‘field Thege aspects suggest that the pulser pre-i’onizatiort
system may be maskmg out the spatral vartatrons m electron densrty

v

Consrder the f ollowmg scenarro "The pre- romzatron system is creatmg electrons and

'tons However owing to the hrg‘g voltage rmpulses that produce tht?rzatron the electrons

have hrgh average . energres In order 10 collect an jon current fr the negatrvely biased
probe these high energy electrons must be prevented from entermg the ion- sheath that
surrounds the probe tip. Thus, as seen in the previous: measur.ements, ‘it is necessary to

strongly bias the probe.

Now consrder a second source of electrons such as those from the sustamer DC

 power supply Wrthout the pulser the sustamer supply .is mcapable of marntarmng the
'neCessary romzatron to siistain the plasma Hence the electrons from thé sustarner supvt’

,have low average energies. Because the probe is btxed S0 as to reJect the hrgh energy electrous

f rom the pulser the low energy electrons never get near the probe and-are therefore never

detected Thrs would account fdr the lack of spatial varratron m eleetron density in the

’measurements To test thrs hypothesrs an electron densrty measurement was made’at a lower

pressure where the sustamer supply- alone was able to mamtam the drscharge w1thout the

" néed for external tomzatron. The results of thrs_e:rperrment are ‘described in the followmg

section.



4 . The previous tests done at 20 _Torr ‘showed that the pulser'elther effect'ivelycontrolled

the electron density or masketni}' out any effects of the rotating plasma column.n“'Thus “ a study

- was needed of the electron density spatial- vanatron without the prelonlzatron provnded by the
. pulser. This left two options; erther the 20 Torr test would have 10 be done at much higher. -
'voltages in order to self -sustain the drscharge or else a lower pressure test would need td be

done Due to power SL\pply and apparatus limitations, the low pressure (5 Torr) approach

was taken . v

A

“The test apparatus is the same as that shown m Frg 4.20. Because the voltage on. the

s _probe has a large DC component wrth a small superlmposed AC component a dif ferentral

type of measurement is required. In order to get good resolutron a maxrmum voltage of 50V

rs requr»red for the dtfferentral oscilloscope in the laboratory Thus. a 2 kQ resistor, R, is

placed in series wrth the 78 k& resrstor as shown in Fig. 4 20. When Vprobe and llon are.

defined as the voltage and the ion current collected by the negatrvely biased. probe, the

)

‘following relations result: -« AR o .
' Vprobe = V[l + —RO—] | | _ . \ (t’r.ll)
' y[Rit+tR T Corai1l -
on = V[ RoR; +‘ R, ] - vpoufer-supply [’R'_l‘] ‘ '(4-12)

—

where V is the voltage ‘aCross RO. (the mput to the drf ferentral oscrlloswpe) Substrtutron for.

Ry, R, and R, yields:

Vorone(V) = 39.875 V. and o (4.13),

li-o:l (mA) —-;' 2.099 V - 0.040 vpowgr supp]y . c . R (4~14)

For the 5 Torr experiment, the gas mixture has the same percentage contribution -as

" that used at 20 Torr; (CO:COzzNZ:He =-0.25:0.25:1:3.5 Torr for a 5 Torr total). ‘Atg this

' Ppressure, a magnetic field of 450 Gauss is 'enough to push the discharge into the wall and "

extmgursh it, Hence the magnetrc f reld was reduced to 100 Gauss Thrs is stffi rcrent to spread

)

the discharge, but not to the point of what appears to the nakéd eye to be an annulus As the

)
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V.
gas, transport syptem prd@ldes little, axial gas flow at this low pressure, the test was done under -
no l‘low condrtlons Wrthm-magnetrc field of 100 Gauss the operatrng voltage is 1400 V with

" a DC current of 0.5 amps At a polnt mrdway between the anode and cathoge the ‘plasma
' volt_age is estrmated.to be 750 V. This was. arrived ‘at in the following manner. At a DC.
, urrcnt of 0.5 A; the voltage drop across. the 600 @ fluid ballast reslstor is 30Q V. This leaves a
' plasma voltage of 1100 V. The cathode f all voltage is roughly 400 v Thus the voltage drop |
across the positive column is 700 V. Across half of the posmve column the voltage dr019 is 350
V. Since vo’jg‘ges are referenced to ground, the plasma voltage at the mrdpomt is 350 + 400.
=.750 V. w the electron denstty power supply set at 640 V a voltage of ~500 V appears
on the electron densrty probe This gives a negatrve bias voltage Vb,as, of 250 V, between the ‘
 probe and the plasma. T ' |
- The probe characterrsttcs as displayed on the differential oscrlloscope are shown in
th 4.32 for radii of 1, 2 25 and 4.5 cm. The amplitude of 0 mV corresponds to the point
where thedrf ferential amphfter is providing a DC offset of 12.54 V. Hence, the voltage across
i

R varies f rom' 12.54 V to 12.84 volts at its maximum.

B e

Egs. 4 13 and 4.14 are used to evaluate the probe voltage and-ion current Assummg a
constant bias voltage of 250V, the relation between 1on current, bras voltage, and electron
density gtven by Eq 410 is apphed (In using Eq 4.10, we must account for the ion mobrltty 7 |
ats “Torr bemg 4 times that at 20 Torr) The’ spattal varratron of electron densrty is |
graphrcally drsplayed in. Frg 4, 33 ‘This fi 1gure is created in the followmg manner. First, the .
horizontal time scale in Fig. 4. 32 is redrwwn as the circular time scale in 'Fig. 4. 33 Three

" "

circles corresponding to radii of 1, 2.25 and 45 cm are drawn,‘centered on the in Fig.

4.33. In this manner, points may‘ be plotted as to their time and radial locations. Each trace in
“Fig: 4 32 is then divided into 50 mV "segrnents 'l‘he- electron density at the midpoint of each of
, these 7 segments is then plottéd on Fig. 4.33. Once all trme -radius points are plotted contour

lines are drawn to separate the drawmg into 7 levels of electron densrty, thereby resultmg ina

contour plot of the plasrna column for a snapshot in time.
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Spatial Variation of Electron Density
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Fig. 4.33 Spatial Variation of Electron Density at 5 Torr
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.There are two noteworthy points regarding Fig. 4.33. Firdy, while the eléctron density is
dhderstandab]y highest at the location of ;he plasma cdlnmn. the density at other locati’ons of
the cross-section does .not fall to zero. In fact, the ratio i)etween the highest\ and ldwest
eleciron densiiy over the entire cr,_oss-'section is roughly 2.5, Th,uvsr. despite the f orces that
result \;/ith the introduction of the transderse rotating magnetic field, current still flows in all
regions of the cross-ée_cétiori. This is the‘ ly conclusion lh‘at may be drawq. Without the
io‘nization provided by the DC current, the electron depsity “would décay to zero in a fraction
of a millisecond ;t' this pressufn.77 Thus, in order to maintain thé lowest opservéd'density of

g

St

1.3(10‘)17 m°>, some current must still be flowing through this région.
_The second ndtéworthy point i§ that an electron density of 1.9(10)!7 m'3 exists over
:t‘)ugh'ly halliyr of 'thé discharge cross-section. Most of ;_,this uniform region is the tail that forms
behind the ‘electron density peak as it executes its circular m;)tién. (N(:}_e the direction 61“ |
~ rotation in Fig. 4.33.) This reéibn of fairly uniform electron densily"may prove to be a
uniform regxon of 'laser pumping. If the angular velocity of. the plasma was increased, (even if

* only by a factor of two) by usmg a faster rotatmg magnetic field, the electron density may

" remain quite: umform. except for‘the peak of electron density that would still result when the

plasma column is swept through.



The most important parameter in laser gas' dnschargc studies is the ampllfymg quality
of’ the gain media. ln this chapter the effects of magneuc fxeld applied DC voltage and
pulser input voltage on gain wnll be preSente& Next, tests to evaluate the small signal gam and
saturation intensity ax‘e dctaxled These data are particularly 1mportam since the Jmaxnmum
avallable optical power density of a gas dfscharge is directly related to the product of these
two paramelers.3 This is followed by a brieﬁseétion" describing the laser power output

experiments and results.

1 Gain Optimization

-

AS dlscussed in section 1.2, the populatnon mversxon in a gas discharge follows as a .

result of the I ollowmg energy exchange relatioris. 1o
]
e + Ny(v=0) -» NJ{(#an<8) + (e-K.E.), and (5.1)
. Njy(v=n) +‘C02(00°0)"-> Ny(v=n-1) + CO,(00°1) , or VM (5.2)
e + CO,(00°0) - CO,(00°1) + (e -K.E.) . : (5.3)

R}

In this context, gain’ l)ptimization may be considered tcl be priniarily the maxin:lizati,on of the
-inelastic collision process for vibrational excitation, given by Eq. 5.1. Direct exl:ltation Qf the
COvz(OO"»O)‘ by inelastic collisions (Eq.'S .-3),‘p1ays a lesser role.! Much work has been done to
identify the particular discharge parameters that provide { or maximum power clepositipn into
" the upper laser level, CO,(00°1) 787 The percentagé of discharge’ power actualty used for .
vibrational excitation of the upper‘laser level‘ is shown in Fig. 54, as 2 function of E/N, for
a typical gas mixture. The efficiency of upper laser level excitation is seen to be a peaked
function of E/N; with the opumal point of operatnon being ~10 16 v.em?. For E/N values

less than opumum few electrons in-the gas discharge acquire sufficient’ energy for the

121
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inelastic collisions of intbrest (Egs. 5.1 and 5.3). As a ‘consequence, only elas;lc colli-signs’_
occur, with concomitant gas heating. Operating at a higher E/N than optimum also decreases‘
the efficiency of exchation to the upper laser level. Under such conditions, the ‘crbss-section
for inclastic excitation of nitrogen molecules is greatly reduced. Thus, the bulk of the
discharge poWer is lost to electronic and ionizational phcnomena.“' Based on this discussion,
and with a sufficiently low gas temperature, the gixin should‘then be an increasing function of
the DC suppiy ;'oltage. until an NE/N of ~10"® V-cm? js achieved. lncreaéing the DC supply
voltage 'bcyond ‘this poiﬁl should result in a decreasing g;in. '

0 » In calculating the E/N of the gas discharge, it is important to realize that the electric .
T ield~. E, represents only that portion of the extcrna\;lly applied field th;at is actually impressed
across the positive column of the gas discharge. Thus, the voltage losses associated with the

cathode and'anocie f alls must be accounted for, when evaluating the electric field. Hence:

: Vpositive: column _ Vierminal = Ycathode fall =~ Vanode fall
E = T = d . (5.4)

where d is the length of the gas discharge. E/N is therefore given by:

E _ kgT [ Vierminal = Yeathode falt = Vangie ran ‘ '
N=F" —3 - (3:5)

~ I3

The cathode fall voltage, as determined by Ivanchenko and Shepelenko, for a CO,
laser gas discharge, is 400 £ 20 V at 'a/ pressure of 2.7 kPa (20.25 Torr).’® The anode fall
voltage is in the order of the magnitude of the ionization potential of the gas.“g'g30 This vﬁries
 between 13,79 eV .f or CO, and 24.59 eV for He.!® A combined_anodé and cathode fall voltage
loss of 420 V is therefore reasonéble. With an optimal E/N value, thefi_aput electrical energy
deposition ”to vibrational. excitation of N, molecules is maximized, and the initial gas
temperature rise is minimized. For a lemperature pf 25 C a pressure 61‘ 20 "I;orr,» and a
discharge length of 0.5 m, Eq. 5.5 becomes:

. o )
F(V-em?) ~ 3101002 (Vierming) - 420) (5.6)
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The theory of gain measurement is well csublished. A low power CO, probe laser is
passed through the gas discharge and then into a suitable detector. Gain of the ampllrying
fnedia is calculated by relating the detector signals, when the gas discharge is off, to when it is
on If the detected signal is ampliﬁed when the discharge is on, then there is gain, /l’ﬁhe
converse situation isoexperienced..thcn the gas discharge is cxhibiling absorpuon.

Since the probe laser beam cncounters the same window and‘rnirror losses, wr\erhcr

the discharge is on or off, thesc parameters cancel when comparing the detected signals. Thus,

the following relativc]y simple expression for gain results. !

al.

In = lopre (5.7)

where 1, and I are the detected probe laser beam intensivies when the gas discharge is on
and off. The quantities « and L are the gain coefficient and total length of the gain path
respectiv_cly. (For the two pass gaih measurement described below, L = 1 m; double the

length of the gas discharge.) Rearranging Eq. 5.7, and Solving for the gain coefficient yields:'

Lot

1, [ ’ b

o« = g-in [—3“—] ‘ : (5.8)

Gain measurement theory is quite simple. However, in practice gperc arc aBYitional

'" complications. Apparatus used for the gain measurements is shown in Fig. 5.2.. The probe
laser produces a 40 W TEMy, CO, laser beam which passes through a variable attenuator

constructed of two counterrotating pohshed salt (NaCl) flats. These salt flats attenuate the

beam by altermg the angle of mcrdence of the incoming beam, thercby changing the

Ty

) transmissive properties of the a}lerruator. However, the attenuator does not alter the beam -

propagation .path, One garin test requires ttrat the probs beam be scanned across the dischaargc
cross-section. Thus, after leavmg the. attenuatpr the probe beam is reflected off two mirrors
-moumed on’ a precision translanon unit. Tl(e sewnd mirror deflects the beam through a ZnSe
(Zinc Selenide) window and then th‘rough—the gas discharge. After being reﬂccted by an

adjustable mirror, the beam is sent back through the gas aischarge for a second limc. It a%

\
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"',e wmdow and then enters a fast response pyroelectrrc ml‘rared- |

Al : -
detector (Molectron J3 05) whrch ls also mounted on the translauon stage An oscrlloscopeq. ’
xdtsplays the output of the detector ' '

“The use of ,,,l pyroelectnc detector necessrtates the modulatron of the probe laser beam

Often thrs 'is done wrth a chbpper wheel a. spmmng ‘disk wrth notches, whtch is placed in
front of the probe laser. However the waveguide laser used (Laakmann RF- 125) is exctted

by an R, F laser power supply (Laakmann RF- 250) with provrsrons ?or modulatmg the.laser

Con and of f.- The modulatron frequency and pulse wrdth used " are lkl-lz and 100 ‘usec _

Tespectively. - ;' ;‘ o 4' o ‘ . , K

6 . L . o

8.3 Burst Pulse Gas Drschar re Techm ue

Measurements in sectron 4, 2 showed that the outlet gas temperature is typrcally above“ e

600 °C. At thrs elevated temperature the drscharge becomesan absorbmg medta as shown by
MRobmson 81 Numerous researchers have shown that the gam is mversely dependent on pas

'v'temperature Bullis demonstrated ’that at gas temp ' above 600K the gain falls below"

ipractrcal useable lrmrts16 due to the "thermal ‘_bo -eneckmg phenomena dlscussed earher
| Clearly the gam meas ment‘s for tlr{axral gas drscharge descrlbed herem need 1o bc
: oompleted before a srgmfrcant increase in the gas temperature occurs. One opttdn is'to operate B
': ‘the- drscharge m & pulsed mode However the propertres of a pulsed laser dif fer markedly
from those of a CW device. 2 Besrdes that, the pulse wrdth of a pulsed laser is much shorter ,
‘ ~ than the: time. scale for changes in the transverse rotaung magnettc f 1eld A sccond possrbrhty‘
s to mcrease convectron coohng by mcreasmg the axral gas velacity, $0 as to* rcduce the
= resrd&ce trme of the gas 8 This latter solutron we not f easrble wrth thc prcscnt systcm
B The fmal resolutton to. the drlemma is tht use ol” a burst gas dtschargc techmquc

- developed by S K Nrkumb 8 thh thrs method of gam measurement the devrcc is operatcd S

’ "‘.as a CW gas: drscharge but only for a short time.. A long coolmg cycle follows, to allow f orv“ .

o gas temperature recovery The: magnetrc fteld rotates at 3600 RPM or16. 7 msec/re’)lutron

and $0 it 'is necessary to have the drscharge operate for ~l7 msec m order to study th



transverse rotatmg magneuc field ef? £2.18 on }he discharge.

- An. esttmate of the cooling . ttme needed for. temperature recove‘ry ‘necessitates an’

analysrs of the heat equation Consrder the worst case situation, where there is-no heat
convection of transport of the hot gas out of the dtscharge region. That is, the only heat ’
" removal mechamsm entertained is radtal conduction  to the wall by thermal diffusion. The

- 'apphcable heat equatro/r%\these crrcumstances is given by

e ﬁ-(ﬁ't‘)]ﬁ;ﬁ#?%%‘t, " . 6

. where T, 4, A, LA ind t are the temperature rate of heat generatron per unit volume

thermal conducttvrty, mass densxty, thermal capacrty and time. respecuvely In that only a

\gross approxrmatron of the thermal recovery ttme is requtred the thermal conductrvrty will be .

taken as constant to srmphf y the analysrs allowmg Eq 5.9 to be written as: 8
(v?r)-+q—‘-1-—"l | e (510)
SN Ty e | Y

wherc Y is the thermal dtffusrvrty (7\/pc ). The parameter of mterest is the ttme for thermal

- xecq;t%ry so q = 0 and Eq 5. 10 reduces to. the Fourier equatton for heat conductron \

7.10«
- g PRE

ey _ 1 9T

_ (VT)r—y'at"
| o o . - _
- "An approximate solution to the Fourier equation is obtained by replacing (v?r),, its fini.te

©

(5.11)

difference approximation:® R IRt
) (VdT)r ~ _T( 'Twa]l - 2Taxis-+ Twall) ’ ) k R (5-12)
, where R is the radius of the drscharge tube Upon substrtutron mto Eq 5.11, and mtegfatmg,
. . %
: Tam is gtven by: o R . C B
i R & e
L »
T Taxis =:',Twall + (Taxis, initial = Tyanle T g (5.13)

-

o T 12

»,“wh_ere -7_7‘7'. R - ’ »(5.14)7
‘ B

L

B



5.4 Gain Measurements

The parameter r is the charactertsttc time for temperature recovery

- Thermal conducttvxty and mass densrty are both functtons of temperature Thts aspect

was dtscussed in sectton 21 For a temperature of lSOC a 20 Torr (1:1: 4: 14) gas mtxture

has a thermal cond:etivrty. 0 101 W/m-K, a mass densrty, = 0.0091 kg/m and a

" heat capactty. ¢ = 1962 J/kg-K. The thermal. dtffusrvrty Ry is 0 006 m2/sec and §o wrth a

‘ tube radius of 0.05 m, ‘the characterrsttc ttme for temperature recovery_ T, becomes 0. 2 sec.

To allow for complete temperature recovery. the coolmg cycle for the bursﬁ'tsl:hargc was set '

to 0 8 sec. This allows for-a 98% recovery of the gas dtscharge temperature.

Expertmentally. the burst dtscharge techmque involves trlggermg of the thyratron ats

‘ kHz for a duratton of 17 msec; and then not trrggermg for 800 msec. Thts was accompltshed

‘wnh an extemal sweep/f unctron generator (B&K Precrsron 3020) used as an external mput to

discharge results for a 17 msec duration. The gas dtscharge‘then extinguishes for 800 msec;

but only if the DC supply voltage is below the threshold for self - sustamed operatlon Gain

measurement involves comparmg the pyroelectrlc detector outputs during the time that’ the

discharge is on'at‘ldv off; ‘and then substit'utmg the measured data in{o Eq. 5.8 to evaluate the ..

gain coefficient, a.

4

I

> - - \ v ,‘ . . -.‘ ng‘;:;'h
With the burst gas dtscharge techmque in operatron and the - gain measurcment
[

Y.

, vapparatus in place a series oP gam measurements ‘where taken. To avond comphcattons such
as off center drscharges the gam tests were all d\l\e\ with zero axral gas Tiow vcloclty thh
800 msec allowed between bursts for temperature r§vaery, exceSslve gas hcatmg docs not -

' occur thrs provrded however that the drscharge remams cxtmgutshed between bursts The

pulser. 1nput voltage is constant ‘at 4 kV for all tests in’ this chapter excepl t‘hosc presented in

3

Frg 5 6, where the effect of pulser mput voltage on gam is st,udred Also, with the exception

of the spatral gain studies, the probe laser is dtrected along the centerhne of the gas drschargc'

B

Cwbe. R

the thyratron drtver ‘Provided that the DC supply voltage is- ol" sufﬁcrent value, ‘'a CW -~

P
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Variatlor_r_ ol‘ gain, with and without a magnetic field, as a .function-of DC powerv .
- supply :voltageis shown in Fig. 5.3. ;In’ each_'_case, the gain is seen to be an increas‘ing,, f unctlon o
of applied voltag'e Based on the discussion of section 5.1, thislwas to be erpected Using Eq.
- 5 6, the E/N ratrq; at 2 25 kV is calculated to be 0.6(10)"" 16 V -cm?, At an mput voltage of 3. 5
- kV E/N becomes 1 2(10) 16 , a value close to-the optimum for maxrmurn energy deposrtion
into the vrbratronal level of N,. The maxrmum applted voltage used in these tests is 3,5 lcV If

| beyond thrs point, the 17- msec burst ‘of pulser pre- 1omzatron was?uffrcrent to’

X self -sustained arc drscharge. The ensumg' htgh eurrent constrrcted discharge so
generated exhlbited iero gain, oWing to the ‘high .gas te’ntperature that resulted Thus ""an “
applred voltage ol" 35 kv was the upper hmrt where the. burst drscharge techmque could be

| ‘applled | _ - 2
';" {g an 5 3 reveals that the centerlme gam reduces wrth the applrcatron of the transverse
'rotatmg magnetrc freld There are two possrble explanattons for this phenomena The first

centers around the concept of effectrve pressure5

“as discussed in Chapter 3. Under this
concept, a transverse magnetic field causes a gas drscharge to behave as though the pressure is
mcreased by a factor {1 + Bez 12 For the parameters of interest, (B = 450 Gauss and T =
25 C) the electron Hall parameter Be=we/ ve,,_o 24 and the mcreased pressure factor
o+ BHY 2= 1.06. With-a 6% increase  in the effectrve pressure, E/N decreases by
' v@lpproxi_mately the same’ amount. -Thus., for the DC input voltage of 3.5 kV, this results in’ an |
E/N-drop from 1,'2(-.1’0)‘16 ch2 to 1.13(10)'16' V-cm?, This change ‘is't_oo small to account . . -
for the'large drop Ar'n.laser gain th‘a't is observed, ‘When the transverse rotating magnetic field is ..
: 'applred o | | \- - " -
B The second and more probable explanatlon for the drop m gam is based‘on the
' observatron that the drscharge eross-sectronal area mcreases with the apphcatron sof.‘ the
transverse rotatmg magnetrc f 1eld As drscussed earlrer high speed photography revealed that
| the dtscharge is in fact deflected away from the centerlme position by ‘the tranverse magnetrc "

ﬁeld Consequently, as the magnetrc freld rotates the plasma column sweeps aumuthally

through the drscharge tube, wrth the radrus of rotatron being an increasing functron of the
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‘magnetic field strenéth 6 As a consequence of this situation, the centerline gain measurement

'ytelds a lower value ‘because the probe laser, bemg on axrs. is probmg only the edge of . the

rotating dtscharge column. - - Y _ ‘

‘To study this edge eff ect”, a galn test was done with a_ constant applied voltage of 3'
kV and a magnettc fxeld varying from zero to 450 Gauss. The resultmg gain coeffrc1ent ‘
obtained as a function of magnetic field strength is shown in Flg 5.4 At 7e10 magnetic freld
strength a gam coefficient of 0.37 m’! s observed. As the coldmn deflects éway from the

axis, the centerlme gam decreases, unttl at a magnetlc field of. 450 Gauss the centerlrne gain

"has bedt Feduced 10 0.27 m'}

. To study thns magnetic freld ef fect stxll f urther the probe laser was scanned across a
dlameter of the dtscharge chamber. The scanmng drstance was hmrted 10 the 4 cm clear
aperture of the‘ZnSe wmdow.. Thxs test wa_s also performed_wnh a constant terminal yoltage
of 3kV. Spatial variation of gain, with and without magnetic .field, is shown in. Fig. 5.5. With :

zero magnetic field, the discharge establishes itself on axis. Maximum gain is observed on the

a4

centerli'ne and decreases as the probe laser is moved radially Fig. 5.5 shows that the gain

prof ile is mverted when the transverse rotating magnettc field is applied. However, the data

used f or the case when the field was applred are the maxrmum gams observed apart from the

centerlme gain, which ‘was constant.» In fact, the values recorded by the,detector fluctuated
wildly when the magnetic field was used. The reason for this is as follows: "l‘he magnetic field '

rotates with a oeriod of 1/60. sec. However, the plasma exists only for ~17 msec, and then is

extmgurshed f or ~800 msec, before being re- establrshed The signal recorded by the detector

'_depended on.where the drscharge happened to be relatrve to the detector's optrcal path when

K ;the dtscharge was established.

The next experiment studled the variation of gain - with changes in pulser input

voltage. In Figs. 4.29 and 4. 31 it was shown that the electron densrty is an mcreasmg

function' of- pulser input voltage. Thus, this gain test is effectrvely a study of gain versus“

electron density. Investigations by Bulhs ' and Fowler have shown that gain increases wr_th'

electron density. This is because the vibrational excitation of the N, molecules is dependent on "
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- inelastic collisions between electrons-and N, molecules.!” ‘The test was done with zero

magnetic field, a DC terminal voltdge of 3 kV, and with the probe laser re

The data so collected of the variation of gain with pulser input voltage is shown\ in Fig. S.b.A
"With pulSer'inpqt voltages betwgen 1 ‘and 2.5 kV, the W remains below 0.1 m'!, Clc&rlyl
these low electron densities provide insufficient viBrational excitation of ll‘me Nz molecules.
Hence, with a limited population inversion, the resultant gain is small. Between 3 and 4'kV.
the gre;tly increasing electron deﬁsity is a:\ble tc‘) 'sustain a much larger population inversion,
" resulting in a tapid]y inéreasing gain, (The electron‘ density at 4 kV pulser input voliage is
. 2.33*‘ times greater than at a pulser input voltage of 2 kV. See ngs. 4.29 ahd 4.31.) For pulser
input voltages greater than 4 kV, the ionization provided by the 17 msec bufst of
pre-ioh_ization is enou'g.hn.athat the plasma is maintained long after 17 msec has pxissed. By the
| ?"\\.j;'ﬁ.me the pulser input vlol.‘iage has reached 5 kV, this long living plasma éauses gas' heating. .
| CpnseQuently, the gain valué ;(;bserved déviates from the expected dashed line, as shown in
Fig. 56 Increa,sing. the pulsef‘ input voltage past 5 kV, initiates a dischargé that does not

extinguish.-between bursts. Immediate gas heating results, and the gain reduces to zero.
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2.5 Saturation lntensity
Thfmsugturation intensity is defined as the point at which the excitation of CO,

. molecules to the upper laser state, CO,(00°1)," becomes exactly balanced by the loss of

CO:(OO"I) mblccules by stimulated emission and other loss _nechanisms. Experimental

determination of t!e(saturation intensity involves measuring the 'géin of thé amplifying metﬂa/\

while varying the output power of | the probe laser. This is achieved by using the variable

. ¢ . .
attenuator to scan through a full range of probe power inputs into the gas discharge.

) Technically, a combination of botllromogeneous and inhomogeneous broadening arc
responsible for determining the gain line profile. Howevcf. for the gas mixture considered
here, (CO,:CO:N,:He = 1:1:4:14), homogeneous line: broadening mcchamrc

dominant.® This is confirmed by experimgntal results to foliow, whete the gain variation
4 Q

follows that predicted for a homogenously broadened medium.*
Gain saturation for a gas disc‘mrge with homogeneous broadening is given by the
differential equation:91 ,
dl _ agl . N (5.15)
=~ T+ 10,) ' ‘ . S
/7 .

where 1, I and z are the intensity of the probe beam, saturation intensity and axial position
~ tespectively. The small signal gain coefficient, a, is the theoretical maximum gain possiblc
when the intensity ‘of the probe laser beam approaches zero. Rearranging Eq. 5.15 and

integrating, yields:

I
—rs In[ oul] = -
L

where I, and I, are the input and ompul probe beam intensities. Eq. 5.16 is the equation of

[.Iﬂu - Iin
1

. ] + agl. | . (5.106)
sat . _
a straight line, ‘with the slope given by -1/I, and e y-intercept being aOL'. Thus, by plotting
In(loy /1) versus (Ioy, = Lin), 1y and ey may be evaluated, ,

| The infe'qsity of the probe laser beam is related to its averaée power, the frequency of
rriodulation,v the width of the probe. laser pulse and the area of the beam. Since' the modulated

-—

RF probe laser produces square puises, the intensity Qf the beam is simply given by:'

r
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L= gy | (5.17).

where Py, A, f,,.-énd fare the average power, probe beam area, pulse width and frequency
. rcSpcctlvely. The average pclwer of the beam is rbcorded with a thermopile laser power méter
(Coherent 201) The frcquency of modulatnon is 1000 Hz, and the width of the probe laser
pulses is 100 udec. The average beam dlametcr of the mput and output beams is 0. 7 cm, and

$0 upon subsmuuqn into Eq . QI
T H(W/em?) = 26 Py (W) . | (5.18)

Expc‘rimcnlal results used in deriving the saturation intensity and "small signal gain are
shown in Fig. 5.7. From the slope of the curve,-the saturation intensity is calculated to be
160.6 W/cm?. Because the length of the 'gain path is 1 m, (tw1ce the length of the gas
discharge), agL = ay, and the small signal gain of 0.85 m! is taken directly from the
y-intercept of Fig. 5.7. These values of small signal gain and saturation lntenéity are
comparable to those presented elsewhere. As an example, Yassjk and MacKen® report a small

signal gain of 1.5 m!anda saturation intensity of 203 W/cm? for their 1 meter long Co,

laser.
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‘, v The gam measureme:l‘ts demonstrated that there was some potentral for laser output ‘
“ A brref laser power -test . wag . done by replacmg the ZnSe wmdow used for: the gam' '
v .

) measul‘ements wrth an adJustable partlally transmrttmg coated ZnSe mrrror Transmlttance '
of the flat ZnSe mizror is 30% The radrus of curvature, of the adJustable alummum mrrror is

2m. These two opttcal elements form an elementary stable resonator | o o ».' o

Laser power uneasurements were&rformed usmg the same burst pulse technique as |
~ was used l"or gain measurements The laser power detector (Gentec ED- 200) has a typrcal?
output of 5 mV/mJ Laser power output as a functron of DC apphed voltage for three
. separate runs, all wrth z¢10 magnetrc freld is: shown m Frg 5 8 As 1s evrdent the,
rcpeatabrlrty of the data bc.we‘en runs ‘is poor The prrmary Teason: for thrs is that the gas
'drscharge apparatus was desxgned as a testbed for- gas drscharge analysrs As such little
~attention was paid to ehmmatmg vrbratton of the apparatus The motors used for ballast»
_solutron flow  and for gas transport vrbrated the entrre syﬁ, 4res,ultmg in- constant
mrsahgnment of tlre optrcal system Under these condrtrons no consistent . quantitative
." e ",

_ analysrs was possrble
o

Qualrtatrve analysrs however is possrble The lasfr power output is an mcreasmg

L} ;‘.

: ‘f unction of DC input voltage up to almost 3 kV . ,,Thrs.-rs consrstent ..wrth the gam observatlons
presented earlrer The laser power output then peaks and- drops to zero. yvrth mcreaseq l},g

o

~input voltage Thrs 1s the result of mcreasmg gas temperature
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NCLUSIONS AND CONSIDERATIONS FOR FUTURE RESEARCH - —

The results presented in this thesrs have slr'own that the use of a transverse rotating

magneuc freld allows for increased plasma power loadrng into an axral gas drscharge Hrgh
‘;speed photography revealed that the plasma 1s""n"‘fact deflected away from the centerline’

;"'posrtron when the magnetrc fr\eld is applred e = '

Theoretical analysrs showed that this effect. was the result of a Lorentz l"orce actmg oni:'l
the plasma column As the magnetic field rotated, the plasma column swept across the tube |
CTOSS - sectlon at the same angular velocrty as the rmpressed magnetrc field. With mcreasmg
o magnetlc f rcld strength, the Lorentz force grew and deflected the plasma column still closer |

to th chamber wall. At pressures of ~5 Torr a 450 Gauss field was ol‘ suffrt:rent strength to

“fore the plasma dolumn mto the contarner wall thus extrngurshmg the drscharge.

The termrnal characterrstrcs showed that the plasma is held in the abnormal glow '
| drscharge regron f or a hrgher applied voltage with the apphcataon of such a rotattng magnetrc
field. The lngher termmal moltage necessary to maintain a grven current when the magnettc
- f rcld was: a‘pplred was a result of:: (i) the magnetrc field deflectmg the plasma column away

from the center of" the drscharge tube and_Lnto cooler less éonductrve neutral gas and (n)
'the axral electron conductrvrty bemg reduced by the 1mpos1tnon of the transwrse magnettc :
" field. | \
| Electron densrty experrments per'formed at a pressure lof 20 Torr demonstrated no, .
, sp varlauon in electron densrgy when the transverse rotatrng magnetrc f 1eld was apphed lt_ :
was speculated that any spattal varratron in electron densny, that may m fact have exrsted |

.u-

'were being. masked by pulser 4 fects To: test th}g hppmlesrs an electron densrty measurement

was made at a lower

' mamtam the drscharge without the need "for» external ionization. Thrs test revealed 1‘(that the
i Q.- : '
. electfon - densrty had both, spatral and temporal variations at this. low pressure The electron -

P
st

R N |



( » densrty was’ understandably hlghest ‘when ‘the plasma column swept through the probe aréd.

‘ ‘ ‘, A" ‘ . ‘: . ’ . ‘ i ‘ [ .. | . 142 (":T“‘:‘“‘

However, the densxty at other locatrons of the cross section, dld not fall to zero, and so,

desprte the Lgrentz force effects current was strll flowmg in all‘ regrons,, Furthermore the

/'\electron densrty was unrf orm-over roughly half of the drscharge €ross- sectron

Results obtained in the gain measurement studres mdrcated that the centerline gain was

a decreasing function of magnetrc fleld Thrs was due to the mcreasmg deflcctron of the

plasma away from the tube bore with’ an mcreasmg applred magnetrc field. Centerlmc gain

was alsd shown to ‘be an mcreasrng functron of pulser mput voltage provrdcd that thc.

"i

Only a qualrtatrve analysrs was possr’ble for the laser power assessments. These showcd that '

the variation of laser output power was. consrstent with the gain observatrons

At -this the conclusion 'o'f ‘the project -it is desirable to make a number of
t

®

ertaken to mvesttgate the effect of vafying the rotattonal veloctty of the magnetrc field.

[

L4

, _velocrty should also be explored as a means of provrdmg rnore umform ionization’ in the

x

drscharge tube thereby resultmg m more umf orm gam across the tube cross*secr?n’.

Ideally the plasma should be rotated as fast as: possrble "However, there are (wo.

reasons why the rotatlon frequency may not be set to an mdrscrrmmately hrgh valuc Firstly,

the penetratron of a magnetrc freld mto a conductmg medrum varres mversely wrth rotatronal

frequency. Thrs is seen clearly by consrdermg thevclassrd’al skrn depth, g.lven ’by:

o 12

. | . .. ‘L‘ “., . L ‘ 2 ] ‘ ' i . - ‘ .. l “

x

R ,. where all parameters are.as def’ rned prevrously (see section- 2 2) For a conductrvrty of 4 48 -

prevent thermal mstabrhtres f rom occurmg Ef fects. due to a faster (than 60 Hz) rotauonal

mmendatrons regardmg future work ‘with thrs drscharge apparatus A study should be -

C2 sec/kg m’ and a 60 Hz rotatronal frequency (w = 1201r sec l) the classical skm depth 6 -



L
o s

414 kV would be required which is clearly impractical, if not impossibie. Thus, in practice.

"i
'ehmmates the need for the power consumrng and expensrve rotatmg nfa*gnetlc field cor) and

'allows the use of permanent magnets mstead However it remams to be seen 1f the same ' 4

, technrquet a 25% mcrease m drscharge power loadmg was demonstrated .

-

s 30 7m mdrcatmg complete penetratron of ‘the’ plasm‘&@lutmn by ‘the’ rotatrng magnetic
freld o R - ‘

Iy . '

~ The, discussions of secuon 2.2 indrcated that the magnetic Reynolds number Rm. had

=
to bc much less than one in order that the applred magnetic: freld lines’ were not distorted by

the plasma column Takmg R = 0.01 and using Eq. 2.45, ‘a rotanonal frequency, w, of

1. 1(10)5 sec’! of 113 kHz is calCulated In this case, the, classrcal skm depth is 71cm whrch is.

g sull much larger than the 10cm drameter of the drscharge tube

The second limit on the rotational. frequency is a restrrctron due, to’ the rotating

‘magnetic field structure. If the frequency app}ied to the magnetic field.coilsjis'increased. then' -

the applied voltage must also be increased proportionately to maintain the same magnetic- flux

density in the discharg&;itube.94 A rotational frequency of 113 kHz implies that ‘a voltage of

“the hmrtatton on rotatronal frequency xs due to the expenmental confrguratron in use, rather

than a. concern regardmg the skm depth and penetratton of the magnenc ‘ﬁeld into the plasma R

'acolumn . ’ . G B

- f,
6&" "LV-. .
Another experrment currently unﬂer consrderanon proposes to utrlrze statrc .

B -

transverse magnettc fields mteractmg wrthmn axial AC electnc freld This confrguratron

enhanced stability wrll be achreved as was demonstrated wrth the present apparatus i L
ln conclusron the magnetrc stabrhzatron concept using a transverse rotatmg magnetic

field, shas: been shown to be ef fectrve in suppressmg electrothermal mstabrhtres m an axral

: electnc drscharge Theoreucal and expenmental analysrs determmed ‘that the enhanced stability

ol was the result of Lorentz f orces actmg on the gas drscharge Usmg this drscharge stablhzatton

o RN T
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