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Ffiasmas

{mania FL. ifieefer
Cimter for ,£££h5':er.g§}9pff£:a¥3%2rz5

Zkzimrisigz .9f'It?é::;2é.-mag »:,_SjIg:«;w:: Izzszimte
'Yi£Z§::}za:é:’a, Tennessee

4.1 XNTRODUCTION

Plasmas created by the .ra::.imian%..fram ;£:;s:m:i .:ass::: beams -first 611:»
served with the .ac'ivcnt‘ {sf “Egiani ptflsfi’ Q tchezii, ruby» iasexzs by Maker
at 213.. (1963). Thm~:e";31Ia§m§is £32-’:’ hey‘ gas‘ ’b.re:akdown at
the fo-axis of 3 leans and Weft: .. :3 L _ .. file :fi1::ration ‘of’ £ha'I’aser

puisfe’. Plasmas were aim aizservesi in .- arm: {}!1‘£11(3»$T”i1.r‘fa1?}i’éS Gfitzat-eri2i1s:ir~

radiate-d by ’h=ig’1a-gpzjwer pulsezi or »:<::cx:minu::us iaaesrs ansti “ta 11.i.”iE3j§fig 8.t6 into
-the in<.:.i£3arj1't ‘beam at .s’t3§:£:mnic ’Vsz;:;1’;33r”’ 1;:’vt;iI<3;;£{;ies. flat’: advent of
:c.m_3jt:inuQ’ns, high-pézmier £2-arbfin ‘ i, _ I i2i§éB1ii$A,§?BSS;i'i3.§E‘« iii} 5133?-Siifl
a plasma in a s'teady—stata éc1:1.tiiiticm., ii; *1? i'¥§Jf§ fiwizzs of a.1assr"b¢am, 3.21:3 £116
first ezxperimcntal observatizm -0? a “egxnzx-muons’=optic=a1 {3.iS{2}mIl'.;g%'” was 1‘.i3:~
_ported by Generaicw. at .211. {1§7fi). This mntinuons, }aser-sustained vpiasma
(LS3?) is often raferred to as an coniixzuzms eptical ::§i.sc,1f‘:.a.rge (COD) and it
has a number of unique prapartias»t11?at make it an ”int::,restir:g c.a‘nd.idat’e. far
a variety of appiicafions. ,

The laser-su.staim:d plasma shares many azharaateristics with mixer gas

discharges, as explained in detail by Raizer (1980) in his coxnprehensivre. re-

view, but it is sustained threugh .at3s0rpt’i0n of ‘power from an optical beam

by the pm.cess.of inverse bremsstrahhmg. Since the optical frequency of the

sustaining beam is greater than the p1as111aA-frequency, t}1’e‘beamis capable of
propagating well into the interior ofthc. p1asma.where.iti.s absorbed at high

intensity near the focus. This is in contrast to plasmas sustained by high»

frequency electrical fields (n1icmwave and electrodeless discha.rges) that
operate at frequencies below the plasma frequency and sustain the plasma

t'hIo'ugh absorption within 21 thin "layer near theplasma surface. This funda-

'ment21.I difference in the power absorption mechanism makes it possible to

"i 69

  

   
 

 

  



170 V Keefer

gonozmw 5’£oa;c1y~sta:o;}iasII3§s,lzaving .n1aximo*m temperatures of 10',€}O'01{ or
1nt3ro~ii1 a .sma§I soisma zooar’£h.o=foe11sof%akins», far away from any cosnfiizing
str'ucim*o. A photo of.3.-.p1as:;na. sustained by ;a ‘iasor beam focused with a lens
8 shown in Fig. ‘ " ’

iasar was % J : V S.»
goo. Fig; 4.:i( .).;s}io's;vs schom
region.

”€2o‘::tiin'2oos 3

 
 

 

 

 
<2 been ’pr::§£%inced in a variosy of

, , " isosz. t_iiioXi€ioIase31's.ope'ratihg at
it _. . 21 25 W to so-vor:a1 k~i1owat:s, Moist

 

 
 

  
 
  
 

 

 

. grovifiafi. by ix-z=a*t‘u:::-ai» ooovoction, our recent‘ oxs
’ " £3 7o’t,_‘»?s’z;l.:. b’{:3;9%3}, Woéiio max, A{198'?’).,, and =Cros2s»ia11d’

 
__ offs 1733. within tho./ssustaining boam, and

Ls. 1 o :o:of£;. ow:-do. range of conditions »os~
is .<*-.:;:m;1‘£_::::;za;4:i£>.a::s -of 122.5-or gjowor, flow, and optical :configur;a~

‘ ‘til? sassaisna giiasroa .a-srnall, isolated volume

operate in pox‘ ,§r£3.jr:*ogon and iho» power can. be beamed rem.o_to_1y, it has.
been prioposeti .t11.a;1: t;ho=co1;z!d ho us-ed for high specifimimpnlso. space
propx§3.sion:. A nunib-or of ;7a}_3=Br.Si '12 ova -deal": with this ap‘p1ic~ati0n_,. and it was
the Subj’oot of a resisw by Gioiiib andifinior (1984). Thompson et al. (19%)
described oxpotimonis in whioh "Laser energy was converted into €:1..eotrit;a}'

‘energy using a -Iasor~.susitainod argon. plasma. Cromers o: 211. (’19f85) have

suggested tho as a source for’ sp-ootr-ochemicai analysis and given siomo
experimental resulss. Cross and Cremoxis (1986) have sustained plasmas in
the throat of a .s1.naI1 I1»ozz"io to produce atomic oxygen having a directed

a 12:: ozmosi, o air or.ia.rgo. =chamb.sxs’with. ’

._ H» aggci,» p«or%as21ros..has siiggested 2. somber of
sons for '£ho>1asor~sos3taioo:d plasma. Since the LSP can

‘vofocity 0f’soyera1—.k.m/sec for the laboratory study of surface interactions at -

energies and pamicie fluxes similar to those experienced by satellites in’1ow~

garth orbit. Other applications are sugges-ted by analogy to other plasma
devices including light sources, piasma‘ chemistry, and materials processing.

The physical procossos that determine the ‘unique characteristics of the
LSP will be. discussed in Sec. 4.2, and the the.ore'tica1 analyses that have been

used to describe the»LSP will be addressed in Sec. 4.3. Expe1iin1ental results

obtained will be prosontod in Sec. 4.4 and compared with the t’heoretic.a1

predictions. Sec. 4.5 will consider some possible applications.



La3?er—$us¥ain‘e-£1 Piasmas ‘ W1

(1?)

Figure 4.1 (3) Ph-c>t<:igfaph of a plasma sustained by a 600 W carbon dioxide iaser?
beam focused with a 191mm fecal length lens. (I2) Schematic representatian sh0w~
ing how the plasma forms within. the focal vtmume. '
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4.2 PRINCIPLES Q33‘ -i)}r3’ER.ATi{}N

Plasmas that are c.re.at=ed 01* sustained by lasers can be g=enerated_i_n a variety
of forms, (lcpeniiingé-<_::n"tl1b £1132-avc:£§;:ls’£ic;s cf the laser and optical ge:3me~
try used ta generate ilaetm; ' zgi1«’§:n£%f_g§I»’p13§3‘€:'c3. ,las::.rs can gencrata plasma
bmakdowrz dirc.{:tly :wi_ilé'i_13 a gas iljrazrfisnlis ix} 3 transient expanding glasma‘
similar to an explesiortxg Image? §a§.fi.r intensiiies and longs: pulstii times,
plasmas may be}in.iti:att3iia’£ 5:3 .$uff_3€'€=3 1311 ‘that; ;3rujpagam’.into the sus»
't'ai:zi_ng lzaeaizn €{i».S!i§}t3f3{31?§;{§ val itiss as: ~ fr-~s::s3;£;izr;x<:s.t3 detm1az;icm (LSD)
wave or snbsonh: valocifias asia, lgfitsé nesd éiéxnbnstifin (LSO) wave.
These tramient plasmas have Beef: sad by Rainier {I-980) anti will not
be treated here,» If thie: iiaseris’ ‘ :w:z;:- » ~e_'1‘a1:xv.:l i§”31€*#,»£3§[f§{tf1i5E1.3b
lgeomatry, flaw, BI1£.TI’§§fi3s§Si13€T€«’aX§§§ __ .rz’_:§3«,..» ’ 3» aa%:¥y»»:§;%a:s may
be c<3n’ti_m10usly'm3§fitaifi.§:§:at‘313313531” 11.;:.2t‘1"tI2aj_ was cf the 'bea.m. The
inI.fens.ity that is axzailaiziliz iffimiz abfitlfltiixuoflallasslr -is insufficient to cause
braakdtnwn in the gas, }’l1€§‘£V-€.=’?E:I‘, and an .auXiIiéa:'_y ;<'>¢;m.rc8 must be useivd. to ini-
tiate theplasma. A sketch of 5: steady-s'tat‘.r;.la.se.r~sus’tai'ncd plasma is shown
in Fig. 4.’i£(§). 'I.‘h;<:. _plas'm1a’~ .-m.ay"be» szz.stai;:ie£3 Ia cmnfining chamber £6
control the flow‘ and pr:-iizssixre or in -apex}. air wt £1 Iarg-e, chamber where the
flow 3,5 ldete-rm-i.ne;i by thgrmm i:3u»z;3_yancy;. V ,.

In many ways, tl1£=;3a£er~s‘u;siain;3d. glasma is si’z.3:xi}.ar its direct current 0.1’
lowfiaqtiancy -eiec;r§;}::I{;l;3*3 anii iI1.i£i£i:3xv;avg.dilsc11m°gxi:s’tl§.at are {apex-
ated in similar .gjase-s an . at p:a=.:ssm;:€=s. Hmyever, tits 11.33? will gamer»
ally be; xnmte mm act: 313.6 mzaga lfiigher:maximum.te1npe:aturc: t21.a:x.n-t3ze:

 

 

  
 

  

  

»§:.£3ntin120u.s arc s::i'm*.ce§ aizdi biz: :s’u::'t;;21:lI1’€:éi in it stavady sztatc well away from.
coniaining boundaries. A fin:x}.£3afi18f£iir35I Cliiffilffintfi: in the way inwl.1ich en-

-ergy is abscrbed by the plasma is re.s;30fl§’£fi3la .fs0_r ‘£31633-. xxiizique» charactizristics
-of the LSF. -

4.2.1 Easic Physical Prncesses

In a £ili1"(3£:t current (dc) arc or in an intiulctively coupled plasma ‘(.ICI’), en-

ergy is 'ab.s0rbecl thr0ugl1 ohmic .heating produced by. the l0s.v~fmc_;uer1cy.0r’

direct currents flowing in the plasma. The electrical conductivity of an itleal

plasma is. given by(Shka’1t0fsky at 211., 1966)

neg 1/~—~iw
= M 4.1J in (z22+w3) ( )

where n is thfl electron’ density, 8 the electronic charge, m the electron mass,

to the radian frequency of the applied electric field,‘ :2 the effective collision
frequency for electrons, andi thesquarc root of —~»‘l. In the do are (as 2 0),

the currents are transmitted th1‘0u.gh the plasma béztween electrodes and
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the size of the plasma is determined by the ‘size and spacing of the alvactrocle

and the c-:mfi.r:in:g boundaries. In the ICP, the currents are i.nduce€:i. inta
the plasma fmm alzernaiing »cur,rents ficnwirxg in a surro:undi.ng .so1enoidal
<:;c3ii.. The are is sag; inmgl ' "thin a container that deztermines the plasma

dian1eter, ‘whereas fine Ian of the "plasma determined by the length (iii
the sblenaid. U

'I‘l1€*-.,I'{T3P apergtes 2;; frgguencies wfsll belflw the Vplasma frequency

p _» 1;’? 7 4 9 p
::..—~ ......... . ~4.,2W?  < >

whe1'e..¢9 i.sé-fin: ppiérmittiviiijg ef fi?ae~$pa<:e:.. In this frequemiy range, the 616:8-
irama:g‘na1ie.’fieljdT, Clims inoi ’pr¢a{p'.a1gata gss a ‘wave. xvit’hi‘n the ;11.agma,’bnt*is
.gg:~;¢;;n;x_ate;i, agan ¢”a.ne$i;enti»wave (Holt and Hask-en, 1965) aver dis-tagnces

 

(‘#3) 
-whet-3» is iaihespe-e:i;of1ighz:.» ’l§hu.s, tfmaplasma is su.s~tai.ne::ii by e:w;,rgy»Aab~
scsrbeti within a_.small..ia;,:.e.r near its miter surface. that preduccs‘ a r‘athm*:flalt

temperature ’pr;afi§l;e w“'“ thgpllavsma and llimits the maximum tzmgaera.
t11r&:$ that ::a:i“be<3§3taines3., V -

The freq-ugncy of the pptieaz fields (23 'I‘_¥~Iz for the 1&6 gm ca;r'b*c>n_. éiax»
ide Zascr} nsgedlbr-{ha is greater than the plasma frequency, and there~

fare the .i'nei’d’en'£ laser. ¥:>ea.m nan -propagate well into tl1el'nterim‘ before

it is s:i,g£xifi<3anft}l,y »a.;bs-Qrbtzd’ ’t}n;‘QiIg.h the _pIOG6SS Of .invarse ‘nremsstralxluzlg
(Shkarofsky at 211., 1966)‘ Sine-e the facusi'ng‘ of the law: beam pmducsd
by a lens or ‘mirmr is essentially preserved as the "beam propagates into the

plasma, very largeJfie}z:l. strengths may beproduced within the plasma near
the beam focus. It is £12833 large field strengths that lead ta peak tcinperas
tures in the LS1’ that are geneirally greater than those obtained with either»
dc arcs or the K31’ and make it possible to sustain a small Volume of plasmla
lnear the focus, ‘wel'l away from any confining walls.

Inverse bremsst.1'ahlung— is a process in which the plasma electrons ab~

sorb photons from the laser 1363111 during inelastic collisions with ions, neuw
trals, and othsr electrons. The collisions betwew electrons and ions are

‘the _domlnant process for the LSP and the absorption coefficient is given by
(Shkamfsky et al., 1966)

we 3n.S.0G 1~e'”“’/"T VW .l -. 1.4.“‘ (La) ICT ( Fzw/kT > O )
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where 5. is P1anck’s canstzmt divided by 271*, k B0i§zm.an.:1’s c»£3n»S,iaIifs 8I1€3;T
-the temgm.r.amre of the electrons. ‘T113 faster G is the Gaugnt factor 322:! the
Eactor 3:59 ‘isngiven by

  
16;. .22

.3133 "~'-’—" *“** nflfin
A. 3 3 I 112 ‘ I

. . . L‘ . (4-5).
3 H1303’ .47n°.9 3kT_.j ’

 

T where 2,’ is the ionic cha:rge and n,;,. the ion -density. The facifliis. a.

- where s is the: distance along the iocai di.tex;z.iczn nf‘pin ’

mec1;anic»ai£ currantinn to the -::.1as.si.c.ai theary,-_’an£i axiensive téixhies
have} been given by Karzas and Latter Fiifif f ‘ " " "
the phntnn energy is ’mm.:.h lass than than ’
bracketmzi term in (4.4) is m%:a:ri}y .in<3e-nail \.
c.n=effit*:ient:"is ’e:ssen’t§aIiy *pi?(}p’D2‘ti£3Iia51 "tn nu: sqnnm. :3. .

size (313 the win Ciepend on sencrai féc-‘ms . _

g:;n.metry,,1a5er*pmver-, and n}}sarp.ti»n’n cnefliciant. *
nf. the-..1aser ‘imam as is; prapagratas ~.~2i:thin the ;i:9gi-van by e€:r"s.1z.inr

til

_ “*"*‘ “iii A .. (.42-E5)

  
 
 I sang’ "ha ‘beam.

 
 

 

: ai>sa:n~~?.EE3‘

tizanifiength lfnr is a .d0minant».iengxh scaia f:c:r’t.}'?as‘3. .

‘the’ r:§'is_t;ance.-oyggr whigan the’p»nwnz.,is absGx*beéi fr-pm {?h’e“b¥3{am., Ft3r'tFhis’}-."=na’r

:59-n,»t"n.¢ dimension nftnanigimamparaznre ;é2£¥2sn:éb§i:z_.‘ "<2: 2: fiifasma
alnng the laser b.3am'wi1i in-, of the nrder’ n£ ;h:¢;»a¥3snr;):t:»nn inngiiz. Aiihnfiigh

,, . 288 it ,ci.ntér’. jnas .

it is {he n'bsorption3.engx11 that determines ‘tlixfsilangtii inf-thn»:p}a.s£na»a1:nn;g the V
Imafm fixigs, :1. is the kzser beam cI.iameter_1;hat. dnierxniizxes HIE: gafasma ’di33.I !LE-’¢'
tar; ’I‘i1e’;31zisn1a expands to fl}! the begin ;:n.n’e .néh”ti:r:e it an}: in absmb
pawns, "then rapifiiy c¥az;1‘e=a:ses in teniparaiurit m:tsi.<§e tines: ’?:se.am ti1mu1_gTh
thertznai <:Q.nd11cti0na.nd radiative: kiss .gnachan.isms..

The pnsition‘ 9f the ‘relative to the facai paint is £:1‘iiic.a1'in deierminw

ing its ntructure andfiie range of para.mcters fnr whicih it {tan be .maiI’3taine€I.
When the plasma is initiated near the beam foam, it prnpagatea into. the
sustaining beam and seeks a stable. _pnsition. The pnsitidn Bfstabiiity will be
1ocat»e»d‘where the imam intensity is ‘just stnjfficinnt that~.1:.ha ‘abs+:n“ba»x;i power
will baiance thclosses due to convection, thermal canfiuctinn, and.therm.a1

radiation. A _number of factors cmnbine to determine this pnsiticm of sta-
'bi1iiy.inc1nding the transverse pmfile of the incident beam, t.hefoca1.leng-th
and aberrations of the focusing lens or mirror, the piasma bpressura, and the
incident flow velocity (Keefer at 211., 1986; Walla at 211., 1987).

The power per unit volume that is absorbedby the plasma is given by

P == cu’ V (4.7)
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where I is the local irzadiaznee of the laser beam. Since I depends on -the
transverse profile of the "incident beam a’sIwe¥.I as ‘the focal length and aber~
’rations of the lens, these -chamet-erisiies will .:influenc-e £i1e’Ioca’ti0n within

the focal region at the. inimm:n.sus1:ai.ni::;gi’n.tensity is located. For
example, for a small flnnmbexh '“n;s,. the.::i:z2:ensitg; decreases rapidly with hp
cre.asin_g .dist.arfxce fro::'n..1l’1fie»’focus;’an€¥»the p.ia‘$nf2.a will .s’1;abi.iize:near the focus.

‘For -a larger effnumber system., ii1;s,i':».,i.:3'e=:1$?i£y’ tiecreaees 138$ rapidly and the
plasma will ;stabi.1i2e .a£.2§:-position fill, awe: $6.. .. oezzfi. I’:i<’3‘e=ez¥., for
gszgzifieienily 1ofxgf’*foc.aI.1e13§glEh§f :an;t.;1 be - s: p=oWer3 §z1ae:nas..h:eve’be=en 0b~

’ ’ ” ' ’ v2§aeier1;.i1fi§3£})»a,s “’I.a:seIfzs;;pp;Q2*tec3 com-

 

  

 

 
 

 

 
  

The. detaiieazi ;~r;;>.a.t.i,,2::.l : ’b , ” sizitaiis »3§,§’14E*.e.t*€$1?I2:i:§1fi1l“.:s:_17'¥._3r§It.1I1%:'i.nterxe~
’la5tfons betweendme opiieaigésgemg, 9. ' ’ ’- .2. m‘g»ee-.-_,.§. epressefeief

 

 
 

  
 
 

 
 

» 1 1 11:’ convection, condu-ction,
and thermal radiation; '.F§.1e poo. ’ " 63.133 zteia’ E: tcH;13e.fo-cal point
at. which the plasma stabiliz ’ ’ :§sx2e 1. 

a.nd.flow .fT«:3f.r. a s::ah.Ie -;:‘iaxm:a
Most of theeairiy exp moo

chambers or in f,:pen»air,w?E1efe»t11’ " xii.

by the effects of thermal buoy ‘

the pr.esear:e .and laser
pressure w11.er;:»i:»was I}fi3Esib}g’tG . .

eraiov et »a1., 1972;; ’Ko.zlo‘v ee a‘{., 1494: . . - These. -experiments
vindicated that there were np}::»’er ami loxé.-tea‘ f¥31r”l:z£>3:%h5};z1serl}:§osver and
pressure at which the LS? =eoi:}€i be silfitixifxeéié . .

Generalov et al. (1972) suggested that the u}1pe,2*l.imi,t.for p-owe’: was a re-
sult of forming the LS? with‘ a hori'zonta1b.ea.m. In this geomet:ry, thermal.
buoyancy ‘induces a flow iransvers-e to the =o}§t::ieal axis. The imiuced flow
carries, the plasma up and out of the beam 'w§1en.h.iglf;er laser poxver causes
the plasma to stabilize farther from the focus. They were u‘nab1.eyto estab-

 

lish an upper power limit when the experiment was operated xzrith the beam '
propagating vverticallyl upward. Kozlov et_;a'1. (1974) deyeloped a [radiative

model for the LS? and explainerd the upper power limit on the basis that
V the plasma must stabilize close enough to-the ‘focal point. that the geomet~

ric increase of laser beazn-i1}'ten.sity going. into the plasma was greater than

the loss of intensity due to absorpfi-on. They speculated that the failure of
Generalov et al. (1972) to observe this limit in a vertical beam was due to

rapid extinction and reignition of the plasma.

It is clear from the experiments of Generalov et a1. (1972) that flow can

have a large effect on the range ofApxfessure and "laser power that will support



’ determines the ternperature gmdiont in the upstream .front of thcplasma,
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a stabio Fiastxnas sust-a.i.nsd in the free jot issuing from a nozzle have

bean studied by Gerasimenko at 31. (198.3) who n1ea.sured the discharge

*2vn’vn wincigy nZo:1,g ma bean: andxanbges for the existencn bf a steaciybtate’
d;‘is's»;:h ..Rn;:::$n£E’» ’ }3§.*’;{1tS’hi'1_Vs‘3 been noncixxcted in confined tubes

=s.vhare=»£.0i1:ced nnnvaction :1 :ni'nat€-,d, {be flow (Wane et a1., :£9{87_). It was
.:f01unr?: ihaifi-n addition. to power and ;3rass11r:a, both the flow and optibcai ge-

" ” ' avg’-:2:’pr0fQz3ndinflnen'c-e on the <:'I1aractt31'isiicsVofti1n =

 

 

 
   

 

b _» ._ me L-SP cs:;::§d}_2»e susta.i-nan are val
oinIy:.£;:u‘ the gmiicziiar.-expnrimsntal’ gjeomotry»»nsen to obtain them.

when {ha pins
iizb ‘ iasma - 
 
  

 

  

  
 

 
 

 

  

{bait :t}1;&’3¥6i' absn:rb:e=d from £335. beam, given byisbalanced.-’
fi1Bic£¥n1?I3Cii?§’F£§', con§’nc'§i9w,» .a‘nd rafiiation Ioiss-es. -Sinoes, in generai, "the ‘in,

' _ T, the 1333222,. the plasma. will a.<:ijust.._;i‘z"2 size, shag 

a £331.31-:’:.. .9? bonnrbhsbzunii fiansitinns,» msnitin-Vg in lino rac}ia»£inn and absnr
tion, =an£1;fr£:c:e?ii:onn£i amzi free-afrae transfisionsbthat resin}: in .cz3'n£:in'nuzn rad}

3’iiQI}’-£{X1§.‘&}3S{}3f13I 0%; §I1e.opzicaI§_y thinportion of the spnctrnm, ‘chi
rmi.1.annn xvii:: Sfibxigiy ;i?::$i:rbaii by the plasma or sn1‘r0i3fidin§,¥ niééim.
regions and wii} fiimpiy swap»: from the plasma. {Ether Iportions of tho sp€:C~ b
trnm will sirongiy absorbed, resulting in a transport of energy within thxi :

plasma. In the oniiizaiiy thick1'i1niI:,_this resu.1‘ts;in a diffusive energy trans“
port that is _-similar to thermal conciucnoxz, but may be signifmantiy larger.

Detailed ca1cui.ations. of the LS? (Ieng and Keefer, 1986) indicate that this
raé3.ia*tive transport is a donxinant factor in the determination of the strut:

turn and posi.t.io.n of the LSP. In particular, it is the radiative transport that

thereby determining the position in the beam for which convection losses

are balanced by -absorption.

The position of stability for the LSP also depends on the plasma px'eS~
sure, The absorption coefficientis a strong function of plasma density, as

soon from Eq. .(4.4).. If the pressure is incroased and the absorption <;oe:ffi«
cient increases, then the plasma can absorb more power from the beam and

will move away from the focus to a lower intensity region in the beam. At the



 
§;,=a»s.er~'S'usta’¥ne»d Ptasmas ' 1??

861% '’£i1116. the :p.iasrz1a:3ength aiong the .beam deer-.a.a-ses b.ez:aus-e {‘.!f the. de:~«

£;1‘£:as’e in absarptimx Iength, 13111 the d.iamet=e.r i.n»creasa3 ta iii} the .Im*ger :c.m;s’s

secti;3.n 0f the beam, Thus, far the s.ame1ase.r beam stars:-niititizis, a ihig?he.r-
px‘t:ssuir?e wii} stzififiizc a, 'po.i_nt farther away frmn the ma: gixaint arzci
have 3zsmailer.}engt11~'1o~C%1am;:1er ratio ’tha.rz 3 }-msv;:r:pr£:ssu.rc .

,1-z’1cide21tiase’r pzpwer, as wail as t:i1ef/nuznber and absrraiirsms cf the fez)
Qusixlg c3pt;ies,» will also .ir’:.fiuenc»e the ;3;3si,£iz3n. at which the St:ab.i}izes

  

iihe .2bsa’m., Fmm {me 'f0r:agoi1:1g <3ii5£:us.£i€31}., it is clear {hat as the}:-e.a.m

paw: is increassgiv, the piasma xvii! mme up t11e’bean1 away ifmm the fiizezal
iyciintg. Thia distsance that it mmzes. -is tisterminegi by ‘the .f1n.umb=:;£ (zajtia mi

‘ ” ’ ‘ is in tiéhe: 33€:a::I1.Ciii£ti1x€t'£e2f:i'I1£:i£i81:1tb£3:1fllfiffi-izizfiizfig ” ”
. nee vtjhe rate:»of‘,ch,a11ge»~in beam 3?nte’i15‘i’i§' . _- mi

axis {:1 :22 at: incmasein ffnumbe-r; Lens ai:er;ra§:ions:.can-.aisc>..§1arska

Va _e:£:.é‘t c;f11p}asma p=o-aitkan (iieefmf at 31., 198$}. Tn part;icu13r, Wfh:fi1'ifii1 an-~
2i1Iia't Eaea-:2; frem a’n.n.nst;.abie1a¢ser <>:si:.i*_£3at:>r :5Ei}s:u$:€:g€§ 133:3 sghericai Ivans,
'it..pr£:§-Ch:-ccs an am’nu’iar’pmfQc,us region. befimr reachirxgfhéfm1aI.p?t3i.Iz£;, and

 
  

 
  

_ the ’ t_§i1i$ ragion 'n1.ay’136»su.ffi:£:im1‘i’to »sz3.st.aiz1 an zmI1uiar" 2131.3;

' ,;;ha.ra:.--tie

».::1;£ize: z:»'bs;é:rvat:iAn.:1.s :c}is<msscd. above, it is cigar ti1.ai’£h*a;$%:>sii»i£§I: 0f
the: plasma reélaiive in ‘the £003} paint has a: ;)}:‘=Gf£}1i}:1d»E§ff{i3{fi’(}1‘i’ii1f3fp1§}8ma

 

risticsi. Aime ’upjpi:f.1im.iis Qf:at3%t*.i¥i2y fgr bath i1.asr:r= -ptczwer ml»
@173 V a}i§§’=i§€£r's that {ha piasn1.a fiecizmes xxzmzible whan it ixnavasvma
far’fm?11_1; fi>~Ga¥. paint. This may be due to the fat-‘xi, as ggreposedihyfbiitfizfiizv
at 32. :(3‘§§?¥-Q, ihmas ‘iihepiasma .maves sufiicifen£1y’f.ar‘a’wa3? fiiia-£’.:u:s:..,
i}§e- ztaigte af infiease of the beam .ime;nxity in ihsa :iir_e.céti<2h a:.f‘2;::c>pagi1atie£n

’ zsyim-s sma.}Ier. 8’ir:c.;e the. temperexture €if't}1€f pi.a:srr:a .m::,st 3 " ease.-tax:-ttxe
hr-mm grgipiagates into the upgsmzarzi edge itixietpj-’Iasmai_ .:ifiiensi:y*I0f-the
’bt:am’.mnst 3715:: increase. At some paint, ii1e;dmsre.as’e -of i}za.’b»eam iI1.;tz3n,s.iiy
due-ti} »abé;f:§rpti0n is greater than the incrieéases due in focfisizig, Sc! the piasnaa

Esecomeéa xmstabie and extingui-s'hcs. Recent <:.a1cn}atit:ms by Jéng. gm :1, Keefmr
(198?a},i1mvav€.r, indicate: that there may exist 1.00211 're:gi£3-213. =withi2: {ha LS?

where .the b-eam intensity c§:1cre.asAes'as it penetraies the piiasma.

. Aconsidarabie xziegtee of control of the structure and position Bf ihe:’LSP

can be gained though both optical geometry and flow, in Vadditian ft) .1353:

p-mver anti. ’prcss;ure. Utilization of thss-e additional parameters maisze-.5 ‘it,

p’0ssib1t:’to successfuliy 0pc:ra'te the LSP ever a wider range of exptzriniemtal
conesiiiierzs, enabling a wider range of potential appiications.

 

 

13.2.2. Flasnux Characteristics

Lasemustained plasmas have been operated in 21 variety of molecular and

rare gases at pressures from 1 to more than 200 atm. The resulting plasmas

have characteristics that are similar to are plasmas operated at similar pres-



113 - -Keefer

sures, but the peak tampcraiures in the are usualiy somewhat higher
than ‘these for the comparable am, Ratiimon "from the plasma can be a Sig-

nificant fI‘actioI1 of the total! paws: ,iz?:pI.1.2, a:n.ci .r21:3.ia£ion 1:ransp.r;:2rt plays 2.-
major £0.13 in £:‘etez:minin_ ghe structure of tha plasma. Continuum —abs0r-p—
{ion processes are ofyam?-tzifziar ,1’3n“zp0.1*ta:zce in these plasmas since thepower
to sustain the piasma is aiasarbazi -through, these. me-cham‘-sms,

The» .caniin1mm ahsargzzizan pxtmrzss =i;:sz:31w;s both bmzn.d.~fxe»e trans.itio1}.s
('p}1»0t0iDnizatit}n) and fi'.6t3».f£'efi transiftions (invarsa brfimsstrahimig) in
whirsfh phmxmjs are absorbad. frram the»»3.a4sa.r1?::eam. The .fr<w-free. transitions
inmiva =~‘:}ec&;roz1 caiiisicsns with Eicms, other éeiectrizéns, and.neutr:a1 particles

gfihikarafsicy 2: .31., 3;’9‘§S-;;; £3r.i:e:m, ’19t54).. :éi9mi'nan:t absarption process
for the: };S?’is £1:-:s:ugh ;m'iiiaion.§ ihcéimen . .. as a-nciiens, .ar1d‘t,.ha a_5smp~
-tiozx ccmfiicient far this pxocrasa: is» given by Big. For the usual case in
the 15?, km <<::;ic'1’~and the ~a'?bs£33.fpii<:;I1’ is; appraximatifiy‘ j;3m;3ortiana} to the
sq’na’r=::-*, of the 1as.€.r- xvavgisxzgtiigg to ’$irs3z:g,'xvaveier;=gtIa tiepsnéerigms,

 

mi. «sf the. r;6'§3=$:rté:£§. e?£P€:i.m.:an'ta1 xii-:;s';'i3I},;tsf£}i*’ thfi LS,P”hav'a» been ebtainad us«
ing thfi 10.6 mm w.avek°,;ngfl1 carbon ciiflxiiie laser. Si-nae the Iength 592136
for the plasma is sf the ’:::xrder of {he»absorpt:i<3n,1enfgtIh;, the length ref ‘the
bpiasma and .1113 ptiw-er .rc:q§::k-ed tD’sus'ta1”31i.tw0n1d be axpeetcd in increase
dramaticaiiy .for'sh::::rtjer xsiiair-e1;::1:gth_ lasers Cmjgrgntiy, -thé anfiiy other iasezrs:
-ziiat are fikeiy eanciidams ta suszaiz: £;ti1I;t1iz'21§€n:s1 g:1ajs::2as¢-aria» the iiyfirsgen
€11‘ denteri'umfi1u:«:rid.e ahamicai iasers mat Qperate at waveiengzjhs (if 3’ to
4 ;.sm.. ' ' ' .

Tfismzal radi;atiQ13’.is’i§i1l6 czi thfi :rxI£3s:.’.i_x:;pi3:’ta:x;t c'ha:;acteris:ics of the
LS1’. Thezmai -rad_.i.a1:io1n I0s.t.ffG2i£1.’£iif:~;’3IaF:§'ti:a can acccmnt fer neariiy :31:
the ;;=aw::r absaribed by tiihe 'p3’as1fna wizcn thce flow :1’1.ro_ug?h the piasma is
smaii ant}. viii} amount for :a s.ig1.2,if‘want f.mciie'n of absorbed power even

when the canvectiva. 353.8335 are-’ large. The thermai :rad.iatican. consists of

continuum radiation resuiting from _rec0xI£binati0n (free.-‘bound transitions)
and bramsstrahhxng (free-fr-ea tr-ansitions’) as well as line radiation (’boun<i~
buund transitiims). Caicuiazian of this radi.atic:n is straightforward, aI~
though rather tetiieus, when the plasma is in 10031 thermodynamic equ§~

librimm QLTE) ‘{Griem, 1964). ‘Local thermeadynamie equiiibriurm is as»
tablished when the eiectmn collisional rate proccsses dominate the pro-

cesses of radiative decay and recembination. When LTE is e~st.ab.1ished

in the plasma, the density -in specific quantum states is the same as a sys~

team in complete thermal -equilibrium having the same total density, tern»

perature, anti chemica1v.c_ompositi0n. It should be amphasjzecl that this

dues not imply that the radiation is similar ta a biackbody at the plasma
temperature. In general, thus spectrum of the radiaticm from the plasma

will have a complex structure: consisting of the superposition of relatively
narrow spectral lines and a continuum having a complex. spectral struc-
ture. ‘
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The absorption: c-oc1ficient.in tho plasma‘ depends on the wavcicngtli, and
for thc o'i:r.avi.o1ci."portion of tho spec'tr’um below the wavelength of tho rcso»

nance’Iin.cs (-trxansiti :13 in ‘wing the groom state), the r.ac:’iia2_io.n is si'mrLg.iy
absoirocd by 233:: pk: ’ _ the coo1cr.su.:roxmdi.ng gas. This rcsnits in a

szrozzjg raciiativc 'ira,os{3ort”'mecha’nis’m that is imgortant in :?:etcm1.i.o;in_g the
st:ru.c.:it:i::'e ’of“t]he p§asma.. Qitr.-an, 'rad;iative tr-ansport for strongly .absor3:in_g
gases is :moda:%§.cd as a -ziiffosivc energy trans-port simiiar to thc.nna1..conduc~
izion. £}1o’.3£rooIg’iy ioni2ed.rcg§on5 -o:f"thc piasma, the r.adiativc 1r;ansport_.is.
many fimos larger moo the ’i=mr.ins§c ihcrmzii conduction and is the. dofifinaxzt
hjcat~transf:cr This -is cspcciaiiy tone in the ugsiroam rcgzoxz of

»whcro et;e~;:1:p:»ar§i£=21r[o grafiiont is iiargc, mad .ra£i.ia£io.x_1 transoott
. _ fiaot sfzozwcf i‘£?:371Q$;:ifi$ of»-the inciident "flow.

,, titoioiigorcwavcioogth region above the resonance transi:ion_s, flrxs..ab~
sorption of'ii1e.,rafii.at’iofl by ciao piasma anti the surrounciing gas is much.
smafilcrt. TI:1c=abscrptionIczxgihforthis radiation is after; largo -com 6
{some cha'rac’teriisiice::Ii.o:zen;sio11s -of the 'pIa§m3,, and -muc11»o£’thc,rao1a_,:oo

ESL >963. rcgiozi of ti;he.:spectrm:r2, tho ’pias"ma may be considered g:sp~

 

 
 

/zioaiiy thin, anti iftho piasfmax is in ’L'.E‘B, than the €:sc:aping:;’:a3;iiatiOn eanfbo
’us':eo ‘to characterize the tempcratutc within the LS? {£{e=e:£cs at 31,, ’1?§86;

 987).   
.. : ., . mic §??i‘§f1zii.1 to-o piasma is far from miform, as

mod to o*::£.’aiji1 {ho oxp»orime:nta3.3 tcmperatoresshown

 
 
   

in Figs. 43-2, 4.4, and 4:.}(}..i,s: =:¥cscribc<3, in Ci-otaii i’z'1S»oc.. 4.4.2). Ti1:is.’§igo.m
shows an is:ot%za:m4:;pic:t of me» ta:n;::«cr.at::umc czzzcemred in .an.LS?sz.:sa:a ct:

in 2,5 aim of =’ gozxizy .a.o&rbon’c1iox-idc laser »o§;er*a£’ing at 3. wiavelcogfix
19,5 cm. ’f1?i1e’,;5i=asi:aa Iozigifh, ago diameter, as ciotcrminccl by the ::o;.5o§K
"is-otimrm, are 311 311:1 émto’, rocpectivcly. flotc {I16 stce;1tem’peratore: gm<ii-
ants that exist. in the ‘upstream: p-onion of the pl-aszna and in the :r=a(iia1. £§ir2co~
{ion near the iimit of ribs: Iascr beam. '3i‘i1o temperaulre gradients in 111656

orog%1',x3ns..arc-of the orcier of 10$ In the upstream regions of -the plasma,
the dhection of ihe convoctive energy transport is the opposite ofthat (31:33 to
thermal cond.-ucticm and gadiation transport, and a strong temperature gra-

dient develops to baiancc the convective losses with thermal conduction and

V radiative *L;:angp;);t., The magnitude of the temperature gradient depends on
the flow rate and .incrcases— with increasing flow. Strong radial temperature

grad.iont.s develop near the edge of the laser beam where the available pow-er
decreasesorapidly and are steeper near the focus where large conductcion and

radiation t.ransp'ort. is required to—ba1a’nc’c the large powers absorbed from

the beam. The peak tempc1‘ature in the plasma occurs near focus where

the Ease: beam intensity is maximum, and the peak tcm_p‘e.rature has a value

that corresponds closely to the temperature at which the first stage of ioniza-

tion is nearly complete. The correspondence of the maximum temporature

with complete first ionization is to be expected since, for a constant pres~
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3.3 ~ im:.i»:i-en: wsiaciiy g same fmfs Al

at-23.422. 42.5.9 '.w.;s A 5»::..«;:: ;s;}2i’;s"’.s;m3l ’$’3§..:m
=¢;ixi::.:_il -dis‘-mr:c:a

 Fi;gu:~e M .Measured .isomm~ms £0: a 2.5 aim .a:;gt:i1f;:ia3 " Ewan ’:~m:.ii’£:3ar
beam frmn a carban tiigxxiiiaza laser focuisszd by :3 163$-of 3 :mm fem} iizazztgsflx. T313

anfiilxéiix éthé am“:-izcintai acala was .arbitrarii§y chosen so the fqws £3.53“ ‘:3 ’ ’
Imr beam and the flow are incizient, from 121:2: ism _ , .l - 5f3¥?II(s*i¢i£31
the outer contaur at 1(},50'0.’l<Z. (Frmn WIe1ic:_, R, at 2:11., 198?; Gnpyright American
Insiitute of Aeronm1.£‘E.cs and Astranauiics; vregrinted with permissicsm).

   

vsure plasma, the absorption coefficient passes “through a maxixnujm at that

temperature. ‘

Plasmas have been sus,tai'ne'cl 'by‘c21rb0.n cliuxida lasers in a varieiy‘ of gases

including the rare gases xenon, ‘argon, and men and tin ‘savaral m01e=cu.~

lax gases including hydrogen, deuterium, nitrogen, carbon dioxide, and air.

Plasmas in the heavisr rare gases (xenon, krypton, and argon) are the easi~
est to sustain since they have relatively 1OW.fOI1iZ.21'$it§Il potantial, thei1‘ther»

Ina} conduction is relatively ‘small, and no diss0ci.ation energy must be sup«

plied. Few e:xperime.nts have been reported using the Iiighter rare gases,

but Carloff ct al. (1981) have sustained optical discharges in 1132111111 and

113011 to pmssures of 207 atm and Cross (1986) has operated. a discharge in
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neoniwith ac¥.1n.ixtx.m::s of Qxygen. Reiativcly higher laser powers were re»

quircci with heiium £0 -9&3-at. aha grA:e.>3.:er .iez3‘i2:2¢-i’ii3srz ’p0’£en1tia1 aim rdativeiy
Large t11er.n1ai.z:{3nc}.:1c. -3.35! The -m;>I;e_c-uiar 33.3% 335%} reguir.e greater Kasey
power sinca these» z abs-aria snffurzitznt energy to uzzmxfgzz disso.ci‘a~
1-ian befare they can he:jia'x_i"Timzi. As :di.s-ausssfi aariierg the ihrssheid power
required to maintain. at _piasm.a »<’1':a_§z4£§nds cm the zictz;i1.sofihe.=axparim.am:in«

eluding beam qzgxgzliity, 0:31.55: g in ' a’3:3er££1t.iIon.s, and the flow rate.
'50: examp1e,»»§engraimr at .193; -:2.’ (iii. hr _m;}:3. ;)=£i$i9SIi?+£‘ far argtm
at a 32¢-ri:ss:u=n=: Qif ii}? 2i€:£1"'ft0 be . . . ” _ .. Mflfiifiy -('ii97S)=
faumi the t}3r€$}1t3"}§1’i§35E3¥$ _.xz:ja’:mft‘;e,y .at:tha»sa::m:t::>nd.iti<ms. Fora
single =e2:1:w»€:rimax}t2:i.'i:«c:;3figi2 ' it::.xs:e.t (31979?) fm.-xnd. the threshold
'i:::;r:2a3e£33} gcaing -;f:r<3.:nz.;arg..£m: .%t:§?A.:.3:11_.!:£1ii3"_g§:.‘»:n” :a:i>.»=e¥§:.1:::e:ii:2:::: is Iiydragan.

 

     

 
 

4.2.3 macticaa

 

 
 

  

 

Pzp;:>iig4ati:qn of ia5er~=$’£.L$taineeE

(if the 9-pmrati;ana1.syst.. nxishav ..
study the pI1’as:n.a.. itssaif. 1 .’.in=.: has in’

to .measu.rs..=the 33}ig‘f§1~'f:{§ii’I;{3fi1?. ‘:2: »»ai3s.::sr;3‘ £32: uf miixiin-res -afwatex wage‘: anti

b 115: used "the-; gexierate; "very

high«s§eed z*n;;1;ecu3;ar’£§x§rgaI1 _,aa§né$» fa _ cf _surfac.§:.i-nter~
.az;%£ie:;s-., ané £Z:fe:x:I£:.r3.e; 31; Q1£%}8S:).21a:;e»’z;.s»e:§ the a smxr-<:e fer atemic
spe.c:tmscapy:. EE?.§:z3’eI1i§¥§I,-I§2;‘§7iJ:21 . 1
cemimzteci by’Kae£evr-=§:§.a3. ’’1§}'’ ’’
to zirstermine their sruji 9 iy _

The axpar.i-meams '*W2¥’_.§?£ .€z3:x’t:.:1_1.2o

formed using-focuseci Nzzims "from ctzntitmous izarfisrxn fiicaxide lasers wifix
output ptzavivers between 21 few tens ~;:.vf watts and several ‘tens of kilowatts.
The simpiesz way is create the is ta ’f£3£:£1$; the beam {min {he 18361‘ inte

ambientair using Va 1633 or :n'iitr’<3.r. If tha p0war_i$. ap;p.r’{:xi.mat-aly .5 kW :31“
greater, a p1asm;;1.c.an be ’in.iti’ater:l by a :iis§:h.a1*gs3 near -fiw fésaal point that

is created by an arc, a pulsed laser p}as'ma breakdawn, or by Inonxeniarily

p1’aci.11g a .m.e'£a;‘iIic (usually .tu:1gste‘n} .s:1’rf:;xc»e in the focai vcgiuzne. The -St'c1*
biiity uf thfi; L8? is 1-.nhanc»e»d by caperating the ’beam 30 that it is propagat-
ing vertically upward toward the focus. This insures that the flow indtxcad

by tharmal buoyancy is in the sanxe direction as the imam propagatian and

does not tend ta convect tha hcstplasma out of the hig.‘n~intensity focal re-

gion. Various focal "length lenses have been used to focus the beam, with

typical systems having focal }cngtiis_fm.111 2.5 to 300mm and ffnumbers {mm
1.5 to 5. Plasnms have: been sustained using beams of various mode ‘struc«

tures: annular beams produced by unstable oscillators, Inultimode beams

from stable oscillators, and Gaussian beams. Therehas been little systam—

 
£‘}§3.¥..13$§(}¥.‘£.  Ihava bean }3€’»Ii‘~’~ I
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aifc stniiy cf the inimencs nf beam quafiity -on the: LS3. but in gencral the

tizrafiiialé ’pdwar required in sustain the plasma d*a.craases with hicreiasing
beam q_;_;,ai.i£y:. Mnndy.{19’§f:§._) has suiszmned plasmas in argon at 'preSS1m‘33
great-fir {nan 18 atm 25 W frcxrn a lasar having a Ciausisian beam
itfhait was focused by a rnirror of 52 "mm focai Iength. Various investigators
’ha;i?r-..ricpd:;':ed threshold vninngs that:~var_y by as fa-rztor of 18 or mare, and many
offhand difierencas are -prababiy due in the variety -cf main qx1a1ity’.and. fo«
xznsing ggenxnrgtgrfiiejs thiaa; hérvn baen a-lnpioyad.

To np:eratMh»¢ .LS.? other than. air and rat pressures greater than
1 331:’ :r£ece$sa_ry tn -c<3n.ii’ne {ha piasmia within :21 chamber. Gften, thesis‘

hi and.’ " rs 1tahamv¢er.¢ iargc doiiipafitii-tQih6,f;31i33i}12¥~, and rhesflnw
ijnt. ma i1§sI3$%££=€*2$'£abiiShe;d by air: thnrmaiiy‘ i¥3'Ci§i§33Ci;§ .£rnc =aonvr:c’£iize:

fi:dw*=w:3:h1n £113 "7i12irn",bcr.. jfietent nxp&1*i'n1e.n2:s have been donducmd
86;: in at 31,, in which argon" plasmaswere =sn_staine-d. in 22

£352.‘ "id nirnventivafinw. The {dread convective new velocity was cnn.sidar-
zifiiy Iarger man we thermaiiy induced flaw velecfiies, and itwas fannddiai
the piasrnas maid bnsnskzainad aver a wide: range of p;a§ver and preasnreby
adgusting than flex-v veirnzizy and npticai geometry.

  

 

 

4.3 i nnnnmnnn Monnns

Seen afftér iasranindncnd br*eaikddwn was di.sc0vered., thedreticiai modeis

fr}: breakdmvn of .3 gas in ax’! dpotinai .ii’e:~’:.i'<_i ward dnval-oped by :Zai’dnv:i<:11
and Rnfjzar Rainer (j1.§€iS)i than d¢v&iop~ed a medal for the snp:cr~
8-emu: Jprepagatidn 0f. the 33230:-gpiian ware, -and iater -{'Rai2:e'r,-, 1..9?£}) dwél»

- oped. a o’ne~-dimensional .mc>:dei for the s.ufbs0nic.pr0_p2;gati0I1 and mainte«
nance Gfla" Iaser~snstain'e.d plasma. Tixisn mode} was 'ba.sed an an anaiogy

wit?! cnmbustiun, and these .sub.s0nic propagating ’wave3, tG,geth.er with the
cnntinnans 1aser~sust.ained plasmas, became known in ‘the ’Uni:ed States an
“Ease-rnnpgarted combnsfian waves (I_SC).." T116-ciase-d-form sointion for

this maria! was widely used to ir1t.er_pret experimental observations of prep-
agating plasmas, but was found to greatly urxdemstimate the Csbserved prop
agatinn vfalocity.

The Raizer model was extended by Jackson and Nielsen (1974) to in»

Aciude the effect of radiative ‘transfer, and they obtained a numerical so-

lution that led to‘ much better agreement between the predicted propaga-

tion veflocities and experimental. ‘observations. ‘Kozlov and Selazneva (1978_)
developed a one~dimen.siona1., t§me~dependent model and studied numer~

ically the transition of the plasma from the initiation spark to a station-

ary discharge. Kemp and Root (1979) extended the Jackson and Nielsen
(1974) model to predict the characteristics of a hydrogen LSP for laser

propulsion. The numerical methods that were used by Jackson and Nielsen
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(19?4)‘ ans} ‘Kemp and Root (1979) led to a‘ divergence of the solution

near "tho maximum temperature, and '.K.€:ofer at "211. appliittii 3 new
motho’c§ of m1meric.a1 solution that p’rovid::d convorgecl fiohitions throxxgh»

out the solution domaig}. It clear from 211% of the numerical models
xhat ‘raziiativo 't2‘ansfer"”'Ei§{i tilgfiorxsrard portion of the propagating pizzslna
played a domin.em_t role in the determinettion of the pzogmgation veloc-

ity. ..

Baoeh :«.#.n<1.Ke:efer (1£}7.t1)d-ovelopod aquasi~ivio»~?:1i:zi-on’si£2nai mocieiifor
th: that was basxzd on an Extension of the Raizor banaiysiz. They in~

iziucieci. the effect of 'r:a,di.a3 and »axi:a’i ihormai condbuntiono-z1d.’finite: iaxor

diameter, but asxnmed that the 1.356: beam C-olfimatod anfii radial
.’t;£m‘pio*’ ' ts of the. flow could be negi1.e::m3._ The =cj}oSied in oolutiom for
tit: 1’ 71;: may-,2 that wort: o“:bta7ined agreeti qua¥i:ati'szajiy»w aijse seed plas-

modci was extsandeéi by M13113: any! i'i}h1.e.nb.t;s:,:h, to.im{:1udc
tho i.m.por'{an.1:-affect of the con’vorgcnco of the 121861‘ beam gooxnoiry, '}Z”i:oy

used. .21 footzs-ed Gaussian hoam to 1?£1(_)d;o1 tho two-Adi1non.sioI3V€£1, axisym’mo’£~
disiribution oflaser intansity in tho feciétfi.1,.r¢gio’xi. ggproximat-3 solutions

\’&'6,¥f§3 o3:3’ttaiér,;e€i for the case in which i.bL6i11’.f1'uen€-e of the ::«::i::1t.a." :13_g*§3zai1s was

'n.r:giectoci and restri::ted funct:i.o1i3i forms of the tra:ns_port prop=orfi:os were
used‘. J

more eiaborate mode! of the flow in the '-of the was dc»

éfoigzgped. by {l‘:ar.1ofi° at 21}. (1984).. Théey obtained .5o11§tt,.io’11s offize .I\I;':1"§;v..1‘_.::*?:.r‘~«.
Stokes e»qzzat:ious for the t'iwrmajE.Iy‘ induced fimflyflfiti fl:OW at scliiosod
chamber »con.t»aini:}g the p}.as'r:1a.. Ti1»o.soIution’was ob£a§‘zm:..d for tho flow
‘within. the cooler gas rezgion ontsiéo of the hi_g’h~ten:1p»oratu1%£: piasma (more

by soiving foe _m.omontum <:c:;uatio.ns using a toozgaraturo .fia§1d that was. <:a’i~
¢1§I,at’éi separately. The hzmporature field was. £3332:-§1i’£if$€1}ffi3~¥xi-Si —so3.z1tion of
the» energy oquation using an assmnod Gaussian be.-a1:1.;profi.ie and .21 vo}o»c~
ity fioid obtained from the momentum equations ’{l$i!Ig 3.I1 assumed {em
peratur-6 profile. The equations were not coupiod, and it was not clear

\’vhet}1o.r the radiation and transport properties haad an assumed sgpatiai va'ri~

.atio,n or whether the temperature» and pressure~»(3ep»en-dent properties were
used. Their soiutions clearly showod the recirculation coils that deveiopin
the closed chamber and the defl-action of tho streamiirxes around tho high.~

temperature plasma core.

The next step in the development of two~din1ensiona]irnodeis was taken

'by’Gh1m’i9va.n.d .Kric:r (1985) who included the effect of "focusing by assu'm~

ing a uniform convergent beam focused to an arbitrary spot size and re-

tainod the assumption that radial components of the flow could be no»

glocted. However, they obtained numerical solufionvs usi11g_fu1ly .coup'1ed

temperatures» and p're.ssure—dependent transport properties. 'I’h‘is model

produced predicted tomperaturo fields that were similar to those observed

and gave good results for global absorption of laser power.
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Mczfkle (1984) cievaloped a tlteoreticgal model to consic_ie_r the case in
-which the pktsma was sustainediit a ch.amh£.‘»’I' hav3°.ng_ :21 c-onve1fging~divergi.ng
nozzle. He soived the Q1}353-{}i}$~i1fi!13€¥}:$i{}i1£l1 Navie:r-Stoi(.es equatitons nu»
mericaljiy using ag;_:::E;;m_p1it; tfime?marc'hi1tg.xt16th0d for a piIa.sm’a mixture of
hydragezi, cE:S_i}3II}_, and.svat;e:.. Beam‘ ct:::n.ver.gen:::e was 'im2hxde-:3 in :a1tap~
proximate-fashi3b_n but .ra.dit1tic3::‘tranfsfer -was n.egIect’ed. A bmodei that <:<m«
mined as .c»ampiet»:.; ttvo~di_me_nsi<3na.1. .d{‘3SCripti'On Qf the fibwfiatd was deveb

epedby; hfibtviket '31. @935»), but thefiowfietc? was unc-cm’p}‘ed {rain “the rad.i‘a~
tion. by tbb"a.ss’u’n:ptib2i {if abcmtstant»-2tbS0r.§3ii<3n Cb6ffitfian,t.. "Ebb at3S.!3II3ptii€}11
w»as»:.retaxed_ by‘-Mark}: e1:aa1.. (’1-?9T8§5}'byb:ass13:ning abiS.t)r’pti8n into a .mix’tu(re Bf
hydrogen, c£;sim_fn._, .an:;t water that e:e£}1.i1§it.s stwng absofptiim. at reiativeiy lbw

"temperatures. Thby‘wer?a11n.ab1t:'ta.£1btain convargence far pure gases be-

»c2mse of the stming} Vgratiiieni-‘s anti ‘neinlinear ’temp=eratn.ré—dep=andent 'prg'p.
crties. ‘ b ' b ’

iJE.n$ and jKe:e1fer (19$6)t’tt'e:szs%:}ag*e:tt’ a am t\_vcls~-di'mc“nsiona3 made: based
cm a Navier—S't0fkes éescriptian ttif the finwfieict’, gcamatriic ray~tracing fa:
1aser’be;am:$of arbit°ra1"y.r.ad:ia;i praifitssg, land a ’radi.at_iva -tran.sfer’:mode1 that
;d1'viiit:d the, radiai§v€:'tré;1}5p£} ' iiiniczs a;3ticatIy’tE1’ict<’azzei opticaiiy ttzin'regians.
This mode} was softvmti , _.r5i<.:ai‘1y'u:’si:::g the :3.I.M£‘:LE (Jeitg anti Easter,

1986)‘ atgarithm far pzsm .ar_g.cm in :.a pipe flow where. the plasma was sus-
tained by the annuiar bemn froman nnstabie Iesonatm’. These solutions

wen: fotind to be in _’g0;3t1..ag:eam::n't with dctaiIe»d measurements, and the
:model was exierxtied stat) <3bjt2ii_._’r& S01:t1tifln.$.f0i‘ plasmas sustatne-d in hydrttgfin
by Gzmssian- laser bé£z.r:i§ :(¥Iarr:g~ at ’i98?7). Coxnparison of the .SOik:i¥:i£3ttS
abtaineéi using tits fut} 'two~dimmzsionat made} with those cflztaineci. from the.

quasi»tw0»»dimensi»0n.a1 mtbdel, in which. the radial <:0mpc:ments of the flow

are zxegiect-act, ciearly show that tb6.f11'H twcmrtimaxtsibnal trt:atmant=ofti1a

fiowficid-is required far»;a:.;curate pftadictions. ’Du_e. to the pressnrs increase
caused by the strong heat adéiticm, the fi0v1’isdiverted around the outside of

the plasma core anti the mass flow thraugh the plasma (:m'e may be reduced

by a factor of 5 01” mare compared with the simpler motiels (Jeng at 211.,

1987). This» effect is Shawn in Fig. 4.3 where the temperature i'sbtherms are
shown in the upper half of the figure, and th,e10ca1 mass flux is represented
by the vectors in the lower haif. This calculation was for a 3 atm hydrogen

plasma sustained by a 20 40 mm diameter Gaussian beam from a carbon

dioxide laser operating at.1’0.6' gm.

, Development of the detailed tw0~dimensio11a1n10d_e’Is has made it possi»
ble to gain—c_cmsiderab1c insight into the factors that control the LSP. One
factor that was found to be of con‘s.ide,rab‘1e ‘i1IlpOI'£€lI1C€ is the characteristics

of the laser beam and the focusing optics. It was found, both experinlentally

and from the mode}, that when an annular beam from an unstable osci11a~

tor was tlsed to sustain the plasma, spherical aberrations caused an annular

prefocus ahead of the focal point, and that this high-intensity region could
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..1E€‘.i':gu.r.¢ 4.3 Thstiretical caicuiation fora hyd.rogz;n.pla:sma .sustained by 2: Kit} 21213:

,2§1}2.1<‘»}1é3" {}au+s.si;1n b’e:;a.m focusizit by a 393 mm {acid ietzgttt lens "{1} the 50 mm. position
on title 'i1orizo‘n'ta} axis. Tho -intiideht flow velocity is 23 mzsec in a s:§i{iac§.rica§ tgipc
22. mimin diameter; The uppgz part of the figum contains isethehms and the i»owar
haifciontains vectors whose. ieztgth and direction .mp.:t:sent the local mass flux »(-pint?»
act of icwal density and local velocity). {From Rang, S. M. and Keefer, 13.», 1987.3.

flopyziglit @.Americ:an Instimte of Aeronautics and Asttnnautiszsg repx*.i.nt£:d with’

pornlissiom).

sustain a ‘plasma that had significant offiaxis ’_temperatu.re maxi’ma,o Ar: ex»
ample of this effect is sltown in Fig. 4.4, The upper half of the figure shows

the measttred isotherms and the lower. half shows the isotharxns predicifiizi
by the model. It is soon from the figure that the plasma is sustained further

fr-om the focus than that shown in Fig. 4.2, and that off»axis temperature

maxima occur near the annular prefocus indicated by the cmssihg of the
iimiting rays of the annular beam, indicated by the dashed lines.

The models have also shown that the f/number of the focusing lens has

an important effect on the fraction of laser power that is a’bsorbod by the
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Figure 4.4 0ompatisc»n’h=e1ween measmred an<ib»cakn-iiaied is0’£he.:ma fatrzan. argon.

piasma austained with an annuflar bean}. Bflifh '£i1..¥?. 1 ’ " ’ beam aTi1£,i}f.i1€:. iigaw ar8.iI1~
cidyent {mm the iefz. :0fi‘—‘axis .maxima it} this tenzper .. c? ear”whe’m:hc :s;p;h3r~
icai aberratinn of the lens causes a high-intensify’a:mu1ar’p%ef:3cus.. ,(Fi*mn "Ieng,
S. M., -at 211., ‘$9187. Copyright (5). .Ameri::a—z§ Iitstituta of fikefqnautics and .Ast£0nzn;1~
tics; reprint-ed ;with permission.)

 

 

‘plasma. and the fraction of ‘:absorhbed.pctwer tlhai is lost {mm tha 0ptica'IIy
thin plasma through radiation. As the finmnber Djf thecptical system is in»-

creased, the diameter of the plasma. will be smaller if there is sufficient inci~

dent flow "velocity to sustain the plasma near the focal regicm. This smaller

volume ‘plasma will lose less power by ‘thermal radiation arid can absorb

more: power from the beam because it is located in a region of higher laser

intensity. The models predict that in hydrogen plasmas, it should be pos-

siblc to sustain a plasma that absorbs ‘virtuaily 100%’ of the incident laser

beam power and that radiates no more than 35% of that power out cf; the

plasma (Jeng et a1., 1987). h
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S.iz,xe-6 211} of the repemzd .ex}:m.r.iment.a1 data is fat carbon diuxide Lasers

gzeraiinig at .2:xvave1angth {}f13.:{}{€3 p.111,» ii1e»d§s'£aiIed models px‘<:riszi£§e an mp»
cmuzzity ti; i:1$*€S:i“*z’ the aifgntsi -cxf. u3:i_z:_;g .d iffarenAt w.ave‘Ie:1_gti2s to $113»
in the pIas.ma». 13_5.'I1»€315€E§;2 1eis.sh.own in Fig; 4.5 (Sang, 3.986). The njppar
{3i:hcrn1.s are far :a bp§asrn,a\s2;zsta§'zied rising 21‘ 10.61 mm waveiangth. and -the
war is:;:rtharm.s are for 3 pIa.s'f£1a sustained. with a -wavelimgtla of 3.9 pm
:3: -is typical 0-in-i1e:23i.:.:-2:1 i£1$5‘3§I§S-. ”1‘.i:;c 12:23-iciejnt piuwm‘ M5245 ‘W for the

» . V ’ 1 ’_ H I 3 11651311 as up fr-an; i"h-ie- i’;1::ici¢nt >pnwer of 718
sad to susmiti. ,. at $3.. . gm %}1e»:sq'-zxaira of ratio of wava»
’n:g,t%1sl, Ito. :<:ampens»a:e:.f9r ;a si:m1I_a1f decrease in the aI¥3s»£>’r’;;>‘ti0n caefficient.

’ t.emperatu.re. is Consi-d~
, T As =éiseu$sa:i in

£_é:’:“r 1323. two "waveleagfihs,

 

 

  

rxzeciéfezfici¥s=k*::n~::a'{m.m;)
3.9 gm

4.0 . 5245 W

A-O.U 42.59 «d~5..{3 47.5 53.0 V 52.5 55.0 57.5 563.0

vmxicsl ditflunca

Figure: 4.5 A comparison of caiculated argon plasmas sustained by lasers of

10,6’ gm wavelength and 3.9 pm wavelength, The incident power for the 3.9 pm Case

was scaled upwards by the s.qbu.are of the; ratio of the waveiengths to compensate for

a similar reductiorx in the absorption coefficient.
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. Caimila-tedliféeatians <3£.im:i1dentiaser'pm~mrth;at.are a’bsnr'b<:da:x:i.rerag
iiiziieai fmm. a hydragen piasxna at a pr-esaure 0i; 3 aim. The piasnia was sus’tai_~:fn=§d

it béamhavirzg a w;.ave’le:1g:h sf 113.6 gun. :(Fm:m Jeizgi, and
Iieefe 133., I98. . Q) American Institute of Aamnauties and Astrenam
"tires; rapfinteci usfitla petmgissionl).

sinca this is primarily a fxznction cf the beam diamster, but the length. -of

the -~pla5.ma has inc’ré~ase»d for the, plasma sustai-nit-.v:3 with the 3.9 gm} imam

(int: 1:) the larger absorption length. A significant amount alt" lager paws: is

absorbad, beyszmzi the fecal point in this plasma t.ha.t.l»§:ads to .3 “dt:2gi30n.e”
shape for the isqtherms. The prc»z:¥icted fraction of incident power absorbefd

at 3.9 mm was 28%;Lonsiderab1y less than the prediction of 7.5% ft}: 10.6 mm.

Tht: medals also indicate that the plasma can ba sustained ov¢::I'.a wide

range of flow velocities and that it is difficult to “blmv out.” The flow ve-

lczcity has al pmfounci influence on the shape of the plasma and thejposi~

tion of the plasma within the beam. At low incidant flow v-elcmities, the

plasma propagates up the bean: heccnning larger in diameter and \_’t3lum.a

and, therefcre, more pmver is radiated out of the plasma region. When the
incidant flow vpluciiy is lT1CI'E33S(id, the plasma n1ov.ns toward the fccus, be~

coming smaller ix} diameter and somewhat longer in length. The result of
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this change in plasma shape is a reciuctio-n in the posvar '1QstthrmJ'gh r-adieu
. tion and an increas.e in power abserbed fmm ti1=e'l.aser beam. This effect is

5§1;:3«wn.in Fig. 4.6 where. £l1_;:;:’_ calculated {fa-ctian of the 'p0w’e£. ahsclrbaiti from
b the inciclsnt laser b7Ei.i?£‘1n the fractitm of the .i1aci¢:3leI;.t. power that: is lost by

radiating are shown as al{n1zction~o{the :inc:i’:ie’nt flmw”v<:locity.. It.» is found
,, at ‘the: fract.i0I2a.l paws: absorpiion .inc’r.e-ases with inci.€l§1zt flmv vclacity

’ :1, far these c0’ns:i.iti::ms, nearl}: all the incidentpcswer ia.23b5i3r’l>a£i. The :36»

saxptizzn increases with 'veiQ’city‘ E2:-ecausa the glasma is ,l£:x:£1:_g»*::r in the l:igh;ei:~

valceity :cIases, and this incrcasas the» zihisflrgtifiii The fr’ac;3;i,e’11,a§£
pnwe;'r that is lost fz'{)rr1'th.e';3las.ma decm:ase:»: as the ’in<‘;icicni flmsr vsalocity
is incieasad. The bpasver racliated irnm the plasma is pruperticzfiajl {Q the

Maine angi}, .since.-the :li.a:n¢t'6r’ of plasma? »s:m:a:i1er.f§2r

in clam flaw vekicity, the rad.i»at¥i:1gA-vz;1.::m3 ea: the ri§i?xiI§:f:{i..'
The developxnent of {3e=t.aile<':l_. nuznaritial rntxdals “has .ma::ie it passihle to

atne1y:and interprat the complex i'nt£:ractiQns.»=am:o.nEg. optiezail, geI0met.ry, flaw,
and pre-ssuze that szzczicur xvithin 2126 ;LS’P. The; .:e.sul£;s af*E.§1.es§=.»szn:lies i{mf1.icat»e
that the ch’ar:a.cteristics sf me flan ti-ia £:oh.t2;:-Qllasti by :a§:zd:i;::ic:m ;cl1£:xi’(:c cf
thiise parameters to pmdiafie: plasmas in.-8 ¥¥3£l.fi% Vafliéiy : a5e’s-:’wV = .'i-335315?
»;prap3rtias that can be apt-hnizmi far .2: parti¢u_1ar-app “ 0:1. ¢:iet;aiiad
u2:n:Ir:rs1an:li.n_g,together with the incmasing availahlii 3; G .md‘13s.m".a’l earl:-an
»¢!i::;x;i’:l:z lasers cf gaocl beam. »§;::ia}.i:t;g she-mid g;:eatl{y.ex:3a:1il ‘£11-,e’}:)racgti§::‘a,l., ap—
-‘plicatinns o£the’1aser»su'stai.necl plasma;

 

  

4.4 EXPEMMENTAL STUDIES

Bxp€:ri111r;mt.al. stmlias of the have bean l.imi“t.::d <:§.9u~c: to the ’r2az:}u‘i'rsm€:nt
fxzrtr C-<’3,ntinu<m5 iaserpawar BUQVB 1 RW and the lack csf file};-arty :i{lemi.fi+:d

applricatitms. Until recently, most. of the experimézntal studies. were cllrrzctad

toward defining con1binaticms cf laser power, plasma ma1eria;1,.a-ml pressure»

far which the LSP ctmld be :succass.ful1y dperatcfi. Within. thepast few_years,
more de»t1af'led studies have been made that better elulcidata the interactiions

aaznong Qptical gconleztry, ‘pressure, and flow that £;m1tr0'l'the characteristics
of this LSR

4.-4.1 Opera-tiénalPam:n1ete1's
and Plasnm. §’r0per'ties

The first systematic study of the LSP was reported by Generalov at al.

(71972). They ignited the plasma. using a pulse breakdown in argon orxenon
produced by a pulsed and Q~switched carbon diaxide laser and then sus~

mined the plasmawith a continuous. carbcm dioxide laser having an un$pec~

ified beam and focusing configuration. The transition from the pulsed laser
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spark to a continuous plasma was invasfigated and they zneasured propagzr»
ti£m.ve1t3c.it.ies of '10 in/sec that .rapic3.}y deczreasezi to zero. It was {Gun-Ci that

the pulsed laser couid aZ$»o ’ xiinguisiiz the LSP once it "had been establisiuad,
if um L§1PAwas’0p6r£it£‘iz: ea: tE£7zres'11£>id.. They photographaxzl the plasma

and mted the change in .513j;3E and 'p£).Sit.¥OIi of the plasma as a function of‘.

pre3.su're and 1333:‘ power. Shark broadening of ‘the hydrogou H5 Iina was

 

useti, together with tho Saha »a:e:’qurr1£iGu,» to obtain est’i,mat£~:s of the piasma
tmnperaimse that ranges! from 193,806 to 23,C%.{}£}K.,.iu argon. plasmas.

V’3‘;’i2»e qu’3ut.i:a§_iva results of "the Gencrualov or al. (1972) study
was a detearmiuatimz of -the ffigious of iaser power and pressure for which
continuous piasmas. could he sustained in argon and xenon. Thei.r n1¢a~

sureiuexzts i:uc§u:ciau; .1 115 atm .EIIZ{3.IE1.S€;i"f3{}‘$V4?«f to 399 W.
The 'i11:re»$33.u§d puuur is. Q . tu é§:&:Er.£3£1so ra;>id}y’wi,£h increase-:2 'pressure
in the ’r“£:iz}g’e from its 1-9; am huwz’a.$ zumariy constant at higher p2:=ess1.1’r’$s.
Thgy utt1'ib'u'te{§ this pwssxxreu diep=a;ud;2’:ne:e of {he »tI:‘re;sho}d. powarr to tram-~
siizion of the éiomiuauitl ;power’1G$s=mec§hauism from thermai cozlxduction. -‘to
t}:1erru.ai1 radia-ti-on., iizho was ope-ratazi in a _ho:rizuuta1 izakzam, 'the3~*

obserxfefi an upper §re::«:siur:_s;iim . ID? existence of ‘the. LSP, but when :o;3e’r~

   

. at-ed in it varzicai 1363211., no upper 1’i.r::it .fx:’a3r pressur-ex’.vas obseriiéd. T]:;e§;
attributeti. this .resu1'i: t<:;.=:’th.3. stabiiixizxg ’efi.’-mi: of the tiierxuafly iuduceti ’buoy~
aux: flow. €Iur’iO33S}y;, t13.eyT.aiiS€§ obfiérved an upper Emit for laser power at
the highezr p;3.‘B.$:~’;'u,1?s-€23‘ "whoa 131:’ imam was operated. horizentaiiiy, but thizyv
did not. ubsmze mu 1zpp:ré:r;puwer tthrfiiioid when the mam was operate-6 in
a vertical m‘i:emt.ation. Timso resufts. for the horizoutai beam are shoxvn in

Fig. 2&7. The cums for argon and ,xanu.u are siruiiar in shape, but the at»
gou -c:'urve is :S?}iftE‘».£f ti) I1.igi,'1r;~‘;rihre$3}oI<i§.‘;3osvar a:u»:.':¥ _§;.ms.sure. Note that for
xenon. above 5183 am: auzzi’ mgun above 18 aim, them ‘was an upper Zi:ui1:u'f
1333? power for which the was ofbserveci. Tho average laser poxvur trans~

mission was aiso measured, and it was estimuatud; to be .approx.imutely 40%

in ‘these experiments. Cairiloif at a;. (1981) extended the pressure rzxxxge of

t1xcsur:.’inve:sti,ga’iions to 21:9 aim for argon and hnzlium, using a Laser having

good mu-’de structum and fos,:use.d with mirrors ofs§1or't (1;5-2.5 cm) focal

length,

Franzen (1972) and Moody (1975) conducted simi’1a‘:u* experiments with

argon plasmas. Moody (1975) _made a detailed stwdy of the maintenance
th’r‘esho1d.s using a laser with good bea1n quality, and he further investigated

the extinction of a. continuous piasma when it absorbed a h‘igh~power Iascr

puis-e. Moody was able to sustain‘ continuous plasmas in argon at pressures

above .10 atm using a 'foc‘a'1spo’tsize of 80 um diameter and incident powers

as 10W as 25 W1. Similar studies were extxmded to the molecular gases hy«

drogen, deuterium, nitrogen, and air by Kozlov eta}. (1979), and the results

were similar to those obtained for the rare gases except that the threshold
power increased’ for the molecular gases.
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 PL, wait

5}, arm

.Z€i'gjrire:-24,?’ E;xpe.rimen-taliy»:neasur:3d minimum gmvvier -requked to’:sus.,i'ain,§3ia$m;a§.
in argifin .{*~'3’13.”:.3‘z:t -cit-iii-es») amt xennn {a§asst:d’ mimics). For a.r;g_-an aboazza ‘:8 ti: .. . ii;
.xt:t1ati%tb»z3=vé 16 atm fI16f€.i$=. aka a maxitnum p0weI.f0_.1'IX¥hi€i}3’th6§)1&sm.3 E

  

31:5 nit: (Exam €r.ene:ra!o3r, At, <”:,ta1.», W72. America: ~3:3sti’t:’2;tt::e: £3f?1t3rsit:s;
repnniizti xviiih ;3ernt:ission.}; '

K1osterm2m:.armi Byran (19%). perftzsrmed. exparixnents on plasmas. in ah:
1 ha: war“a* ’i¥}ifi?E1‘{.<:-(3 :f;_‘=cm1n1¢:?:a}§I:i£z Ita_;r;ge,ts using zelativeiy }.€m_g’ _’{t3i.11.Ss?e=s:ifi?£tn1 fa.

£13? tvasm: at patvers {£34 ‘£108 These piasmafi were’ ttt)t»s,tatit3’tt.atf;yg.
"tint p-mpagated "into the beam at st1'bs.::sz1:7o vekmititts; Thgey ’-nieaszsred t3¥:i;=:
prapagatian veI’o£’:'i'ty as 3 'fut2cti’0n Bf beam diametetf am} ’p::nvez*., 8116 tihesa

.re.sui.is were, wideiy used to compare the early theoretical mafieis for the
1aser:~s’ttp;mrtec¥ cambmgtion wave (LSC). The ()b86I"V¢.’:£§ vctiocitbs ranged
from it} to $0 misec. and were much higher than those pm-tiixzted by the »ene-,~

dimensienal model cf Raizctr (1978) when the .radiati0n transfer was me-

 

using.wellmharactcrized beams from continuous carfban diaxicte Iasarzs at

pawers to .15 kw, and they also studied the ignition thresholds for aluminum

and steel targets in the presence of a transverstba wind velecity K120 misec.
Detaiied measurements of the structure of the LSP were ebtained. by

Fowler and Smith (1975) using in'terferom,etric methods, and by Keefer

at 211. (1975) using spectroscctpic methods. The measurements were ob-

tained for plasmas "sustained in ambient air by a vertical beam fmm 21 can»

tim1(’)u':; carbon dioxide laser opefatitng at a nominal power cf 6 kW. These

results ixldicated that the maximum temperature in the plasma was approx»

imately 17,0()0K with the 15,000K isotherm nearly coinciding with the outer

 

g1ect:=:.d. Simiiar maasurements were also made by 'Faw1c.r and Smith (1975)
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edge of the laser beam. '.i.“.he dia.metcr of the »1§,0=I}{3Ki.so'£hcIm W335 :a.pprox-

¢ prknary aizsjemivo of these S't13§3iE~75

.ima;te§y 7.i{).;nn1, its Imgtih was approxima’iéIy"1é.1nm;, and. the ;3osit:%.o-nof {he
te.mgerat‘ure maximtun was app£*QXii.:3m’ta3y 11 :;fri£i3’m -the f£}cx’z.s. Keefer‘
at 211. (.1975) am) foiiiad s;§=osiI»o:$»i:£3rpi<i ax:§::1o:m.:;a that the pfasma was not in
LTE in the outer regionsiivof 't11e’p1asma’Where ’I1I{§’t£iI}1I3€:fatB’L°C gradients
were large.

4.4.12 Efi’§:::ts of Flow gmii

Recent inie._x=c:s: ix} tho 1:33 of tho. asa
it: a. sggecifieéimpxiisa la ,
Caveny, .1984) has led to new * V ”

 
 
 

 

 

 

ch‘ar:c‘io£§3:ris%ics .a’n.d..s1;ability of'iI3€:”p}3S:fi3 inffixz i§3.f.iEi£§:£.2:£? t:=o.11~ A
vcctiveo fiow.

‘Conrad 61.21}. (19?9),.stu-¢:};iefi?15‘C W3
from. a spark x3is.ohargue. They .5339

in svhich :1 jplasma was s'tabi1:i:m-ti ~22: ’ _ _
363431 by fimrziixg iair 1211:3132’ 1I‘»‘i2"es;s§31ée» :3 ~‘‘. e .:
prgspagaiion, They fs::1:2:’:xrzs:i',1§2iz’se.t:.. 1:“ 3 .1” ’
m~iaa"fr=om away 1.091%, ”
;ne£7sr}y' zero, whe::: tho avezage ififiifir ,2
re::su.ii.s, not wiciely availablo, were 1 .. » »

since M "
ha absorbed bythe piiasma fiow. . on . it

Maa,su1*=emcms of thaflow ~:v.£fi-o-:.:i.;tgy m .6.-C£3"{)}.{§f’,1“’6gii}31F} s1;rrotxn<iingz'1h.e
high:-o.mparatu.re pkasnza core 'w81’*=e ’ob"ta’zié1Ae<'i by Gafioif at 31. (.1.93Z‘¥}1§.sing
a laser Doppler fazxemom-eter. The piasmia was sustained in argon within

a :.:iosod'ceI1, and it was oiyaoirved £113: a zhermai huoyazzmy drwen 1'e::,ir:cu~

Iation cell deveioped in the <:h.ambar. ’Tf¢e ’::1easun*~:d velocity 'fiei£i -near
the plasma showed that the streamiines Wi‘311'€2 deflected »'ontwar.d amund

t;he..high~temperaturo core. of the Vpmama. They found that the velocity for
from -the plasm-a core was about 5 cx:_1fsac.and increased near the piasma to

20 c111/sec, Amore detaiied investigation of the efie-ct of flow _o’r1‘t}1e range
of power and pressure for which the LSP could be mainta’ined was raporteti

by Gerasimenko at 211. (1983) who aiso established thzxt th-edischargo wave

velocity exhibited :1 minimum value.

Experiments were conducted with flowing argon by Krier ct 31. (1986)

using a 10 "kW materials processing laser. The annular beam from the un~
stable oscillator was focused into a 137 mm diameter chambor by a c»om~

plicatcd systemlof mirrors that permitted variation of the f/number of the

focused beam between 2.2 and Mass flow rates of 2.3 to 4.6 g/socpro»
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vidad. built fi0‘§I’V610{;i_.ti§8S fmxn. 11 ii: 22 cm;’se»c.». .I3e:tIai’1ed tc31:aper-atu:re- mew

su.ram€nt;s cf «me: reg;-sans -of the fim;.«- below 3000?’; were. made using
txmgsteznarfifiaixz:;2.;:1;}:srn§:£§::;:>upi»zs. »M::.a;s1:tad ‘isotherms ware presemed for
two pressures;,=1.1 am: atm, -and twomcident1a.s:E:rp:3wers, 3.3 and
6.5 kw. They aim :;'ne.:axure<3 thg plasma iabserption usingv a water~co0Ie:d

»an_;d? :ft313"n<3 ihafst the fr’ac‘i.:i{3na1 ai3s~z33f;_:£i0n {if the
at-’t1;1’::a ‘ Iaser 31:35?-a,rs.

. = _ » ~ :::z:;;~.i;;:;. as _.r’$II31£%;r_1i:a» cf the piasma ragien wove
Iiafififiii tit: :22: .;azr2m;{ aafar -6; a1; -(139‘8§)*f,c,:o1* piasmas Zszizsmizzed in a
vcrticai flow af argm: by :3 (34213 iiassmv. ’iI’.§zs::p}asn1as wara .sust:,ainad

” ’ ’ " ’ " ” 1.‘ 31’ ’V5T’  : .3 fiiiiiifiai =6I:t.tan-ct: saciiaxxs T126
’" V f ztaiimagesi: of "the p}@i:sm.a

' 8 :e£:::2eraa,:d at-1 *5i26i.§ um, -21 spetiztrai

_ ed a;t~v.i:ie<3 frame rates (6fii§cej{ ’us~
camwtar; Tl1£:se- .ir,nagas. were Abeiainvetrteti

tiiai canlzi be wiiatsci: to the piasma
" ” ‘A , Gwtmetria jraytracing thr0t3._g}i

- spatiaziy -rasoived rnea:Su-’rem€:nt
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. iaugzyazzgy-. For this’ Zigmiied

3;, : at:-‘thee; fi?i:;w"’i1a<i.’1§tt¥:e.ii11fi;1encs‘$
. _;;a‘1a:sima..» . , fia;t.::’a.:iiIed .s;paii212 m;easu:£em6n'i$,

3:2 ra:z1nn1Iar Imam fz3r;:3$:e£i ‘by lens-as (xi 2&3 am}
, . ‘t .'czr:_z..az.nee bf »sp11eric.a1. ab»er:iat_%tm..s rm

psi -' . .. :a§::z..ét11ai;t12’e. prgssnte fiepencience
% ansifim:-aisiy :s:iif£6r=en: for the {wt} Ieiisits. am} ccaciuded

that experin:-e.ni.a}1y is:ieter'm.inet1 th'r-ash-aid va1uésv’.re.re Specific ice the Qptica}
gaamatryxxsed. Fig, 4.9 »sh»:3ws the pressure: z:iepeni§.e:nce of fractiszmal. power‘
ahsorpficm. nbsérved izsiitig fecnsirig ienses :13? mo d.ifferex1t :fm;ai lengths.
.I*Ji:1teVthat, -far the {anger ftzcal 1an_g£f1ia;;.n._s, tha abxrzrrbed pawer de.cmases~

sharply near a prexsure 9f 2 atm. Im:3e:£3c1., it was not pcssibie to sustain .21

piasma above Eatm using the 305 mm fecal iength Ians and a volume Vfimv
sf 3,2. standarfi _Lfmin..

This czxperimental i.nves.ti_gaiion was extended by Welle et a1. (1987) to-
‘include -incident ccmve-ctive velacities up to 4.5 m/sac, considerably larger
than those induced by thermal buoyancy. At the higher flow velocities, the

plasma :shape, size, and position within the focal volume were significantly

influenced by-the forced tonvection. Fig. 4,10 fihows that, inthe ease of low
flow, the plasma stabiiizcczl at a positicm wail away from the focal paint and

developed otfiaxis temperature mélxima. The off~axis maxima wers created

by the relatively high intensity in an annular ring that resuited from spher»

ical aberrations. Wiill an increase in the incident flow velocity, the plasma
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Figure 4.85 Experimental apparatus used to obtain detailed spectroscopi-c '.tempc.:r-

azure measurements in —a flowing argon LSP, (Fgom Keefer, _D., at 211., 1986. Copy~
right Cc) American Institute 0f‘AIe1‘onautics and Astronautics; reprinted with peiv

missitm). ‘
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Pcrasisarc M1,;

i=~“.ign1+e.ai.9 Fractionai pom: a'§:§:3r;’::tii3’11 as a; icn cf pxassara far siixrxziesets of 

flasmas: 233 n1.mf0caHength.,3.§£ s'::!.»iit<<:;z:siz21i:n g2§3A.'m’m.fm:IaI '1ength,9.,6 stat
iitcr:.s.[mi.:1 {yr}; 3&5 mm fecai kszxigzh, £:’id.p}_ii;e:rsZmin. (,6); Tbs: mcidegxt power
was “$10 {firom Keefer, $2’) at 213., .1986. Ciajgyziightg A Amaricafi Ins’£itntc of
Aef0naut§c5 and Astrjxmautics; rcpri.ntec‘¥..with bycrmifia {.}}-1;}; -

st:a.bi1ized.'at 3 pesitien much nearer the -focal point, away from the annular

prcfccus. The 'rcgio.n of maximum tcmpcraturc was mere compact. and was
ptssitzionmti wiihin. the wgieiz cf 'nfiaximum beam intensity. Bee-a=use of the

:sma}1er’v.e1ume of the high~tcmpcratu’re regisrm, ,1:hc'ra::i'iatiQn .1035 decreased
{$931.53 to 45% of the incident radiatitm, and since the highervtempcratura
portion of the plasma stabilized in a highcr~intensity p-urtion of the bemn,

the power absorption irtcreascd from $7 in ?8% ‘of the incident beam. pewcr.

This effect has significant implications regarding» the regions of power and
pressure for which the LSP can cxist. For cxaxnpie, aithough it was imp0s.«

siblc to sustain a plasma above 2 atm using the 305 mm focai length lens

and 3.2 standard Limin flow, the plasma. could be sustained with thic lens at
‘.pressures above 2. atm when the incident ificw velocity wa.s1‘ncre:ased.

Detailed analyses of a iargc number. of Iascr~sustained plasmas have re~

vcaicd the complex interactions between the flow and the cncrgy conversion

processes within the plasmas. These experiments suggest that stable laser
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Figure 4.14:) The effect efi11eicIex1t.'flew vet-unity an the measured isethermni may

tfluris for me piasmas sustainefi using a 203 mm focai length tens in argon at a
pressure of 2.5 ~.atrn.. ”‘I7h,a 3;z}3p=8,rt ptanma was su:sta:'.ned in an iin.C,ide’nt flew velocity
ef £3.58 mfsec xvhiiextze k3WBir’p1,€iSma was sustained in an incident flow veiecity of
4.9? m!sez:.tThe comma“: imervnt is SGQK, with the outer contour at 10,50=GK. (From

Weiie, R, et 31., 1987. ilepyright ©.American Institute of Aeronautics and Astro-
nautics; reprinted with gsermimi-en.).

s’ustaiI_1ed—. piasmas may be operated over a "wider, range of conditions than

Aprevieusly reperted by using appropriate combinations of optical geometry,
pressure, and incident flewtvelecity.

4.5 A?i’LICATIONS -OF T314‘.

LASER-=SUSTA’INEI) FLASMA

Although the laser-sustainevd plasma can produce small, welbcontrolled,

coI1tinu_.0us plasmas in a_ variety of gases having peak temperatures greater
than those produced by the 1C? or dc arcs, there have been few rep01*.ted
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app§i€atiDI’.i5. This is probably due, in part, to the fact that thslz.i:g11~pov:eer

‘ carbon d_ioxide‘1ase:.s useszl to sustain the plasmas’ are relatively ejx;>o:i$‘lve
and have not been widelxavailable. In recon: years, this si’tuat.io.i1 has linen
vcharzging as the €£3II‘b011 filfhxide laser has found in;crea’siI1’g £1c¢=ept.an¢E:’l‘3y in~
dustry for various materials .pro»Cos$ing applic.atio'ns,_ and it is likely that new

applic.a,tiiox;s will increase in the, _futu1'o.

4.5.3.. .I..a.ser PI‘0p1l18.i0I}'

T313 Acoxicopz for 11si13g7tIh»e pom; hoameé. from a. laser 'fi<3r ="<::ck
aioo. was p.ropoao:i'i1y ‘léaxxofoxvitz (1:971) a.x1z:l ivlixgovitcia

 
at pr*op*z1:si~. 

msoarch on. tlliifi csoncopt was a:arm".m:l ‘out, pr:ima’1'.ily by »» viomftil I..p~':i‘?ir:£}"-’
réatories anal Pl1ysic.a'13»cia:zcaes, Inc. These applioatiozm. h£3W€s*?€53t‘,;”?€i1l3i1i£:cl’

very large 1asI=£:i“ powésir (Ito 1099 MW) am: 'iIfi$§:%é1*-"€53: vzanod until 3' »nt1y;
when 1'-es.e:arch on the froe.»o1e=c:t.a:o13. ilajso-fr suggogsited 2113:: the

powers were possible. A raviexv of the early work on the .laso.r 'p1IT(3§é.i.1I*
:siio11 *cor’n;opt. was given by Glumb and .K'rim‘ (1984) am, in a 259-39531. 'v;o.I-
umo azlimcl by Cavony (1‘984), several »chapters were: -éievoiééd it}
of beamgd iaser powm to provide propz3lsio’n for izlflféiit; ’ ’
New ox;por;in1£*nta'l invafitigatiofls Of 183fi.f»siistain.€?Ki- plasma . - 1
l*~fASA l5.§3:sha'I.lSpacef¥.i;g§1i.Center, The Ufnivezslty
stituie, arid the Univerfiity of Illinois. A thooroti::.a.l study ’was.unda£ta§c$n at
the Unimrsily of‘Fennsylva::1ia.. The ohje-ctives of the expe'1:i.:z1¢£2t£t1’stucii¢és
wig’: lo clawing an 1:n{lcr.s?£ancli'£1g of the basia ’physica’i_'pro 0, .: ’ ' if " ” ’“ ”
in the stability and pawn: absorption of the LS7?i'ri1 3. .fi§f.§Wmg -
of the theoretical "work was -to dovelop numeric-al m6tl1o»d.s f;l}fa,‘:: £_i.o1;_tl:€i

with tho. strong gradz'.ez1ts of density and tempe'rat'ure and the strong cou-

pling. of the _plasmai‘1'.anspor't and thermal 'pr=op8rtiE:$ ‘that exist in -the "LS?
.Many -of the results fromthese recent investigations lmvjx:-, been discusseci in

the przcming sections,
The 11.35 of a 1,8? to ‘absorb the power from a laser boom and to co.i1ve'rt

it to enthalpy in the propeilliant gas has been callezl lasnr thermal prowl»

zsion {Keefer et a1., 1984)". This ‘refers to the concept in which ‘power from
a laser is beamed to vehicle where it is absorbed’ by the LSP an.d1:se.d to

heat a pure hydrogen propellant to provide thrust at large values of spe-
cific impulse (1000 to 1500 sec). With these high specific~imp‘ulse values,

the fractional payload that can be delivered fro1n1ow~e-arth-orbit (LEO) to

geosynchronous earth orbit (GEO) is significantly larger than that achieVe.d
by chemical propulsion systems. Furthermore, the mass of theAp1"-opulsion

systom. can be smaller than other high specifi c~impulse systems (tag? nuclear

or electric propulsion) since the source of power is beamed to the -vehicle
from a remote site.
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Figxire 4.11 .Schem.a::ic.rep:es¢n:a;:im1=df‘a rzécizaészr ».iI1€3§Qi' that opeiazigs by laser
thsamzal pzapulsion. It is ';3re(licte¢:l ma’-2..-:1’m.sp=e::ificimpulse -(I_.mp;).fr<1n1 such;a’mo:tm
may be several times Agreater than '{¥1’21‘i £3l3'{‘£ti.Ii£tél f1:m[1; cégvfintianal rockaat. .n*1c3'£’23-rs.»

_A ’St{Zl}£“3i‘fIt3§iC representation of file r0=é}s?-at 3:1£f:>’t:4biri.3 sihcnm: ixxfig. 4.13;.
The inca.m.i'ng laser hr.-tam its fmzusefi izili‘;-£3 fh-3 afiSm_pti0n n~hamber<wl1ere» it
sus'tai:ns 3 pl.asma. ameizzzzperatures of "xi~m._.al@fi§; _16,£}£3%Q"m 'Zf3~,8G{}K. In . *
cozmzaszm’annrm;aIm3mb:;=s’£i:m ehamlei 3 2gf1+t§‘;:I1_’§_3=€:1‘fi£lt1zr€:pléismaiasy
cnpies mzly a small fi.a.¢.t.£z:;-ix tzf 133% <.:3.l}3iii.I.1E’}€1it‘?"\.»'-t:ii’I"t3.1171% axmlni-Exes will}. the :2-n—
naming ‘prapeliaim ‘tit: ggraiiucfi ii. flaw‘ .l1avi21g -a bulk. 'f..amp$1‘amr=e surf approxi~
mat-eiy 36518 to S£i{)8I{:.1:h.ai can b.a:’expan.:l.e‘é 'lhfi9i!.gh.’tl1¥:.;1QzzI3 mproduce.
thrust. Due to the high te£t2.pezfa1u.z*§,.£;f‘ £112."g..:5u22§£3n1ijal mrtican of
the. amorbed »powe:~ will be radiated ‘iiiasrna an‘&‘a1m:b»e:z§ by the
chamber walls. In :9:-tier ta. utilizg this mdiat;e.c'i pmvereffectively, the cham»
ber walls. are ccsoled by the i’n¢:3mi“ng »prc2;3ell:aht in a regenerative cycle. If
the power ‘radiated from the plzzsma lean bcli1n.it:ed it: that r::q:1ire»s'3.t;3 raise
the propellant from sterage temperat'urs=:. to .33 acceptable .iI’1iat ternparm
ture, than allot" the’ abscsrbcd pawar :::an be u't’iI.}izt?d to heat the 'p_rop~el.lant'

and no external radiator will be required. Sufficient mixing cf the inlet pm-
pellaut and the hig.h~temperatura raglan within the rmzst be insured to
Aproducethe bulk telnperature required for thenozzle inlet and to minimizze
the radial temperature gradients in the nozzle: flew.

The fraction af absorbed lasar power that is lost from the plasma as

thermal 1'adiatl.o11 has a profcmnd influence an the 'p»e:rf0rmance that can

be achieved by the thruster (Keefer vet al-., 1987). If the accegrstable inlet

temjperature limits the enthalpy of the inlet flow t0 12.0, than ‘the final bulk

enthalpy will be limited to hip :2 h.D/QMD, whats aw-,0 is the fraction of
the absorbed laser power that is radiate-cl to the walls by thermal mdiation.

The final bulk en'thal'py and, therefore, the specific. impulse of the thr:uste:1‘
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_ wi.11'b-e»deiar’zir.i3n¢i3 by t.he.’rac§§ait5es:i fraction of’thé.absorbrsd .Ia:ser powizr that
may he absarbeéd tgggnarative cogfling. Itis ’£i1.ear that the snow’-:33 <)f’t1zi.S
Acancept resmzn. {ha abiiixy to sustain a stable plasxna in a forced. canve-ctive
“flew that can :abs0rb.s11¥:§§£a23iia.i§y 331 of the inc'_cs:m.ing radiation and to limit
tha ftagciian issfiiihe a,33$t:s1??3ec% Iaser power'thatis’10stfmm the piasma region

thraugh £_h’e:rn1a.I ta-sf" ticm. V

An~a:3:her.f—21m;mr::ir .. (231 .2; ’ ¢t:t»’t.3w pairfizrinanfi-6 of this racket concept is

the rafiiaif i¢2"1:i’,’3}}}€:I‘iE1‘_fi.1.II{1"i»E';.~ <3 xhixtittm at the .n;§.*“”};e fhréat. .Due in the s3:1*§i>'.i1g
  

'£ai:i§a1 -£32121; tat-ureA»,gr=adian:s :a»$S=€3-Giaiéfid wlitiz’ $16: uniass -titereis -
sign’: ’ {Bfthe lasma with the sx:r:zrrauz1di;ng cc.’I:3e:r $331-“fer

’ " ” '1_'?;3¢ ’ ' ' .»a- cure :,riea_r ihe axis-£11 the

“* 32:3 . ’ a33sefi3aéi»’pc:vzer’t:3;g:r::>:
specific: xinipnism. »’II=e’ng-and "Keefe:

fie;3:a§i:mQ.d;3§ tizatsbpans the sxilzisfimic

Rt‘; .. . . . iii: the. £31 3 fercexi ecnvectiva fi.-Ow

have raveaiegi. jintcr‘ ’» .iTsi- Ibgtwean the flow, prassnre, ant}
laser that zi&t‘erm4.. ..th§.::st’ . .. 1.6;. i3;33rat:ing ragiinazas fer thew plasmas.
Itwas iaxmcz’

  
 

 
  

 
 

 
 
 

 

afied with £1122; :im;i:dent :i3.-my v€:}£::ci.ty. Csmz:m}1,iing
’ ’ ' the Iaserbeam, jpermits sta-

  

. . .. .. . .. abs0rpti'€3t1 of Ithe’-incident
ias-er "he :11 and re}V3£waiy-sma3- tI1er:m.ai:rac¥i’ati£3n ’}.:::s.s.es fmm the piafima.

A, fiime».

ccssas 1 the ’;:§I;a five -devgiapaé ami verifieci ’usii‘;g the tie-

tailed exp ti 1:3 111f€:i1t$.;B,c§*.‘1; 5 fr-(gm these mam} c’a1’cu.I.a-fiaas
indfc:at€: th.a:=ii:yc.&i§_gaan piasmas éan ha §.t:.1:». that w::: absorb <%S»s€n.tia}1;y
ail ofthe i‘ncident’1aser*’paw=er anfiwiil Ease a.-szxfiiz:i::.m1-yVsma11 fr;a2‘:ti(3r3, -cf the
absarbed power tkrfitigh ihermairadi.ati011. The nnineriml studies £01‘ hy~
drogen piasmas imiizate that xvhan.higher~poxvE:r Ga'u.ssia.n laser beams are

amplnyed, the ahambe1*wa}.is 632156 adaquatéiy coekzd by the propellant

fiew in an efficient. rcagenerativa cycfie. No “fatai flaws” have been c§iS<:()v~

arm} by either the cxparinx-ental er tlheoretical investigations, and it appears

that a practicai, high specifi-c«-’impuI5e propuision system could be based on
the ‘Lasar thermal prepulsian concept, if lasers having adequate power are

deveioped and .suitabIe window materials can he found.

4.5.2 Ammic and Molecuglar Beams

A device, similar in c0n.figuration to a laser thermal rocket motor, has been
used by Cross. and Cremers (1985 and 1986) to produce high~partic1e flux
beams of xenon, argon, and atomic oxygen. The objective of this research
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F: ‘T‘ 1 m_n L

}3’;ignre $32 »3::ihe3::1a1i::.of a :hig.i;~z velocity ’mQIac‘uia,.r haan: _.sgumeg u£i}.i;§:<:s .3
iaser"fustai:1e£?gp-ggiixsnza. {Fram Crass, .3. B; zmd {3rem‘ers., B. A.,., {Q}.
Agnierizian ..3I’n;stit12.te of .Aeron.autias and Astmna-utics; regifiiiitlfzfii wit}; :§}fl£}}i§S$'i’{}£}»')»

is the ’pmciIs.1<:’:i0n 0'fam;x11ic »(:»xygen beams that can be used to study the in»

texastiicéxi Of Oxygen amxizs with spacecxaft suirfacezs at vslocitias ai3d_partie1e
fiuxfis Simiiar to these. encountered in the 0.rhi.ta.1 ‘environment.

Tm: plasma is sustained in a chamber near 3 small diameter muzzle as

stmwn in Fig. 4.12. The gasdynamic e:<pans.i»on cf the .high—temp’era'ture gas

into .21 vacuum produces 21 high~ve.10city» rimlecuilar blaam. Time of flight mew

suraments usingxencn and a laser power of 70 W shoxved that the beazn tam»

perature (velocity) increased drammically as the plasma‘ is moved cioser to

the. nozzie as shown in Fig. 4.13. ’I‘he.resu1ting xenon beam had .a velocity

of1.34 km‘/sec: and an absolute intensity estixnated at 1019*” parti<:1es1sec~
sr. A platinum nozzle was developed for use with 1’1.igher'1a‘ser powers and

mixtures containing oxygen. This beam was operated at powers to 500 W,

but the tims of flight measurements was not reported, Based on their re«

sults with xenon}, the authors estimate that vc1o<:ities' of. 3.6 km/sec can be
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Figure 4.13 Vaxiatiutx of b8éiII11'€:1’11p€tr.:;i'Et1I§i% and-(i1'.«i5£}21$ 3 funcztifllx of the piasméi
to muzzle d.is’t.ance for a xenon beam susiained with 21 ‘.70 "W laser, The data were

obtaine-cl fmm an analysis of ti.zne«z;.f~f§.iVg’ht -dam. (From Cress, J. B. and Cmmers,

D. A., 17986. I*I0rth~H'oi1Var:d Physics .?n‘b§is}2.ing, Amsterdam; rcprinwd wiih {pe£:n1is~

sion.). '

obtained ‘using argon, 6 km/sec using ne0n,Tan»:i 14.8 km/sec using helium as
the carrier gas.

4.5.3 Sp»ectro»t:I:2£:m'ica1Analysis

Various kinds of gas discharge plasmas, including dc arcs, ac arcs and

sparks, the ICP, and microwave discharges, have long been used as exc:i~

tation sources for atomic emission spectroscopy. As described in the pre«
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:6!-XS FLOW PORT

Zn-Se L..ENS  J me: vsrmiaow

i.......i.....:.......L....L..J
:1 V :5 cm

Fii,gurie1 $.14 Diagram of £h;;<:=sm331 gas cell 't}1's;ts_gz;.s’1;s:£:zi in analytical ex;i:,eri.ri1snts
with -a s£:szt’ic xanpn Eiiiii, Gas saxngjies were intrudizcaci t'hrnu'g'I1,:h:c .ir1j.ec'£is:«:x; mt-:
zxsing a syxfinge.,S{3$i;1=samp1azs ware flaser ahiatsic-ti fmm a mem strip ficciated béinw ~
the 15?. Here WCC iavf9»ate1*Ci>i3§i13g cqigffr a pressure g.aug::,.a;nd V is .a'-v.a<_:nx:x;a
pump; {Exam (Ere-mars, D. 135..., at 3%., 1985. Wzrgamon Press, }i;tx3.‘; ze’pr=i.m?e£% with

pezmissimn).

cixeding se¢‘ii.cms, the LS}? pmduces a continuaus high~i:e1nperature piasma
that is f’r..e»<~*:» of cl-ecmade contanlizxation, and it is natural" to assume that it

could also be umd as an tsxcit-ation saurce. The use of the LSP as 21 scarce

for emission sp»e.cftrochem.ica1 analysis has been evafuated by Cremers at al.
(1985) W110 generaieci the plasma in xencm using a 45 "W carbon dioxide
Iastir.

They usedtwo similar cells, the smaller of which is shown in Fig. 4.14.
‘A .n1t:mochr<3matc:r, together with a chopper -and lock in amplifier, was used
‘to record -the spect.ru1n from the plasma. The plasma was initiated using

"the Laser spark} ganerat-6:} by facusing the pulse from a 2 MW, Nd:YAG
laser. It was found} that -stable‘ xenon plasmas could be maintained from

1150 to‘ 3200 Torr: using a Iasar beam power of 45 W. Detailed spectra of
xenon from 200 to 950 nmwere obtained for various conditions of power

and pres~sufe. The electron density was measured by seeding the discharge
with a small a1m)un.t of hydrogen and using the broadening cf the HQ line.

The plasma temperature was determined from a Boltzmann plot using the



.?t§:%:1§;:i*.v,tl.I1§ Appmximata ziazétiarstion. ‘i£j%:??’¢1?fe~£i..

L {is czapabie -{sf :gz=:nerati.n;’g €21 siabla, c<3:1.%tarIzi:i1¥;iti::efiaf1?$i?4:’
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emission Iines from xenon and krypton that *+;~aer»£: -arfiiiiefii t$}_t}.1.$I’»; ;:§:i§6§1E¥I‘”g<>
gasz, Their r'sa$u.1ts‘wer-e consistent with an .assu’mpi'.__inn of 's.IIi£ijz.in. iifiéi

p1axma.. The stability of the emission was determinad, and far 2113 esmail {ref}

V thr:%a£:I:grw;ix1ti(ci311.£§.i1’uu;z;)»ernissinn was Ifoizmj '§:o.imvc- baxmiative s{tam.i.ar=d
tiiwiation (R313) of 0.3 to; 5.6%., and for the ’788.’_?4 11111 .Xfi~ }'.’}i.n3e.. the
was 0,42%.

-Cifimrine and oxygen were added. 123 fh%'K8fl0fl.¥3i5€§13’£[gfifilflii
mines were obtained for O and {3} atoms. It was ‘found. ‘tIha’i.a.s m‘21c11’as..1f}%

 
 
 

 

fie-eab1y~a1fBG&ir’1g the discharge;. Seszerai. s;;2a'ii:c1. =;:am.;§;:;n H
inta the tiisshatge hy 993313-eci Ease: abia’tinn irsamx 2: ’

ti) highar than thosexepzarted .f€}.2.' the »=a:z’tf.x:r:ir I

::1.';:§re detafiiafi pcrf£ir.rn;a§nce- evaiuatian »s31’<3£2Id»¥3«a. t:ax*r:.:.:..cdi1s:1n ii ” ”
’t£I1e?aarriarg§a.s and operating the L3? as a pIas:m.a£r:m-.

4.5.4 Qther ’Pbten’tia,1 Applications

 

 
 
  
 

1;ampe_ratnres and pressures ccmiparable to, Q1’ -e:s:ceae:d:§ng, _:ih.3i‘..Qf::.
-a.’va:’is?;ty of gases {weir a widfe ragga: ef gressutiz and f£oi.j .. In azci‘
psassifiie '11:) gage:-;a1t,.e small pi.a.s.m.as 'wiiiiéx abs:e:..}:+¢ai pg. ’
2:. fax»; v;a:t=s to ti-ms or .hun{iIf{3;i.$ of 1<ii9watis.. . . .

:h:ave:fm;1nd nizmerous applications in c}1emiz:.a1syn_ih;as.i:s.; n:zat$rxa=.s4»»»pi<:i«

rzessiing amt}, with the increasing. commercial availabiiity’ cif .»§uifT£?21¥.aiIe Iasafs,

  

  

it is xezasnnairéie» in expect that simfiar appiiicaiions. wiii ?a~&f0l’i1’I:1C:if:§ii3fa£¢r~
simaiinad plasmas.
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