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4.1 INTROBHCTION

Plasmas created by the .rac:i.i,3z§i£1Iie..fr£?:1‘£1;ft1s*3 -¢jr,=.=e£i.§a$.€1‘. Imams ’£’?~€‘é!‘€% "first »t'3'bv
served. with the ativent‘ ef “Egiani ' I tzciheiéi, rainy’ lasers by Maker

et ai. -(1963). TI1ese"pIa£m§s £92?’ gas‘ brezakziown at
the .fo-case of a lens and were .. . J fine tii::ration =91‘ £he"I’a.S6r

puise. Plasmas were aim @¥:;~:serve=s:1m.-arm onethe .st:.rfas:ées 0f mat-eriéils ix»
r2adiate—d by ’h=ig1a+;1:0wer pulseszi or »:<::e:ntinu;:ms Iaeers anti '.t}.<";§ 13zf>iE3j§fig?3.t6iI1t:O
-the inc.iden't "beam at .s’:.zh-se:ii::: 1s3;;fper“ _1;:veIz;‘x<;_£i§ies. flze. advent of
:c.m;t:inuejns, high-pémver £2-arban ‘£11,’: eeame.§ess;i'b§e tic sustain
a plasma in a s'te»ady—state é:en£iitie;n..:2..»,*1r tee feeies of .a.1as:er"bea:n_, 3.13% the
first. experimental abservatieix -Of‘ a “e.Qnt1'n13o1:3’*Qpti£:=a1 :i.is::ha::#;ge” was re-
_parted by Generaitw. ex; .a1.. (37%). This eentinucms, }asee-sustained vpiasma
(L8?) is mften referred to as 2: eeniixzumzs apticai eiisehayge ((20113) and it.
has a number of zmiqne pmperties» £1.13: make it an "lixrtsaresiing ca:nd.ida*te far
a variety of appiications. ,

The laser-su.stained plasma shares many eharaeteristics with ‘ether gas

discharges, as expiained in detail by Raizer (19813) in his I:-omprehensive. re»
view, but it is sustained through .at3s0rpt’ioI1 of ‘power from an optica1’beam

by the p.r(3.cess.0f inverse brems’strah1ung.— Since the eptical frequency of the
sxxsmining beam is greater than the plasma‘-frequency, t}1’ebeamis capable of
propagating well into the interior ofthe. plasmawhere it is absorbed at high
intensity near the focus. This is in contrast to plasmas sustained by high»
efrequency electrical fields (n1ic.rowave and electrodeless discharges) that
operate at frequencies below the plasma frequency and sustain the plasxna
thmugh absorption within 21 thin "layer near theplasma surface. This funda-
mentzxl difference in the power ab.sor_pti0n mechanism makes it possible to
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gcnc’;cz£e smgagclysstatcogllasznas, _h_a_vin:g .maxi2fnu*m temperatures of 1{¥,{}O0Ii or
xnoroifx a small coining rgoar inc»-foexzs of a lens», far away from any co‘I1ifi>i3i.11g_

str'nc£.m*c. A photo of.a.p'las1na. sustained. by ;a laser beam focused xvith a Ions
is shown fin Fig. ,- T», {K} W Gaussian beam from :21. carbon dioxicic
laser won in ' V " bi’ focal lmgth lens into 2 :atm nfi flowing an
gen. 4.. ( .).;s§io*;vs schen§,.aiicall.y how the: plasma forms within :l1c:fjo£;al'
region,

  

 

 

 

. e been ‘produced in a variety of
' ’ ' ‘boa t:ii,o,>':idc> lasers .op€-;rai;ing at

’ {:3.‘§%3}, Wells "e1;a'1.. A{198'3).,,and..=CZrons»iand’
-t the :::an be opeziateéd sn’f<:’£:'aS.S«

J dz“ operaxei ca flowing
envisonmcnt have been ’caI,ied ‘5plasm:.énr-ons” in the Soviet literature, anfi
the lasar--.snst.a’ined ;)§:. is often rcfermd to as an ‘*opti.cnl plasmatrong’-”

 

  

 

  
 
  

 
 

 
 

of”t““e pin" ‘ma. tho./sn.si:aini:ng boom, and
i.§:i§i§?£;.i‘€3 .. cwida» range of ézondi-tion3»1;s~
lions of 135%: gjowcr, flow, and optica1:configur;a~{*3

 
 

 potao:t.:aI -3' ’ pi.-
Gp£':‘;.r[at’,: in par hogan and inn» power can. be. beamcci rem.o_tely, it has.
been p::opnscti .t}‘1.a1: the =co1;z‘ld be us-ed for high specificaimpnlsn. Space’
propxilsioni. A nunib-or of papers: '22 aw: -d.e‘a1"tw.ith this 8p‘p1i£:~ati0n_,. and it was
the subjoct of 8. reviexv by Glufrib anilklrier (1984). Thompsor; et a1. (19%)
described oxporimcnis in Whikh "laser energy was converted into. el.eotri»$a}'
‘energy using a -laser~.susitained argonxp}as3:£1a. Crcmers at :11. (’l9_8_5) have
suggested tho as a source for sp-octrocllexnical analysis and given .s1omo
experimental rcsulas. Cross and Cremexfs (1986) have s11stai11od plasmas in
the throat of a small n»o.zz'le to produce atomic oxygen having a directed
‘velocity of’sovcm1—.k.1n/sec for the laboratory study of surface interactions at -
energies and particle fluxes similar‘ to those experienced by satellites in’ low
garth orbit. Other applications are sugges-ted by analogy to other plasma
devices including light sources, plasma‘ chemistry, and materials processing.

The physical procossns that detcrminc the uniq_ue characteristics of the
LSP will be. discussed in Sec. 4.2, and the the.ore'tical analyses that have been

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

obtained will be presentod in Sec. 4.4 and compared with the t’heoretical
predictions. Sec. 4.5 will consider some possible applications.



La~3?er—$us1ain‘e-£1 Piasmas ‘ 1?‘?

(1?)

Figure 4.1 (3) Phattigfaph of a plasma sustained by a 600 W carbon dioxide laser?
bgam focused vmh a 191mm fecal length lens. (I2) Schematic mprelsentatien sh0w~
ing how the pkzsma forms within. the focal volume. '
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4.2 FRIPICIPLES Q33" -{)1’ER!s.Ti{3N

Plasmas that are c.:'e.ai=e~d 01* sustained by iasers can be g=enerated_i_n a variety
uf forms, depending?-@n’tI1b 1:113:-aic:£»f;;;§s’£i::s cf the laser and optical ge£3me~
try used ta genzrata the; ' zg21«’§:n€jifg§I”pn§3é»d. iassrs can igxmcrata plasma

breakdawn .dira£:tiy wi_t}é'i_1: 21 gas {1}.at,r&snIi$ ii} ;a transient axpanding gsiasma‘
similar to .2111 expiasienq Imzgai ’§a§.fi.r intensities £11331} Iongsr puke iimes,
.p}33mg5 may *:bg"gn»§{;‘a;g.aba»; .g.gj-W '_ .su1"fa§:»a3: nid than ;3r§paga:fi’.ifita the 5113»
a:'aini_x:1g baaxzn at».super3ox:§’é Va} itiss as: ~ r—s::s1£;iI;e£3 dets:3n.a3;i@;1 (LSD)
wave or :snbsen,ic valocitias as”'ia},a§$é , aiizesd ébmbnstifin {LSO} xvave.
These tramient piasmas have ‘beef: £3i${n}.s33d by Eaizer {I-980) and wi 11 net
be treateéi here,» If :*;h_Ie: iiagsefiis’ K 9312-. ’ ’ , -é_'r.a:£1,:1v.:i tfzté; £3}'f§?E§:i53}

.}ge02i:t%try, flaw, a:14;i.’y‘mas:1rf¢:az:sa ..ra§2,..» 3» geaiiiyvéiazs I.;S.-P
fie c<3n’tii:mt1usi3* 'm3intaix2.;eri.at’ ajwéaz‘ 11:33‘: ’thaj_ was of the ’bea.1n. The
inifensity that is aXfE£i1a}3§§}iff{}fi1 a"¢t3x1t§tzuous;Iass’r -is insufficiem to cause
braakdtnwn in tha gas, h1€¥‘£V€:%If::I‘, and an .auxiIim'_y‘ 3£m:rce musi be used. to ini-
tiate thepiasma. A sketch {if 2*: sieady-s'£at‘r;.1a.se.r~=sus’tai'ne.d plasma is shown
in Fig. 4.’i£(§). T116._p1as'ma:m.ay'ba»stz.s:ai::ied Ia azmfining c11’a;’:11b§rt%3
ccmtérsl the ‘flow and. prrcssixre 01‘ in -apex}. air wt ~21 large, chamber where the

t_1ow‘i_.S idem-rm-i.ned by th:=::rm.ai:I. buzayancyz. V ,

in 131311)}? ways, t11::1asar~s’u:siain;eti. gléisrna is si’zzxi_}.ar ta direct current or
iawfzaqtzancy -eie<:;r:}s:I¢3;3*3 anii £I1.i£i£i:3xv;im;g.di1§£11a:°gxi:s’t§§.at are {apex-
ated in similar .gj;ase.s an , at ;::ma;:e:s. Ifiitfiwever, this LS1’ will g€=n6.r‘~
any has .m£m~: ’c:{iiftj‘1_§3=’€¢:x%:f: 311.9% a°??,€‘e;fi§‘§§gh6Y:max§.15i1‘!;1m.téifipfiratfire th.a:1.n-t}mr

 

  
 

  

 
  

»§:.£3ntin1.20u.s am s:{:§m*.caf; aixdi biz: :$u:~§'¥a:i11’€::é§ in 3 staady state well away from.
containing boundaries. A .f3.z:n.d'an1ei£ii:a$ v:1iiffir’enCe:in'tha way in which en-
-ergy is ahsorbeé by the plasma is 2‘:3$§:s9:3$i§3I.€:* £03: £12636-. 1}i?£3i.£}I}6» charactaristics
-of the LSP. -

4.2.1 Easic Physicai Frncesses

In a £Ii1"B£‘:t current (dc) arc or in an in::¥uAct:§’ve}y cgauphzd p1asma‘(.ZCI’), en-
ergy is 'ab.ss:>rbed thr0ug11 ohmic .heating produced by. the 10w~fr::quency or’

direct currents flowing in the plasma. The eiecirical conductivity of an ideal

plasma is. given by (Shka’mfsky at al., 1966)

neg 1/~—~iw
== --- 4.1J in (z22+w3) ( )

where it is this electron‘ density, 8 the electronic charge, m the electron mass,

to the radian frequency of the applied electric 'fie1d,Au the effective collisicm
frequency for electrons, andi thesquarc root of »»1. In the do arc (w 2 0),

the currents are’ transmitted through the plasma bcztween electrodes and
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the size of the plasma is determined by the ‘size and spacing of the electrode

and the c-anfi.ning bcmndaries. In the ICP, the curlrants are ir1ducsdli’ni»a
the plasma fmm alternating»cu:1*entsfi<:swirxgin.a Sur1‘£3:undi.ng .so1enoifial
c;c;~ii.. The are is sag; ixmgl xyibthin a container that determines the plasma
dian1etei', 'wheI£:as fine Ian of the "plasma determined by tl:16length Qf
the sbiemid. H

'IT,1€:‘-.3333? apergtes at. frequencies will belflw the Vplasma frequemzy

9 _» 1.1}? 7 4 b
=2 -~--'-—-- . ~4.,2’W»  < >

w31e1'e..¢g i.s%’ti;t: yiérmittiviity af fi?ae»spaae:.. In this frequemzy range, the 636:6’-
3:rQmag‘ne1ie.’fiélL:i flags illffii prajpagaie as :a wan: within the pilzwma, ml: is
.a:;u%3n;i:ate§i. aj.s{"ar.1’: ¢va.ne$i:;enti'wave (Holt and Hask-all, 1965) aver dis-taznces
cit‘ the arckr -af-ihta ;skfi;2’:'.1 iiepth ’ ’ »

(4-3} 
-where: is 1l_:h_e spa-ail: of Iiivght.» ’}fhu.s, thaplasma is su.s~tai.ne::il by azwgrgy-333*
serbed within a..small.}a;,:.é:r near its autar surface. that praduccs‘ a r‘at.hm‘:flalt

temperature ’p=’rj{:5fi§3;fi .thep'lasm.a and limits the maximum tzmgaera.
txxrsgas that ¢ai:Be¢btaines3., V -

The fr{§q";,1§§n(;y gf {E15, gptixzal fields .-(28 T}~Iz for the 1&6 gm car'b*c>n.. diam»
ide lager) us:c£1.far‘iht: is greater than the plasma frequency, and the1's~

 

fora’ fl1e»i'nGi’d’en't’ laser. imam nan -propagate well into the irnterim‘ before

it is siibgnifissaniiy »ali:>’$-Qtbed 't}11~”£}’3:Igfh the _pr0c:ess Of .invarse ‘nremsstrah1u13,g

(Shkatofsky at 211., 1966)‘ Sim:-e the f0cusi'ng of the law: beam praducsd
by a lens or ‘mi.t.mr is e»ss.e'ntially presemed as the» "beam propagates jinta the

plasma, very largeafielzfi. strengths may beproduced within the plasma near
the beam focus. 1?; is fl38S:B large field strengths that lead tq p-eak tcinperay
tures in the LSP that are genarally greater than those obtained with either‘
dc arcs or tl.1eICP and make it possible to sustain a small Volume of plasmla

[near the focus, Wei"! away from any confining walls.

Inverse bramsst.2'ahlung~ is a process in which the plasma electrons ab~
sorts photons from the laser beam during inelastic collisions with ions, new
trals, and othsr elasztrons. The collisions betwew electrons and ions are

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

W 1rc'3n.S0G 1~—e'”“’”‘T V
‘Y (La) ”“;&:r ( Fzw/kT > (MI)
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where ii is Planckfs constam ciivided by 271', k B0i:am.a:§.:1’s c»£3n»3-£31113 81153;?
"the. tem§m.r.aiure of§:hee1::c:rons. The facmr G is the Gaunt factor and the
fiactor 3235 ‘isgiven by

3 1/2 ‘ I
 (4.5)

35:? _. I ’

  
as M 16.n.+nZ2 9&3 

T when 2.’ is the ionic cha:rge and :24. the ion -dezxsixy. ‘Th: £acmr¥.is. a.
mecfiaazmjaii carractioxz to the -::.1as.si.c.ai theary,-_’ami a:z;iensi¥ve z:£*xhies

11’-ewabeen given by Karzais and Latter (1961),. 13:3: '11;s1;x3.£. case xvi:
(ha phstoin energy i:s’much1assthan aha " » . g.
bmzzketmzi term in (4.4) is zmarily .in<3e-psi: ..
m=efii:eiant;'is essennaiiy »pr:3gmrti:ma2 -in the, ségnam :3? i

  
  
  
 
 
 
 size ca’? am-.*::,$‘1'+* wmf ggepand an sevciai .

_:g;;e;ao.n1et:y;, 1aser*pcs’wer«, and ai}sQrp.ti»0‘n cnefifieiant. Jar:  

sf. the-..1aser 'b::ain as it propagatas witmn the

«~+--~~aI %  

- where s is ‘the: distance alnng the Eocai ¢i_im<;zic::1 e:’f5_;3:*:::;3 agatigm. abagrgzy
tizankngth ifs: ix 3; .+*;iam.ii1’ant».§ength aegis f>c:N.}'.*:s‘.*..
‘inf: £§'ist;anc’:je.-0335:: whigch th£3’p~{3wé£.,iS absc1x*bav:i fwm {?he’bai:am., Far 'tfiI1is‘r:§c23;a
:59-n,»t"fi.¢ dimension Qftha fiigimampasaiizre ;’aTbsaib§.2z;‘ 2:2: n piiaatxza
alcmg the: laser beam wfli he of the cider’ tai t}1:¢;»a¥3sar§:ztz»c:n ia_.:1gi33_.

 

. :i;§ce;-» it ma-..s .

’iti':~:.ihe absorption 1em‘g.1:h that determines ‘tli1e91z=i:ngt}1§c2f ’ ‘e.»;3}a2si21a.zz1::31:;g fize V
Exam iixigs, :1. is the @1336; beam éiameter ;tha‘t. daie’:x:ii.aea piasma >dian:;g.-

’I*£1e’;s1:zs::aa expixnds :9 ii}! ma begin eozre. .wh:¢re it gaze. is «*.~1?3$*Grb
pawar, "then rapidiy c}s::z;re=a:ses in ’ten:peratur»e. m:tsi.:§rs the imam ti1rtm1_gTh
thermai canciuction. and radiativs kiss .machan.isms..

The pnsition‘ 9f the ‘relative to the foca} paint is £:1‘i'tic.ai in ::ietermin~
ing its structure andfiie range of para.mcters far which it ‘(-1313 be .maiI'itaine€I.
when the plasma is initiated near thg beam foam, it pmpagatea intro. tha

sustaining beam and seeks a stable. _position. The pasition c:fst.ai3iiitywiI1 be
1ocated‘where the imam intensity is just stxjffisiant t11at.tha‘absai*be»ci power
will baiance thalosses due to convection, thermal c<)n:3ucti{m, and the;rm.a1

radiation. A _number of factors combine to determine this pcssition of sta-

bilityjncluding the transverse pmfi1eTof’the incident beam, t.hefoca1.leng-th
and aberrations of the focusing lens or mirror, the plasma 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 := al V (4.7)
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where I is the I0z:.aIim1_dia1_v.:e: cf tbs: laser beam. Smce I depends an -the
transv-ersi: profile 0ft}’1e'incitiBn‘t beam a’s.’-weii as iha focai Zength and abe’r~
rationis of the lens, these -charazzterisiics wiii .:infiLuen<:-a £i1e’I.t:2ca’3:i0n within

the focal rsagiion at :’:hewn1inim1:;£n.su3t3i.ni:t;g i’n.tan.sity is Icicatzzd. F01‘
exfdmpie, far a small f{12umb,er'i"n;$,. the.'i:1£€nsit3¥ éecreasea rapidly with im
cmasing dist.a3:ixce fmztzn..1hia»’fz3cus*.’an€i»the piasma will ,s’tabi.1i.ze.:’:1c:ar the focus.
‘Fm -a larger Tfinumber system.,ih3i':»_i.:3£$¥1S3iy’iifififfiitfifis168$ rapidiy and the
plasma win ;stabi1i2e .ai.2r::p<3s§’tia:z £332» . war ml. .. fie fo;=eu‘§. I::“<3a=e:¥., for
gxgsfiicieniiy fic:’rxg:=”fo.<,:.a?.1.1:::?;;g1£h,$-; :a:x;ci is 11’ s: p=awer3 §z1;as;:nas..}::ave ‘been ob«
served to ;::ropaga,:a . .. R fiiiafg. :1ii§3£}) as “’I.a:s¢r«s;;ppqzted com-
bustion wavefi’ .a,£. .s:x3:3s<3x‘:i.£::; “aicz

Tha zimaiiexzi ;~r;;>.a.t.i,,2::.1 5 ,

’Ia5tf0ns bemaeen. firm up 1:223? §?%:&::m:2;i'
the gas, am! the fl0w:£.hr*cm:" ' ’
the -tcmpe::’jatu;.-“e and fims: s,t«aij’_
from the las-er beam. with the -pa

 

     
 

 
 

 
 
 

 

 
  
  

 
 

” smatis »§;,§’1tE*..;1;t§;t§n:t:§§1:i53s:_3.L".;é3?!’t{1,:tt3'i.n£€.rx§~
- ,3. z_t.'£g.$a"-,-,.£.‘ €:p’1‘s?3is.sIé1i*:i:=r:;f

-wiigiin piasma,

Mast mi xhaeariy exp. .. . me .
chamimm £51": in §2pi~;n»air, ’sI¥31ef$»t: »

by the effects mi therma} buoy

the fpr—’€é$?;t1¥?e and mat po*’s%r»'. ’ .x..a<,'3 iifefi, i::2%‘giI¢3z1:.5,i3fi33£K.azer anti
pres.sc.re w11.er:a»it»was ’pnsEsib}e':<3. , ,. imh . . ’ ~ " vatieaiy of gas-es (Eisn-
eraiav et »ai., 1'9?2:; ’K<3z1¢;;‘v 4% at,» 1495 gzi . Thfise. ~3x;:%erimn.nts.
indicated] that iherf: were ’np;‘;:>’er anti ’i£:tx=¥£'-—E1‘ f¥31P”§3£>3fih};aserAp6sver anti
pressure at which the LS? szmzsici be an:-ai:aineéi;. . .

Generalov et 31.. (1972) suggested that the upyer iimit. fax: p-mare’: was a re-
suit of forming’ the LS? .v¢:ith a horizontal beam. In this bgeemetry, thermal

buoyancy ‘induces a flaw transxzers-e to the =0.;f:¥;::it;ai axis. Tim intiuced fimv
<:.an*ies. the plasma up and mat of the beam-w31ve3::.h.igimr‘ Easier mpmver causas

the plasma ta stabiiize‘ farther from the focus. They ware u‘nab1ayt0 estab-

 

  

Iishan ’upp-en." pews: limit when the exper.iment was caperated with the: beam '
pmpagating vverti.ca11y upward. Koziflv 62.31. (1974) deys¥c3 pe.d a radiative

model fer the LS? and explained the upper power limit on the basis that
the plasma must stabilize class: emimgfh to-the’f0ca1‘p0int_ that the geonueb

V ric increase of laser bean -intensity geing. inta the ‘plasma was greater than

the loss of intensity due to absorpfion. They speculated that the faihxre of
Generaiov at al. (1972) to observe this limit in a vertical beam was riue to

rapid extinction and reignition of the plasma.

It is clear from the experiments of Generalov at al. (1972) that flow can
have a large effect on the range ofApxfsssure and lasar power that will support
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a szabie Fflastxnas gust-a.i.ned in the frat: jet issuing from 21 1102213 have

been studied by Gerasinzenko at 31. (198.3) who I’t1E<’:1'.5UI'€d the discharge
atzciqtanbgtzs for the existenzzn nf a szea€ijg~st=ate
ants’ havn been zzoncixicted in czmfined -tubes

,:fo’unri ¥:h.a£:=i:n additinn. in bpnwer and prassnrn, both the flow and nptibcai ge-
’ " " b ' I””:diI’1fl3'.1€n'(:-3 on the <:haract1:ris£icsV of £113

  - «*3 inc intnnsi .3: is jns? s“z;:’fii’:ciénmns»s..at1nna?fyeéxtnpoxntmglie _ - . » _. .
A ’5_b_eam, gzvcn byfi 4.?),"is balanced-’

asma béc
in

the: wnvectzsvn, cnncfuc-give,» .and radiation ’Ica:ss-es. .Smc»e:, in gemerai, "the
t" _ the 13:33:12,. the plasma. will a.cijust..§n 3529., 3; I

'Qn3t.3£x'ra'£i:9n eif and. =z:-nér”

at inc ‘five? a$sc:§rb:;9:=c1"no::§ -‘t.

- » ._ ._ Ia ;a3.i£>I1. in thc ’g§IaS‘r’n%a. n¢¢.nr$ bath.
2; r. :13}. nfizn ans, resniting in ling ’radiat,inn and absnr

tinn, :>aI§fi:f»I.>:&&.t."fi:D’-tlnfi and: fffifififffifi transnzians that I‘-éfiifli in mnizin-uuzn ‘ta.
” a:jbsn3fptinn.. Qve. {iIza.:2pt’_i<:aIéi_y thinpnrtion at‘ the s_p>3=ct1‘.nm-,thi

mgicms anti wii} simpiy esc;ap»c frnm the plasma. Other {Martians cf the spec~
mam will bn stricngiy absarbed, 1‘es'uking in a trzmspnrt of energy within that:
plasma. In the Gginiisaiiy thick1'i1n’iI:,_ this resu1‘ts;in a diffusive energy transf
p-or: that is simiiar tn thermal cnnnuczion, but may be significantly larger.
Dataiied ca1Acui.ati0:ns. of the LS? (Ieng and Keefer, 1986) indicate that this
radiative tr.ansp01*: is a szionxinant factor in the determination cf the struc-
ture and p0si.t.io.n of the LSP. In particular, it is the radiative transport that

’ determinns the tnemperature gradient in the upstream .fmnt of thcplasma,
thereby determining the positinn in the beam for which convection Iesses

are balanced by -absorption. A

The positinn of stability far the LSP also dapends on the plasma px'es~

mi'nat+a:s;‘t,. fibw? (’Wei}.e 6: 211., 1!; W35 I

 

nu xvii? has sizrnngiy ;1b_$i:fbeii by the piasnia er sn:‘rm;2ns;iing :::3t3’ie;r

sure, The absorption coefiicientis a strong function of plasma density, as ‘
seen from Eq. (4.4).. If the prnssure is i'nc:re:ased and the abs01'pti(3n <:Qeffi«
cient increases, than 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
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5211114‘: 'tin1e,, ihc'pia:m1a:1ength aiong the .beam »c1ccr-eases beziaus-e {if the de:~

:;1f£:as’e in absargatinzx }s:}gti1., 13111 the d.imnet=e.r i.n<:re:ases ta fit} the _Im"»gar :¢:.m;s’s

$e<;ti<}.n sf zhva beam, Thus, far the s.ama1ase.r b-3-am ma-é.itica::, a .’higher-
px‘essur»e: wii} stziiiiiiiize a, Quint farther away fmm the ma: gixaint arzci  

have 3 :’s'm'a}1a:r.»}angth~'1o~d1ame1e’r ratio ’th.a.rz 3 I-mvm*aprassu.rc .

Incidazzi iasezf p{)we3:, as wail as tihc f/munher and ab:srra¥i£3n.s cf the fa
£:_.:uSi1}g 9133363,,» will also _i’;_*:.fiu.enc»e the §:%£38i.£§£3’r2. at xvzhich the $t:ab.i§ize;s

3316 .2I::.sa‘n’3., Fmm {me 'f0mg::}i’3:1g <3ii5<:us.si£3i}., it is cigar {hat as the?)-e.a.:r1

_ the

' .;;;%1..::xra::i:

puxvar .is1nc:’f<’:.,a.:;’e£1, the piasma will mauve up t11ehean1 away ifrbm the fixzai
gtsrslizztg. T1215 distsance 1.hatit'mi3ves.'is nistsrmineé by ‘the .f!n.um'b=e£ (ratiiz mi
._ . ‘ , ., fig 
 

atzit cizifiasma 'p=0-aition (Kmfmf et :aL, 1986.}. In partgicluiéir, Wfh:!Ei1‘i 83%
2:11:33": E3e=a'm fmm a22.n.nst;.ai2ie1a¢ser <3:3i:.§}}at£)f:fi}£ii1$=€§ii 133:3 sghericai Ivans,
it. réithices an am’nn’iar’pmfQc,us region. befbre reachirzg»’€h€ fif:¢£:ilp{§int', ,  

1 m; .131. » s::'1*3s;é:rvat:iA£).:1.s :E§is€:11.$se:.1 abave, it is £‘3.£i31“ that’ £heb:;:$£>sii.i£:i1x sf
{ha piasma relaiive in -the focai paint has a: pmftmnd effzézéi 133:: ‘:i§1£3’}§1§1;8II1a

eristics:. Atthe zzpjpar iimits gf ».at3§:«.i¥i2y gfitsr bath }.ass;':r-*pa:;wer'ian~:1»
a}f§§’=i%€£r's ;hat the pi.eizsma hecizmes ?L1xrist;a"b'}.e ssxhan ii: graves, 1:c:»:::

far‘ffeTm fi.1é: £063}. peirzt. This may 1236 due, to £116 afai-:1, as prQpQs6di.3yf’Kt§25i£3v
  pm

at Vail. s(3§9?££}, ihmas ‘iihepiasma .mavas sufiicifently ’f.ar’awa5r 113.,
iha V1”..-iiite (sf in.c’mase of the beam .ime:1siiy in ihza fiiiraciiiqh. af‘ egzyopagiaticign

’ aims smazisr. S’irzc.e tam tampareitura s::%:£ '=t}1:€f ;2§.a;s.m,a .m3.3,st 5 ” a1a§,a;i,a {he
i1eam>prppiag,ate-s into the npst:’eam edge Qfitixietpj-’Iasmai_ .:ifiien§i§§?‘i0f~£_I1e
baaxn ’.n:'msi: 3515:: increase. At same paint, ii1e;dms’ra.as’e. -of f}1t’3 hli‘sE3.II1 in;wns.iiy
due-ti: »a.i}si3rpti0n is greater than the incrieeases due: in f0c%::.s§:1g, SC! the piasnza

Eséeomeéa unstable and extingui-s'hcs. Recent <:.a1cn}atit3ns by Sféng. gm :1, Keefm:
(198’?a’},i1mv§:ve:r, iniiicatez that there may ex.ist1.oca! 're:gi»:s.;1s. =withi2: t}:1e’LS-EP
»vhera.t}1e’b-mm .in1;ens:ity c}m;rAe.as-es ‘as it penetraisas the plasma.

. Accmsidarabie degree of ecmtrol of the structurs am: position Bf ihe:’LS?
can be gained through both optical geometry and flow, in Vaddiiian tc) Iasar

p-zxwcr zmrzi. ’prcssure. Utilization of these aciditicmal parameters nmake-.5 it

possible: to successfuliy op»c:ra'£e the LSP ever a wider range Of exptzriniemtal
ccnesiiiiims, enabling 21 wider range of potantial appiications.

 
 

13.2.2 ?1asn1a Characteristics

Laser~sustaim=:d 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 p1‘f3.S-
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sures, but the peak tenaporaturcs in the LS? am usually somewhat higher

than "those for the comparable am. Ratiianon from the plasxna can be 3 Sig-»~
nificant fractio’n of the total power ,inpI12, a:n.~:.i .r21r3.iaiion '.tI’anspor‘!: plays a-

major role in n‘etenn;inin_ ’*’§;l1e structure of the plasma. Continuum -absorp—
tion processes are ofpaitifizfilar ,1’3n“:po1*tanco in these plasmas since thopower
to sustain the plasma is aiasorbnil -throngh, those. mo-chanisms,

The» .con.tin1mm ansornzion pxnaess=inyn1ves both bo'on.d~fsrne trans.itio_n.s
(p}1»oto’ioni;zation) and fi'.oo~.f£‘on transitions (invnrao l:n‘nmsst.fahlnng) in
’which photonjs are absorbnd. from tl1o»l.a.sorlf3eam. This .free—-iron; transitions
involve nlectron colfisions with Zions, ’otl3er éeloctrons, and Inoutral particles"

(ShIl;aIi3f$l£y $1 .31., 3;’S*i5?6};;; £3r.i:e:2n, ’19fi.4}.. :éiomi'nan:t absorption process
for thanisfi3."1fDiIi_g}i ;:n'lllfa_ion.§ ihoiwnen . .. .113 3-nciions, and the a_b3o:p~
-don cooificient for ibis procosa: is» given by For the usual Case in
the 'LSP.‘, kw «ea: 3:?and {lie absnrpiion in app1‘oximatoly'nrngsortional to the
sq’na’r=:: of tin: la$.er- xvavolnngtjlgl to Strong.-xvavelnngill cinpencienco,

 

all of .t.h6. rwnrteé. e7i_Pe:i.n:nn'tn1 :%iz:s'nil.£:s.for’1n.e LS,P”hav'e» been obtained us«
ing tho 1-9.6 gm w.avol::ngth carbon ciiflxiado laser; Sim: the length scale
for the plasnza is of the order of the absorption .lenj'gtIh;, tho length of -the
bplasma and .1113 power mqnlrod to ’s*us'to1“:n it iwonld be nxpezztccl éo increase
dr.a:nun.icany fnr'shnrtfer an-’veln:ngth_ lasers £;‘ur:rentIy, -thé. only other lasers:
flizit are ’fil<;t=:ly eanciidatns to sustain nnzmn-anus gzlzxsnxasv-aria» the hyfirognn
or :ien.‘£eri‘um.fiuo.rid.e ah::zrxical¥ase1ts,ti1’at opnrato at waval.eng:Lhs of 3’ -to

4 ;.&m.. l ' ' .

Tlznrnzal radiationyis iniilie of this :n2ns..tI.i:n§or’tan’1 c'ha;~;acterisiics of the
LSF. Thermal -md_.i.a1:io1n l'o3t.ffo1i1.‘£li¢’;3Ia§§'ii13 can ai:co‘nnt for nearly all
the ;;=ow::1' absoribed by tine ';'3la,s.;na whnn tlzo flow through the plasma is
small anti. will account for :a s.ign.ifioant f:aoiio'n of absorbed pews: even
when the convective. losses are large. The thermal :rad.iation. consists of

continumn radiation resulting from _rec0x1il3ination (free-bound transitions)
and bramsstrahln’ng (iron-fr-an tr-anlsitionfl) as wall as lino radiation (bo1..1nci-
bound transitions). Calculaxinn of this racfiatiozi is straightforwar-d, al~

though rather tctiioos, when the plasma is in local thermodynamic equi~

librimm (LTE) (Grimm, 1964). ‘Local tlzernloclynamic equilibriutm is as-~
tablished when the electron collisional rate. procosses dominate the pro-

cesses of radiative decay and recombinafion. When LTE is e~st.ab.lishod

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

tom in complete thermal -equilibrium having the same total density, tam»

perature, ancl chomicalv.c_omp~o3ition. It should be emphasized that this
does not imply that the radiation is similar to a blackbody at the plasma
temperature. In general, the spectrum of the radiation from the plasma

will have a complex structura consisting of the superposition of relatively

narrow spectral lines and a continuum having a complex. spectral struc-
ture. ‘
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The sbscrptifiszn: c-ociiicient in this plasma‘ depends on the waveicngtli, and
far thc u'i:r.svi.t31ci."portiQn cf the spccuum bslciw the wavelength iii thc rcso»

nanceiimss ('£}.‘ai1.Siti :13 in 'ivii1g the grmimi state), the r.ac:iia2_ie.n is stmrzgiy
abscirhxcd by tiiii pia ’ _ the cca1cr.su.:muxicii.ng gas. This rcsniis in a

szrazijg raciiativss 'ira,:is{3Qrt”'mecha’nis’m that is imgiartszii in :ietcm1.i.iiin_g the:
st:mc.:ii:i::'e ifithe pias’ma.. Qitsn, 'rz;d;iative tr-anspcri. for stIQng1y.ai3££3ri}in_g
gases is :zn€i<ia:iic::i as :21 -ziiffusivc ensrgy trans-port simiiar to thc.nna1..candue~
izion. £i1¢’.s£m:iIgiy itinizecixjsgicns -a:f"the piasma, the r.adiativc ir;anspcrt_.:is.
many iimcs iarger tiiraiz the ’i=i:_tr.insie ihsrmsii ccnciucticn and is flit? dc?-i1i=i2a3::’t
}2;sat~trans£c:r Thiis -is cspccisiiy iii:-V3 in the ugsirsam tcgisii cf

~X¥h{i}‘ii: ’e*t;e~;:1:p:»3;rii£=2ir[a graiiient is ilaidgc, zmd .ra£i.ia£it:).x_1 tfansfifiift
. _ fisiiit izozisisf i*2z:5»’1g3ssasis cf»-the insiident "flaw.

,, titéiaiigsrssssssisrigth regiicm s'i3mr.c the rcssnsncc transii;i;:>n.s, fi%is..ab~
scsrptiizm of'ii1e.,razii.at’infi by tiic piasma anti t'he surrmznciifng gas is much.
smafilerr. "I113 =ai2scr;:'iii3n 1.ezzg1;i2. for this is-diatidn is Qfitiszi large -xsiizriz éi
{scams <:i1<a'rac:s'risi:it;:e::ii.msn;sia;ix1s of the splasma, and 'fI711}fih»f3f’ii1fl,f3§?t1fEi..1{§2i

es; 963. tsgiczi .Q:f:t;i1e.:spcctru’i:2, {he piasma may be cnnsicisrcci cap

 

 
 

/ziciaiiy thingaIitiif'ti;ezpias:1121.is in L'.i‘}?., than the €:.sc:aping:;’:a3;iiatiOn eanfbc
’us's-xi is characterize the tempcraturc within the LS? {£{e=e:£ss at 31,, 1?§86;

 987).   
.. : ., . sass §’??i‘§f1:_iI.‘1 iii-E: piasz‘-as is far fmm sniicrm, as

1:}:Ii3;:;=d is} i3'*::£.’si'i1 {he cxp*e'rime:ntai tempe3:aiures~.shz3wiz_

 
 
   

in Figs. 43-2, 4.4, and 4:;Z(}..is =:icss,rii:s~:.<;i Ci-etaii in »Sec.. 4.4.2). Ti1:is.’§igu.se
shciws "an. is:ciiis:m:»pic:t cf ziie» ts:i:::§:«s:rst::sms ’fi3¢£1$i3’i‘cd is .an.LS?sz:sa:a jéti

in 2,5 aim bi =’ gun. ‘by .3 mtiscn ’c1iv;3x-ids Iasier »c§;er*a£’ing at a wiaveieizgfix
i’i3..i6 gm. ’.1?i1e’,;5iass:ia ‘iezigifh. ass diameter, as cistcrminsti by tag ::s;.5ssK
"is-otiiasrm, are 311 aiiii émtn, rfispcctivcly. biota the stung i:~em’peratxsre:: gm<ii-
ants that cxisiin ti1e'upsirs:am p-anion of the pl-aszna and in the :r=a(iia1. £iir2sc~
tion may tits iimit at‘. rihe iascr beam. The tempcraulre gradients in thesc

ircgions. arc: -(if the circiei‘ Of 105 In the upstream regions cf -the plasma,
the d’i’rection (if ihé convsctive energy transvpcnrt is the csppcsiic ofihai {inc ta
thermal {:C>nd.ueti£m and radiation transport, and a strong temperaturc gra-

dient devclnps £9 baiancc the convective losses with t'herma‘1 conduction and

V radiative *L;:ansp;)rt., The magnitude of the temperature gradient« depends on
the flow {site and .in.crcascs— with increasing flow. Strong radial temperature

gra.d.icnt.s dcvciep near the edge of the laser beam where the available ptiiwfii’
decreasescrapidly and are steeper near the focus where large conductvion and

radiation t.ransp'ort. is required tQ—ba1a’I1c’c the large powers abscrbcd from

the beam. The peak tempe1‘atu1‘e in the plasma occurs near focus where

the iaser beam intensity is maximum, and the peak temperature has a value

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

tion is nearly cumpletc. The correspondence of the maximum temperature

with complete first ionization is to be expected since, for a constant pres~
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’I3*i;gu:~e $2 .Measurea .iseme:~ms for a 2,5 ,at.m.argi3i1’,§3Ia§” ’ ;:~m:.ii’£:3ar
beam fmm a caribcm tiipxiiie laser focuismi by :3 ieszaslof 3 :mm fecal iezzgsfix. Tixs
but-izuntai ar:’a’i.a was .axbitxarii;y chczxsen so the fqzus xaszrrum at Gmm amzi. hsgih éthe
I:as:£:r beam and the flaw are inszidenz from this lefz, _ r ” ’ 5§}£}'i{ Wifix

the outer contour at 1f},SU'0I-<2. (Frmn Wie1ie_, R, at 2:11., 198* ,_ Gnpyright American
Institute of Aeronmmcs and As£r0.nau£ics; vrebgrinted with pes:missi<::sn.,)..

 
 
 

  

vsur-e plasma, the absorption coefiicient passes “through a1naXixnu.jm at that

temperature. ‘

Plasmas have been sustai'ne.d'byVc21rb0.n diuxida Iasers in a varieiy‘ of gases

including the rare gases xenon, argon, and men and in ssveral m01e=cu.«-
lar gases including hydrogen, c1euteriun1, nitrogen, ‘carbon dioxide, and air.
Plasmas in the heaviex“ rare gases (xenon, krypton, and argon) are the easi~
est to sustain since they have relatively low .ioniz.a-tian potential, their ther»
mal conciuction is relatively ‘small, and no c1iss£3ci.atio11 energy must be sup«
plied. Fezw experime.nts have been rtzportecl using thve» liightem rare gases,
but Carlotf at al. (1981) have sustained optical discharges in 1122111111 and
113011 to pressures of 207 atm and Cross (1986) has operated. a discharge in
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neuniwith ac§.m.ixt.m::::s «of. Qxygen. Reiativcly higher laser gxzxvars were re»

qufmaci with irztziizzfrx aw -Qffs-ef. fiifzfi grA£*.'3B:£ .iaI3‘iZ3'i’ii3.sf1 goiezitiai ans} :re}ativ€}y
large zhemzmi. mnc}.uc;x isy‘ "mt: 'm:3I;e_m.;ti.ar gasea aim .r:equir.e greatar laser
power since these» 3:: abs-3:23 snfficitznt an-exgy :9 uzz.:;§arg{:x c1issQ.cia~
flan befare they can %=e::_iia'r§Ti2sa:i.. As :;c¥3.s-anssrcyd aariierg the fzhrsshtaici power
requked to ma.intain. :3: _p¥as1’2::.a iiepzgnds cm the datails of the =rs:xp~arim.em: in~
eluding beam qzgwtliity, effitiifiéii gaam aE¥:;ertz1t.inn.s, and the flow rate.
For examp1e,»Gen¢rai.m? 6”’ a’L.(19§‘.Z mi ’ ii. 11:; 3:11.36. 3:11=s:$i8Ii?+t far argcm.
at a :;:~r-ri:ss:u=m szxf ii} ;'«tit':r1’‘'ft?':3:’ 3:) 33:3 . fix . Wk Miéfifiy ‘(E9753
fauna fhe t}3.reshc53d'it35?3fi ‘ ’..xzmaieZ;y .at:th::» $.a1I1r&:£}i3I1ditiG13$. Farga

an it::.xs:e.t ,(.fI§79T}.f0HI1£i1.ihE ihrsshold
,. A b .. .. » M 19 }i§?dff€3gi3i3-

 

 
 

 

 
 

 

   

4.2.3 Prracticai

 
 

 
 

.. 'ispmaé_, and mast

0:}: 211:’: 9-pmrati;ana.1.syst.. Insjhav .. - canstrn. ,. ed. .. . 11 iaizitzrzataries tr-:2
study the pI1’asm.a..i;tssaif. Thai 2? has "used irxan exper:i.;mentaIatten1p't
ts .measu.mrtiae izighw-temgafir. ‘u: ~a:’£3saer;3‘ on sf Iniixm-res -afxvataex vaggmr and

,..hyd’mgan (EF<::sv§1i£:1fi,. V5? 3: used "the; g'e::1e.1'at£;'very
highweed z:w_i,:acu3;ar"z3>:§rg;e:z1_.raa§::§s.fé3 ,. cf sur’£aaai-nter~
._a£:¥;i{3::;$:, ans! £Z:%.rs::na_r3.e; 314:: '85).’ 7;::é»’m.,5e:é. tha. a smzrce far €1’i{}miC
spectmscapy:. EEi§c’eni:¥y, -:i1s;'::i::21., . Izabaramry aiuiiiss of -{he LS? have: been
cqncimzted by’I€;ae£c:*—§:§. a3, i§19'3“’ " "
to zifiiermine their sruji igf’ _

The €:}s:p?¢1,’.i'mi:fit.S wziiz .*€}i}§‘x’f.i.i¥Iii2{§X3;’.i , {'3
formed using-’focuscd 'be£xms from Ct3nii'I}1}.DI1S carfista-n fiicaxide lasers wit}:
output piaxvexs beiwew 21 few tens of watts and :s.evara1_ tens of kilowatts.
The simpiesz way is crmie 1&6 is to f£3£:§1s; that beam {min $216 Iaser ime
ambientair using 3 lens at m'i;rr’<3.r. If thi-3 gzczawaris. _ap;p.ré:xi.mat-szly .5 KW :31“
greamr, a p1asm21.can be ’initi’ate£1 by 21 discharge near fixes fatal point that
is created by an arc, a guised laser p}as;-“ma breakdawn, or'by1non1en'tari1y
p1aci.ng a .m.e'£a;‘iI.ic (usually tuxigsten} .s:1’rfgc»e in the fecai v:3V1u:ne. The .sta~
biiity 0f the L3? is enhanced by caperating the imam 30 that ii. is propagat-
ing vertically upward mward the fcrcus. This insures t11at’th:=.’fi0v« bin:3uc<a-d
by tharxnal buoyancy is in the sanxez direction as the imam propagaticzzn and

does not tend tr: convect the: hat.-masma out of the highdntensity focal re-

gion. Various focal "length lenses have been used to facus the beam, with
WI3ica1sy‘ster-us haviflg focal 1€3I1Eti2’s_fm.111 25 to 301}-mn1 and ffm1mb€.I'S M3111
1.5 to S. Plasnlas have: bean sustained using beams of various mode struc»

tures: annular beams produced by unstable oscillators, multimode beams
from stable osciilators, and Gaussian beams. Therehas been little systeny

A.;gg;;is.a:::gn ms
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a,t’§<*: study of the ’i1If1%3enC6 Bf beam quality-on the: LS3. but it; general the

thrashhlé pmvar required in sustain the plasma d*e.cr<ms<:s with h1cre’asing
bean} q,n.aIIi£y:. Mandy (19% has sus’£ai.nec:1 plasmas in argon at “pressures
greater {ban 18 atm 4‘ my 2.5 W fmm a laser having a €3:’aus;sian imam
{hat was facussd by a mijrmr of 52 mm. focal Icngth. Varicms ‘investigators
’h3LX?t3.1*?;:1£3rr'£e£i "threshold vaimts 'that:var_y by 3 fame: 0f 16 01“ mars, and many
ofihese’ difiarenaas are -prababiy due. as the: variety -cf mam qua1ity’»an:3.fo«

sznsing ggeaxrmti’ is ¥;hIa£I1‘-*cIv6. bean a.1npmyr:c1.
To"bpie§raiM;h»e .I;S.? ether than air and rat pressures greater that:

-’ 1 ’ :5: ti}-c<:s1;1.i.i’11i3 {ha piasma within :a chamber. =C:fte_xz, thesis‘
rs :t:1xax= gym large wmpared :9 ih€3.f£31iiSz31af, and thezflgw

- an as-tab}%she;d by itir-xi: thcrmaiiy‘ ix:-dxar;a;x;i,,.£rec=aonaz;a
“bar. Rabat}: gxpafiments .have been c:c)nch3ct=ed(Kr‘1:nr

’ 86; W-$316 at a__I,,, in which a1“_g(3n' plasmaswsre :su.staina:3. if: 3
cnnvehtitmfiasvh The farcasi convective flow veinaity was c:£m.side:r-

zfiiy iarger man the thermaily induced flow veieciaties, and itwas fcundtghaz
the piasmas cc::’uizi b¢:snst:ainad szmar a wide: range of p;G¥;Vi3r and preasureby
adfusting tbs fie’-w veicisiiiy anti £;;’~p’t‘ica’i geometry.

 
 

 

-4.3% ¢_:_A1:._ MODELS

Sewn afiér iasaraindnchd brieaikdmvn xvas ::Ii.sc0verer.1¥., thesreticiai moticis
ffif bi‘-eakdiown. of .3. gas in azfx apticai fi’r:~’:.ld were: dsval-apex! by IZa}’d£w1iCh
aizjfi Rajzar Riaizm.‘ {j1.9’€i5} t_hc.n d€:v>2:}c:=p»ed 3 mafia} for the supc::~
3-emu: j;3.tapagai:it::.n cf. the ahsesgfiian xvasze, and iateaf -{'Raiz:é:'r-, 1.9?£})d.eVef1»

- aped. a o:xe~-:iime11s’i:anaI .ms;:.~:c1e§ for the s.ubsAonic. prqpagatian £m;:_1.zna:i11te«
names af’:a« Iaser~sustain’e.d plasma. Thish rnodei was "based can an anaiogy
with csambustian, and these .sub:~:(mic propagating waves, t£3,geth»er with the
cnntintzims }aser~sust.ained plasmas, became known in '-the ’Uni’:ed States .25
“}asc'r~supp{3:rted ccmbxzsfian waves (I_,SC)..” The -chase-d~farm solution for
this mafia! was widely used to int.er_pret experimental observations of prep-
agating plasmas, but was found to greatly underestimate the cshservad prop
a_gat§ien valacity.

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

‘dude the effect of radiative -transfer, and they obtained a numerical 30-

Iution that led to‘ much better agreement bjetween the predicted propaga-
tion ve_1o»cities and experimental. ‘observations. ‘Kozlov and Selazneva (1’973_)
deve1ope'd a one~dimen.siona1., time~dependent model and studied numer~

ically the transition of the plasma from the initiation spark to a station~
Vary adischarge. 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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(1974)"21’nc} ‘Kemp zmd Root (1979) led to a‘ divergence of the solmion
near "tho maximum tomporaioro, and 'Koof€:1* at al. apgaliotfi 3 new
o1o'tho’c§ o..fm1mez:ic.al soiuti-on that p’rovido(3. corivflrged fiiimtioos t.h1fo1xgh~
out the solution do.ma§;}. It clear from all of the numerical moziols
mat itarjiaiivo -tz-ansferwfii tl1§"forxyard portion of the propagating plasma
played a ziominant role in the. determination of the pzogmgation veloc-
iiy. ..

Batieh anti. Koéfer (1£}7.t1)d-evolopod aL11:asi~i%Z3~¥:1it¥i-tiinsifiinai Ii1;€>i:l.o1'fo15
the. that was booed on an oxtonsion of the Raizor analgesia. They in~

izjioetieci. the effect of 'r:a,di.al and »axi:a’i £11-ormai cooonotiono-z1d.’finite: laser

 
tho im.por'ian.?.: -oflfeot. of the convergence of the laser beam. gooxnoiry, 'Z£"£3oy
mod. .21 f;oou.s-ed Gaussian boom to modal tho two~ili3no.n.sioI3££l, axisym’mo£~

distriimtion oflaser intensity in tho foc&é:.1,.r¢gio’r’:. ggproximat-3 solutions
\§?6£§§ ol3’ttaiér3.€:€i. for the case in which ihoii1.f1'uen€-e of the con: , :13,g*waIls was

'n.o_g¥e:otoci anal rostri:::iod fz1nct:i.o1i3l forms oi‘ the tra:nsport p1¥op=ort’i:os were
used‘. J

more elaborate model of the flow in the '-of the was c}.o~

moped. by :C:‘:ar.1ofi‘ at a}. (1984), Thea? ob1:.ai.r’1o;:l .5£31o_t,io’11s offiie .Na§zia3r~.
Stokes oqvaotious for the fi1ormajE.ly*lnd'L1,cc:d buoyaiit: flow £’t=i:1iOSfi§“l
x:.hao1'I:;:or»con.t»ainiog the p}.asma.. The. .sz:;Iutio.o was obtai‘nod for tho flow
’wit”h:in. the cooler gas region ontsiclo of the hi_g'h~**l:en1p»oratu1%o plasma (Lore
hy solving foe .m.om£::n tum <:€;uatio.ns using 22 toozgoraturo fiailéci that was <:a’i~
a:o’3,atoi separately. The tcmparatura fiafilxii was o¥3::-§1i’£zo:§;f.rooi-2: -solution of
tho» energy oqtzaiion using an assumed Gaussian bo=am..,p'r:ofi.i,e and. a voioo
ity field obtained from the momentum equations usiogolan assoznod tefm—~
porator-e profile. The equations wore not coupled, and it was not clear
x’vi3et§1o.r the raoiaition and transport proporties had an assumed spatial va'ri~
.atio,n or whot.hc’r the temperature» and prossoro~»dop»on-(loot properties were
used. Their solutions clearly showed the recirculation cells that dovelopin
the closed chambor and the deflection of tho streamiioos around ‘tho high.~

temperature plasma core.

The next step in the dovel(:)pme.nt of twondinwnsionali models was taken

by Glumla and .Krlc':r (1985) who included the effect of "focusing by assu'm~

ing a uniform convergent boom focused to an arbitrary spot size and re-
tainod the assumption that radial components of the flow could be no»
glocted. However, they obtainecl numerical solutions usi11g_fu1Iy .coup'led

te.mpr:rature~ and p're.ss'ure—dependent transport properties. 'I’11*is model
produced predicted tomperatur-o fields that were similar to those observed
and gave good results for global absorption of laser power.
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Mcxfkle (.1984) clevaloped a theoreticgal model to coxxsider the case in
which the plasma was sustainediix a chambi:':1' havi.ng_ :21 c-onv‘erging~divergi.ng
nozzle. He. solved the .£;uas:i~ane~£liznensimnal iN&viar-St0k»es 6qU.8.l;iDflS .nu-~
mericaljiy using ii: tlm<5~113arc'hing.:;16tl10d for a pila.sm’a 3mixtu.1'e of
laydrGg61i., Cs:-:s_ijum_,l and £6; Beam‘ ’cc3:n,var,gen;:;a was lmilxxcle-cl in :31} ap~
pr0x.ima’te-fashibn but .ra.diatiQr1‘tranisfer -was n.agl,ect’ed. A Vmadei that <:£m«
tamed a .c»ambplet»:.; t§vo~di.me_nsi<3na.l. girzscrfibptivoxz 3f the flewfiicld was devel«
opedby; lsfizalviket '31. @985»), but’ thefiowfialt? was unc-cmpieti {rims are 'rad£i‘a~
timz. "by il:e"as$’u’zI:p€ik3:i <22 acmistani»-2:l3s0:;3tian c:3effix:ien;.. l'I‘l::is assm:npt:i<::1
w»as»:.;e3a2ed hy~-Mérkis 21:431.. f(’1-?9T3;$}'¥:+yrass:3::zing alzisarpiizin into a .mix’tu(re nf
hydrogen, c.t.:si:.1m._, .an.:;1 watéx‘ ‘that e;sz}1_i1.f§izs $.trI<_3ng alisofptiim at relatively law
mmparatuxes. Thgy‘ were 11n.al:a1l3 "ta abtain convargenea fair pure gases be-
»c2ms€: 0ft'l1e strscmjg} grafliieiai-‘s ’.'££n’:i Imnlinear ’temp=eratn.té—dep=anzlent 'p,rg'p.
grilles. ‘ b ' b ’

:.'f£:.1f;g an:l.’Iies3fer (§i9$6)l’:::§.a*s:&€::}&:a;:;?c’:£f}’ a fixil iXYCt~'di'm€hsiO£1al model based
an a Navvi.¢2{—St£ikes descripiian .a.£ the flnwfielcl’, gsmmatrlic ray~tracing £0:
laser ’beam:s of arbitrary .r.ad:ia;l prafiissg, ;and a radiat_iva -transfmmodel {hat

diviiiad the radiasifive 'tz"-31?: , £3? ' .i'§:;ic:s a;5tica1Iy' t'E;:icl<’az:<;;l o;}t§:ca’§iyt}1in'regie:1s.
This model was solvagl _ ,.ri:;;a£ly ’z;’si:::g the :.$.I,M?LE (Jeiig an-:1 Keefer,

19.86)‘ aigari-thm far ’p:2.2..m .ar_g.0n in :a pipe. "flow where. ths plasma was sus-
tained by the annular beam fro’m..a’n unstable zresonamr. Thasc soluticms
wars fotind ta be is ga,0£i..ag:eamen't with t:l<~>tailed measurements, and the
:model was extezxtied stéz) :3l§t2ii_’n solutiizms. £0”: plasmas sus1:aine—ci in hycimgen
by Gau;ssian- law: béE1.IIi”'s* zcizmg 6%» ’i987). Co:npa:.ison of the .soiu:im2s
Gbtaineéi usiflg £119.: full 'tw0»~:3im;=msi’o.nal made} with thnsel Qbtainecl. fmm the
quasi»tw0»»dimension.al mmriel, in wh.ich the radial <:=ompc;ments of the flow
are neglect-eel, clearly shew {hat ih6»f11'H twmclimtaxxsinnal ix-3atmant=oft,l1a
flewfielttiris re-quired for»;a:cm.zrate fjfedictiuns. ’l3m_e. to ihé pressing increase
caused by the strong heat adéiticm, tha flow is éliverted around the outside of
the plasma core anti the mass flow threugh the: plasma care may be reduced
by a factor of 5 U1" mare compamcl with the simpler moafiels (Jeng at 211.,
1987). This effect is slmwn in Fig. 3&3 where 316 temperature i‘s'c5tl1erms are
shown in the upper half 0f the figure, and the local mass flux is represented
by the vectors in the lower half. This calculation was for a 3 atm hydrogen
plasma sustained by a 20 40 mm diameter Gaussian beam from a carbon
dioxitla laser operafing at 113.6’ pm.

A Develspment of the detailed tw0~dimenslio11a1n10d_e’Is has made it possi»
ble to gain-considerable insight lute the factors that central the LSP. One
factor that was found to be of c0n‘s.ide,rab‘1eilnportarlce is the characteristics

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

and from the model, that when an annular beam from ‘an unstable oscilla-

tor was psecl to sustain’ the plasma, spherical aberrations caused an annular
prefocus ahead of the focal point, and that this high-1'ntens1‘ty region could
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.3Z€‘i:gm'£ 4.3 Thetoretgiaal caicuiation fora h.y:xi.rog::;n.p1asma mszained by if-E} mm
»ame;e€: {}zm's.si;1n b’€:’{a’.’{’[ti ’fé:3::u3:3£i ‘£33: a 3&3 mm Inch! length lens "{1} the Si} iftijifii. position
on the 'horizs:mta} axis. Tho -inclideni how veIo;ci1y.is 2H mlstéc in a s::3gI{iz32:§.ri2:af’£ ygipe

22. mZm.:in sziiametar; The 'up;3fii:‘ par: of the figure eontains isotherms anti the i»0W6f
haifcontains z7ector3'$vhoseie‘21gth and direction .mp.z'asent the Icaca} mass flux ~(-moi?»
uct of icwal density and local veiocity). {From Eeng, S. M. and ziieefer, 13.», 19813.
€opyzig2z,£ @) American Ins';timtt: of Aeronautics and Astronautics; r.epx*.i.nt£:d with
pernlissiom).

sustain a piiasma thai had significant offiaxis temperatum maxima. Ar: ex»
ample of this effect is .shown in Fig. 4.4, The upper haif of the figure shows
the measured isotherms and the lower. half shows the isotharms predicim}
by the model. It is soon from the figure that the plasma is sustained further
fr-mn the focus than that shown in Fig. 4.2, and that ofbaxis temperature
Inaxixna occur near the annular prefocus indicated by the crossilfig 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 tho fraction of laser power that is a'bsorbed by the
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Figure 4.4 0ompatia»on’h=etween measutod anda»cai<aiIaii'e:i isoihegzima forzaa argon.
piasma :iu.stain_t3d with an annular bean}. B=o1}.1 '£§.1_¢.?. ififiifif bflam and» tile. flow are .iI1~
men: from the lea. :C1fi‘—axis .maxima in 511:: tempo: i1.r;ci a.gpiear”where:»:h2 :sp;i2ar~
icai aberxatioa of the lens causes a high~inte:1sii3:aaaupiar pkaf:3cas.. ,(_Fi*+:m’1 Rang,
S. M., at 211., 1987. Copyright @,AmericaaIi?1stituto of fixefonaatica ami .Astm11au~
tics; reprint-ed with Aperxnissioxx).

‘plasma. and the fraction of ‘absorbed.pows:;r that is lost from "tho ojpi;ica'IIy
thin plasma through radiation. As the fixifuxnber of thoaopticaf system is in»-
creased, the diameter of the plasma. will be smaller if there is sufficiem inci~
dent flow "velocity to sustain the plasma near the focal region. This smaller
volume ‘plasma will lose less power by ‘thermal radiation and 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—
-siblo to sustain a plasma that absorbs ‘virtually 100%'o.fi11e incident laser
beam power and that radiates no more than 35% of that power out of; the
plasma (Jeng et al., 1987). h
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S.im:-6 211} of the repurted .ex§zximenf.ai data is fat carbon ciiuxide Iasers
ggeraiinig at axvaw_+:1a~ngth {iii 1823.76 gm,» ii1e»d§3'i;;iIed medals px‘€:vi;§e an c::p«
’§z’£'uz1§t3I ti} i:;v¢s:i‘gaies»z}§a aifgmtsi -{3._i.£1:;:i::_g ,d.i.ffers.nt w.ave‘Ie:1_gths to susw

gain the pIas.mVa». 13.2: eisezzajg ‘a is show}: in Fig; 4.5 (Bing, 198%. The njppar
{3i:hcrn1.s 23171”: {air :a ’piasm.a\s2;2sia§-med rising 2: 18.6 mm wavelength. and 1321::
war isotherms are fmf 3 p1,a,.s'rK:1a sustained. with a -wavelnngtla cf 3.9 pin
at -is typical 0f’Ch$3Zl}i.Q-E31 ia$»€:'zs.. The .in,eid<:n£ puwm‘ M5245 ‘W for tha-
9 gm v},m«'=éiEn_g£§1i.h"' » at: up flan; :1:-e-i’;1::ici§:nt pnwer of W3
{,4 {Q suggaigi. yzifl isqzmjra gf 't.hE_‘ra’tiD of wave»
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Figure: 4.5 A comparison of caiculated argon plasmas sustained by lasers of

10,6p1*n wavelength and 3.9 pm wavelength, The incident power for the 3.9 pm case
was scaled upwards by the s.q,u.are of the; ratio of the waveiengths to compensate for
a similar reductiorl in the absorption cotifficiezxt.
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iiiiiiaai :iro.If11_. a hgydragen piasxna at ‘a pr-éss.:;rx=: of; 3 aim. The: piasnta was z~ms’tai_~:fn=§:i
£1 .23 3£3?i”=C%au$sian33eam i?1avfi_r1g a w;.avt:’Ie:;g:h sf 113.6 gun. :(Fm:m Jeizgi, M. and

*9’ " : ,, Q, .1. ’ 43*) American Instiiute of Aamnauties and Asfrunaw
primeci with petmgifision‘).

since this is primariiy a function of the beam diameter, but the length. -of V
the ~;,gas_ma has inc’ri:.ase~d fer the piasma sust.a.i'n::-:3 with the 3.9 gm imam ;
due: in me iarger absorption length. A significant a.meunt af iasar pews: is
a'b5orba»£1,beyon£} the fccai point in this piasma t.hat.l»z:ads to .21 “dz:2gb0n.e”
shape for the isotherms. The p1‘ez;¥icted fractitsn 0fvin£:identvp0we.1* 3b‘SI31TbE5d
at 3.9 mm was 28%;'Lonsiderab1y less than the prediction of 7.5% fox 3.0.6 mm.

The: macieis a1soindic.ate that the plasma can be. sustained over-.a wide

range. of flow veiocmtzs and that it is difficult to “blmv out.” The flow Vf:~
Iocity has a pmfouned influence on the shape of the plasma and thejposi~
tion of the plasma within the beam. At low inciciant flow v.-elczcities, the
plasma propagates up the beam heccnning larger in diameter Vand \_rt3lum.a
and, therefcrc, more pmver is radiated out of the plasma region. When ihe
incidant flow vplucity is increastad, the plasma movxzs toward the fncus, b6~
coming smaller ix} diameter and somewhat 1o:nger1’n iength. The rasult of
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i this ci1anga’i11.p1as1na shape is a reciuctio-n in the posvar '1<3stthmn‘gh r-adia»~
tion and an increas..e in pcwer abserhed fmm the "laser beam. This effect is

. s§1mvn_in Fig. 4.6 where. £§1_f::‘é_ caicuiatied {ta-ctioz: cf the ‘puma: ahsarbaai item
’ the incident laser b1E§£‘1n a3_*Z§‘éi the fraction of the .inci<:3ien»t power that is lost by

radiatian are shown as a3i:.3:x¢ti9£1Vnfthe:inci’:ier:t fimxaz'v<:1ocity.. It is found

{hat 'tha fract.iona1 pawer absorption .inc‘r.e-ases with inci_€3.mt fiimv veiacity
ad, far tiimse c0:ns:3.iti:::ns, nearly all the incident’pc>wer is =ab$i12‘ba£;i. This ab»

smptisn increases with 'veia1<:.ity"¥::-atzansa the glasma is §::::2_gar in the %:ijghe:~
veiceity ciases, and this increases the 3hs£1:pti£32i_§33iifi ’2:jg;i'h. The fram-icn,al
_pmvsa'r that is lost from the ;3}as.ma decrezasea as t.I§:a’i::1éicic'n%£ flzzmr vaiocity
is imzxeased. ‘The paws: radiated imm the plasma.isvpmpar£itma:1ts;3 the

imiume anzj}, .si:1::a.-521:2 <;1::.a:rne csf piagmi .s:m:a:iIer.fpr

;;r;c1c¥.am »-flaw vekjcity, the rad.i»at¥ix1g~vz;- .$£z£fI?wi:;13ia mdu::.:=ad:..'
The dcvelopznent of {3e:t.ai1ed_. numericai migedeis “has .ma£ie; it passibie to

airway and interprat the cempiex i'nt€:1‘actiQn&»=am:QnEg. apiiaai, g::ir3met.ry, fimv,
and pressure: that stzizicixzr witizizz 1136 LLSP. *iFhe.:1:’esu3£;s €}f‘§.i1,E;$§§»»$£1¥(ii€3$i}£1C}.i{:atE:
that tha »chaI‘a.ctcri.stics sf me izan ti-i?) eon.t;:n’i1¢;1 my :a_§:zdi::icms :<:h£:xi’(:c cf
'thEse’parame£’£ers to pmdiws plasmas iiI1..—a£Vi§3.£§ #z:~jzfii<§tj~"‘ - : a5$s-:’x_v . fiiasnla
»;p_r»::q:e~3rtias that can be z3pti.xniz2aa:i far at patti.::u_1a_r. A ” r 1 fiet:2z=i2i~.c1
u’21.di—:rs1an:ii.n_g,togetherwith the incrseiasirzg ewaiiafz. . 3; <3. :;’nd’us.££i.é§icarb-an
»disxiiic iasexs cf ganja ‘beam. »§;::ia}.i:ty§ shn-aid g:eat1y.e;x:;a::€i 'ti1¢apra:c;tig:aI: ap—
"p¥ii-c’ati.{ms cfr11e’}aser~su's:a’i.ne<3 p3fa.sma...

 

  
 

 
 

4.4 STUDIES

Bxparizxxantai studies cf the have beifm 3.imi‘md <:h1~@ to the ‘i“:‘§&{};I3’i'i’€Ix1€%I3$
far <2-<3m*inu<;m5 iaserpawar abszwa 1 RW and the flack csf file‘;-arty :i{’ie¥.3ti.fi+:d
applricatitms. Until recently, most. of the expsrimanial studies. were ¢}i1"recta»d
toward defining conibinatimxs cf laser powar, géiasma ma1eria;1,.a-mi prassuzre

for wihich the LSP ctmid ba :su<:cass.fu3iy dperatmi. Within. 131:: past fewyears,
more de»t1ai"13<:1 studies have been made mat better e1uAcidate. the inte.ract:i0.ns

2m10ng Qptical geomctry, ‘pressure, and flow that CQI1iI€)1'!LhC characteristics
0f this: LSP‘.

4.-4.1 0peratifinalPara:n1ete1's
and Piasnia. §’r0per'ties

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

(71972). They ignited the p1asma.us.ing a pulse breakdown ‘in argon orxenon
produced by a pulsed and Qmwitched carbon dioxide laser and then sus~
tamed the p1as1,na‘with 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 10 a continuous plasma was invastigated and they zneasured propagzr»
tiQn.ve1z3c.it.ies of ‘£0 in/sec that .rapid.}y Liczczreaseztl to zero. It was foun-CI than

the pulsed laser cmfid 313$ exiingxxisiz the-. LSP ones it "had been estemlisiziad,
if um IJSP was ’0pe‘réi£'inb .3: thres'11€>id.. Thsy phmtegraplmd the piasma
and arzoted ihe change in S Iapfs and 'p£)isit.¥0n of the galasma as 21 ftmetian cf

pre3.su're wits! 1333: paw-ax. Sta.ri< braadaning of we hyflimgan H5 fins was

 

"usefi, ingathar gsviih 111$ Saba »equ£1tiGs3,» m abtain estimat£~:s at‘ the: piasma
teznperaime that ranged frcm 193,806 are 23,0.{}£}K.,.in argon. plasmas.

'E"§z»a q3.3’3nt.i:a§;_iva rasnzfts ef ‘ziha (}en:eraI::>v at al. (19%) study
was 21 dete:rmi.natii311 62’. -1.33%» "i}$?g;i0n$ sf laser power and prfissure for which
c{)nti11u{3u.sp}351fia3.Cflfilii he sustained in argun and xsmn. Thei.r 11132:»
surameants iiiciuici ’ .1 115 atm .a'm’:i. Iaser ‘pnwar to 339 W.

The asi3.::xI_d pewar 3. Q. . up tizssrease ra;:>id1y»wi;.h increase-ti ‘pressure
in the »ra::g”e frflm Etta Sfl arm bui.wa_$ zneariy ézcjnstant at hi_ghe;r p:=essur$s‘
Thsy attrib'u':te{i this pz~assu’reA die;a=an»d.::nz:a sf {he tI:‘ra;s.hr:}d_ pmvarr £0 tram»
sition of the c‘£€:~zninan'tl power ’i?;§3s- ’mer:§har;ism from thermai c;ond1;1c;t.ion. -‘£0
iherm-.8} rza£i;Za'£,'i-c;n., 1116 was €>pe'rat»fa:i in a .h£3:riz0.nta1 imam, "they

observed an ujppetf §res;s1ux$;iim Gr exifstenc-3 ef't1fi$. LSP, ,b1it’t.w’hen 0;3e’r~

 
  
 

. at-ad in 3 vartica} 1:>ea_m._, 11:; upper 1i_r’1§.it .fx:’a3r ;3ress’m*-ewas Qbserxiéd. TBS};
attribxrteti. fthgis.resu1'i:19:'ih.i::.s£a§3iIixi21gefiact of the tiierznzily induced ’b’uay~
ans: flow. C&1IiQ33S}y‘, tfiaxzy’ 321336 fibxérvad an Hyper limit far laser power at
the higher p’3_f£3$S'u_I_?=-‘SIS. ’ :1 I313’ beam was operated, hyiarizentaflly, but thiay
vdid ntm. ebsarve uppar gmwer m~as’i2‘m1g.vzhen the mam was operate-ci in
a vertical m:‘i;e:.nt.ati0.n. Timss res1.zft$;»:.f:3r the hmrizentai beam are shmvn in

Fig. 4.7. The cizxves far argan and ,xana.n are sirniiar in shape, but the: 211'»-

gcm -c:urva is .shift£2fi ta }3.ig2iE£r ihra$§}.t:1I»<i¥.’ pasvar airxtfii _}Z}.{’§§;S-S§.}.i‘€. Note that for
ziezutzsn. abeve 5181 am: aria? .231'g-(317: abave K8 aim, them was an upper limit 23f
iasar gmsvcsr far which the xvas ofbservcd. Thfl average laser gpoxver tram»
miss:ie.n was aim measureii, and it was estimated; to be .appr{::x.imately 40%

in ‘these experiments. Carloif at 211. (198V1)extendez1 the pressure rzuxge of
ti1GS~f: ’investigati.:3ns ta 219 aim far argon and helium, using a laser having
gszmd mcside structurn and f0s;use.d with mirrors :}fsi1£3r't (‘1;5-2.5 .c;m) fecal

length,

Franzen (1972) and Mandy (192.5) conductad simi’1m* expsr.i’ments with
argon plasmas. Moody (1975) _made a detailed study ofthe mainterzance
thresholds using a laser with game! bt:a1n quality, and he further investigated
the extinction of a. contfinuous piasma when it absorbed a h‘igh~power lasts:

puis-e. Mendy was able :0 sustain‘ continuous piasmas in argon at pressure:s

above .10 atm using a "focal spot size of 80 mm diameter and incident powers
as 10w as 25 W1. Similar studies were exten.de<1 to the molecular gases hy«

drogen, deuterium, nitmgen, and air by Kozlov atal. (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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.i€i'gjtir.e:-:42?’ E:xpe.rim:an-taliyxneasutad min.i’mum gmwiet 'requ’iim3 te’:sizs._{-air; piagmgas.
in a.rgQn {q’p’23n -aim}-es) 322:1 xenun Qfiassati’ mimics). Fax: a.:g_;a.n aijovga '18. ‘ anti;
.x:ian‘a %3‘£E>’»é='».'iré Eli} am; tiiefé 35:. 313.9 a m.axi-mum powerfczxrlX=1hitih»tI1:3;;1asm.a if

sins (Fmm Gk-.ne:ra1z:v, I31; at 31-... :i:9’.I'2. Amezicarrz §rf3sti’t:i;tt:e at i1"1i§si§;:s;
r.epri’nz‘t::(i sviiih ;3ern1:ission.};

 

  

Klostermanand Byr»:m (1§?4)- perf::>r’med. experiinenis an plasmas. in a’i.::
‘that wi=e«I":8’ 'iflifi?£1‘{,.€_2;-£3 :f;?=e1n,n1ai,a§3:iC ta_r_g§:ts using re1ative?}y}.m:’1_g _;3:11.s+::s :if£0_m fa.

zvaszz-3: pmvars ta ‘$08 Thcse piasmas $'&?i‘3?£”r:’I§{}¥i»Siz’r1t§£}’{}.8‘5;f;yf,.
“§§1.r;!; pmyagaied i.nm the beam at s11'bs:::z’1:7c. veimities; Thgay ’-xmasmted ;t3¥:i;=:
prapagatian veicézity as a 'funt:ti’an Of beam diazneter am} ’p2)xvez‘., amt} them
_msuiis vmra wideiy used to cempare the aarly theoretiaai modem for the
§aser:~stipparte’c¥ c£>m'bust§0n wave (LSC). The ~c:::§:>servc:d V€310(3i.’ti6_S ranged.
from 13 £0 30 m;’se:<:. anti were much higher than those pmsdicted by the {>ne~
dimensienal model nf Raizczr (1970) when the .radiatian transfer was 116-
g.1ect:a£i. Similar measurements were also made by’Fc3w1cr anti Smith (3;Q?5’)’
using.we11~characterized beams from contixlxxmis carfban ciioxide lasers at
pmvers to .15 kW, and they also studied the ignitiajn thresholds for alumimlrrl
and steel targets in the presence of a transversa wind velecity K120 misec.

Detaikzd measurements of the structure of the 1.3? were Qbtained. by

Fowler and Smith (1975) using interferoxnetric rn‘eth0c1s, and by Keaier

et :31. (.1975) using spectroscopic methods. The measurements were ob-
tained for plasmas "sustained in ambient air by a vertical beam fmm 21 c0n«
tinzmus carbon dioxide laser oper’atiTng at a nominal power of 6 kW. Thase
resu’1ts’indi’ca.teCI that the maximum temperature in the plasma was approx»

imately 17,0()0K with the 15,000K isotherm nearly coincidingwith the outsr
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edge of tha laser t:ae.a.m. The sziiametsr 9f the »’;E{},i)=£}{3K iwthcxm wait»: :a.p'pr<3x-

‘ primary 8¥:§jei;t.iv€ (Bf these S't13§3i§3§':

.ima;te:§y 7.=*;{).;nn1, its length was approxima’..iéIy" 12%. mm, and. the pmsii::%.t:zn,0f {ha
tamgerature maximum xvggs apprQx:i_::2ata3y 11 :;fr:i3’m -the f£}i:3;2,S. Keafer‘
at al. (.1975) am) fciiiiad s§é..si1*»0:s»i:£}pi<: »$:Vi€:is:*g;:i.;}.3 that the pfasma was not in
LTE in the outer regimnsfivof -the’p1asma’wih€re ’£1Ia’tar}1perature gradients
were I-argez.

  

13.4.12 Effétzts of Flaw anti.

’ 1:: ’ at jI;y6’:a3g»%z; ft}: use
’ " ’ iffii;

» - __ ,. f stuzfies.

be :1-1:3 date’ ‘ ca. -the '.3b3{}}§i:?ti{3:n

Recent inte..r=c;s: is} tha 1133 cf the; age.
ai. sggecificeimpiiisa la 9

Caveny,.1§t84)h.as.Iedta new ”

   
 
 
 

»t‘:h‘ar:c‘ic£:?:ris%§cs .an.d. .sta¥:ii.iity Qf'£}3€s’pTa’s:Iija izxifiu ?<:3.f,.?££}zi:e€i I:=c3.fii1~ A
vec’tiveA flow.

(3cmr.a:d. at 211.. (19?9),.stu-.é;ie:fi»’L2S’C W3»
from a spark x3_is.charg~t::. They .:-fisib
in svhich :1 jplasma was s'tabi1:i:m-ti >21’: ’ __
b=€«.:fi.fi1 by fimrziixg iair unciar i3?‘es;s§3Iée» :3 °*. ~ - ~
figi¥r{;§p7é1fgEEi¥ii¥33}, Théjé f£31i’:7z£¥’.1§iat1..t" e i” *
smi:::3”£r=nn: nea:r1§% 1.09%, ”
.’nez}r}y' zero, whe*n 316 average ifigifir ,
rasuiis, not wiciely availabhag, were . .. 2 .

the since may ’i.nc¥1‘cazcd. that»’V5£i' »

be. aizcscsrbed by "the pliasma flaw. . on 5 <2 1:...
Mea,sur=emcnts of flew z 1. -c0:3}e’1£”.regii;n§ sxgrrcmnaing the

high:-n;mpa.ratu.re pkzsnza cure: -were at-ta’in¢<i by Gafisif ef ’i::%T3.;. (.1.93‘¥}1§.sing
a 1215:: Dopplar Iaz1em.0m-eter. The piasmia was sn.st3in.ad. in argen within
a :.:i{xssd' cell, and it was <3i3m’:rved- ihat a!ham1a_ihu;3ya::;:;ydriven 1'E€,iI‘=C1’.i~

iatiun can deveiaped in the chamber. ’The zizreaszzmzi velocity 'fie§£i -near
the piasma shmved that the streamiines Wi’:1'£: defleatad wtwarxil amunci
t;he..high~temperature core. 0f the plasma. They fmind that the velucity far
from -the plasrm-a core was about 5 crI;Is2ac.and increased near the piasmba to
20 c;m/sec, Axmore detaiied invastigziticm of the efle-ct of flow :_m‘ the range

cf power and pressure for which the LSP cmfld be maintained was reported
by Gerasimenko at 211. (1983) who aiso sstablishcd that th-adischarge 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 chamber by a com

plicatcd systemvof mirrors that permitted variation of the f/number 0f the
focused beam between 2.2 and Mass flow rates of 2.3 to 4.6 g/:sec'pro~
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viciad. but}: fi0w’v;=:1£x;i_tias frmn. 11 ii: 22 cmfsec. .I3e’£.a£i}ed tmr;pm-atu:re- mew

s12.ram€nt;$ itlfif L'€§1¥3: «ante: reg;-{ms -Sf] this fimxgy btfloxv BQQQK were. made using

txmgsteznariisaxxiu:;2.,1;}:e:rng%x2:xupi»zs. »M:.a;s1mi:d ’is0the'rms were presermad for
twa pressums;,»1.1 am: afiii atm, anti! twomszident1a.s:E:rp:3wers, 3.3 and
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' ’ geccsmptiizar;
’ ‘ iihai ’as:::xxki be 1':f;31atf$£3: tn the: yiasma

, fieamatris ray tracing thran._g}i
‘.aspati;a2Ey'r:zs<3iv$ii.1:n¢a:Sur£2m¢nt

116. £333.: 1b=a=am. They fowgmci Iitfie efiact of

29¢’ ii1£:iI{§ien¥.'f§0.w veieciiy; whigch isin
’ ’ iaugzyazzgy-. E?or:this“Ii;mi1sd

32, : aiatha£it:;x#;”i1ac1,’1§tt§:ejinfixzence
£33 ’th§=» . Jte _ emf . _;a1a:si1na.»» . fia;t:2£iIe»d.s;;}aiié12measu:;*e:msni$,.
for "plasmas 3:.-ta£21§nc,éi.. -with an ?a‘:zf1r:11iI:;I1“ 13:33:11 f€}EZ¥3.S=6;£§ ‘by lens-as (If 203 amzi
3{}5‘f::3s::;1:i,?;” gin: ” " * ‘ .'<1r:_;a.ncc =i3'f»spi1Ii‘J?i§:a1. ab»er2:21t§on.s cm
the am: " " -'

  

  
.. I 3:: am 9- 13 . ..:a§:::.c°i»£11ai;t1z’a pressure fiegmndenae
Qf t;1:e:pi;a,sma ‘-\?ifi' '~<§.ns§fi*ar.;ab1y :}.ii’£er=en: for the two i:ens’:é:s. and? cczmsikldcd
that exgzerinz-e,ni.a}1y I:.’£ater’m.ined th'r-ash-{M va1uésf¢.re.re Specific ice the Qptica}
gwmatrylxsed. Fig, 4.9 »sh-(ms the pressure: z:iepeni§.e::nce af fractiszmal. power"
ahsorpti»t:m, nbfiérved izsiirig *f»:)»c’usin’g ienses :13? We differarzt :fm;ai Imgths.
.I‘¥t1taVt23at, -far the Ranger ftzizzzl 1an_g£hia;;n._s, the absrzrrbed pawer de£:mase:s~
sharply near a pressure 91’ 2 atm, Incietscl, it was not pcssibie to sumain a
piasma abnve Eatm using the 305 mm £01331 ienggth lens and a volume fimv
ef 3,2. standarxi _Lfmin..

This experimental i.nves.ti_gaiion was extended by Welle et a1. (1987) ts-
.inc1ude-incident ccmve-ctive velacities up to 4.5 In/sac, considerably larger

than those induced by thermal buoyancy. At the higher flow ve:'1ocities, the
plasma sh-ape, size, and position within the focal volume were significantly

influenced by-‘the forced éonvection. Fig. 4,10 shows that, inthe case of low
flow, the plasma stabilized at a position well away from the focal paint and
developed 0tf~axisten1pz:rature ximxima. The off~axis maxima werc created
by the relatively high intensity in an annular ring that resuited from spher»
ical aberrations. Wiih an increase in the incident flow velocity_, the plasma

 



1% b "Keefer

 Exhaus¥

  

 
 
 

 

 

seam Dump

V. . — T Na’rr»aw’ Band. ass.s:_tt- :
J.a¢’ksx P ‘ 9'

.1
.s

‘,9“E g..

' can zzamera

was "‘Eb
 

 :f~’.k.a:sm’a

 mmymgskkmmmmmfifiifl-_'

I*’igu.re 4.85 Experimental apparatus used to obtain detailed spectroscopic ttempcn
ature measurenxents in —a flowing argon LSP, (Fyom Keefer, _D., at 211., 1986. C10py~
right @ Americ-an .Institute 0fAA£:1‘0nautics and Astronautics; reprintetzl with pet
missi‘dn.). ‘
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.m ...

60'

50 V

43Paws:&9i§1#$O§‘§€€¥7(°/avof3::am}
330

23.

Pbrasisare §Az:m..;

1?.ign1+eai.9 Fraotional posve’: a'z:s:::p:iou as a: ion of prasstsre for fiixreesets of
masmas: 263 n1mf'c’)callen’gth.,3.2 s':d.»iit<:::six11i:z1! 1 ” #33 :m“m.fos:iai ‘length, 9.6 std,
iitcrsjtni.:1 {V}; 385 mm fecal. kszxigzh, s’id.,}.iiér3_imin. (,6); The :im:idem power
was “:10 {firoml Keefer, 313*», et 93., .1986; €3f6,j3y1iight;- Amaricafi Ins’£§tnte of
Aeronautics and Astronautics; rcp:i.nteC¥..with. ;}€51Tmi$. <.:z:';i.}l -

st:a.bilize.d.”at 3 position much nearer the -focal point, away from the annular
prefocus. The 'rogio.n of mwimum temperaturt‘: was more compact. and was
vp£3Sit;iOI}.t-iilf wi’1l1ix1.'theAIegio:3 of maximum beam intensity. Bet-ause of the
:smallerv.olum.e of the high~temperature region, ;1:hc'ra:;i'iatiQn loss clecrrsased
from .53 to 45% of the incidttnt radiation, and since the higher—temperature

portion of the plasma stabilized in a higher~intensity porti-on of the bemn,

the power absorption i'1’1creased from €37 to 78% of the incident beam. power..

This afloat has significant implications regarding» the regions of power and
pressure for which the LSP can etxist. For example,_ although it was impos.«
sible. to sustain a plasma above 2 atm using the 305 :rr2m focal length lens
and 3.2 standard Lfmin flow, the plasma. could be sustained with th'i$ lens at
‘vpmssures above 2 atm when the incident flow velocity was increased.

Detailed analyses of a large number. of Iasopsustained plasmas have re»

wzaied the complex interactions between the flow and the energy conversion

processes within the plasnlas. These zxperixnonts suggest that stable laser
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Figure 4.14:) The effect eff‘ ir;r:icIex1t.'flt:w velocity an the measured is»othermz1i»een~

tents for are piasmas suzstaineii using a 293 mm fecai length Iens in argan at ;a
pressure of 2.5 :atrn.. The ngpzerr pmema was su:stai.rxe<:t in an incident: flew vei0~::i'£3?
at £3.58 misec xvhiietitze ls’:3weir*p1a5ma was sustained in an incident flew veieeity Si’
4.97 mfsec.fThe C0n’t(mr i’nter'.Ja§ is SGGK, with the outer contour at ’I0,50=GK. {Fmm

Welie, R, et 31., 1987. Cepyright» ©Ameriean Institute of Aeronautics and restra-
nautics; reprinted with permissi-en,).

3’ustaiI_1ed—_ piasmas may be operated over a "wider, range of Conditions than

Aprevieusly reported by using appropriate combinations Df opt.ic‘ai1 geometry,
pressure, and incident fiewtvelecity.

4.5 A?PLICATIONS -GF TRE

LA.SER~=SUSTAINEI) FLASMA

Although» the laser-sustained plasma can produce small, we11«contro]1ed,

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 reported
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applications. This is probably due, in part, to the fact that 111;: }z.i:gl1~p’mx§er
‘ carbon <1..i0xida‘Iase2f.s 'usez:l to sustaixx tha plasmas? are relatively’ ex;>6f1.$‘ive

and have not been widelxavailable. In recon: years, this si’tuat.im1 has liaian
vchanging as the {:£iI‘b011 rfifbxida laser has found in:cma’3iIig ac£:=ept.£m£’:f€:’l‘3y in~
dustry for various materials processing a;2plic.atio'ns,_ and it is likely that new

ap_pl.ic.a,tiioxz.s will increase in tho _futux'e..

4.5.3.. .I..a.5»er I’I‘0p1118.i0I}'

 
 

 

sion. was ;3.ropoae:i'i1yléaxzizfozvitz(1:§‘?1) a.n:.:l¥ ivlixgovifgziz
msoarch cm. illilfi csoncept was ::::ar{i::::i ‘out, p_r_:ima’1'.ily by A‘a?{3.. = .. 2

powers were possible. A mview of the early work on. the f}ar~:e.r ‘pm§;::1}f~
s:io11*con-mp: was given by Glumb and .I('rim' (19.84) a'nfi, in a :59-ecial. 'VfiI-
uma Etiiitefl 13:1}; {Iaveny (1'9E34_), several »chabpters were: -éiflvoiééd. ii} iha use
of baamed laser }_::ow‘m_* to provide g:r0pz3lsi4:3’n fer tzzfizlifts _j_g
I‘-few ox;par;in1enta'i invaatigations of iax;:.r»s1istain€‘»ii piazsnrza . ” 7 ’ are: be .1;

Maztshali Spac£:f¥.i:g§1i. Center, The. Uixivcrsity £3:i‘I"7IBnI’:1f€+;ssz:: paco; :1-9
siituie, and the University of lilinois. 3%. thmrati:.:.a_l siudiy was .21nd£:£”t3I£::t::}1 at
the iitlixrarsiiy of ‘Pennsylv2;x:ia.. The oh3‘e—etivas of the expe3:i.::;1a::2tgal’ stuéiigas
’wt3I£‘§: la clawing an ixnclzersian-c¥i';}g of the basia ’physica’l_’p::o gssgs if volved
in the £tabi’lity and pawn: absorption of the LS-i7?i'r1 3; .fiéf.§w1Iig I bgoaii
of the theolratical work was -to davelop m:mer‘iC-al m6t11o»t3.s f;h.a,‘:: t_3io:t:l:€,3 {foal
with tho. strong gradients of density and tempe'ratm'e and the atrong ozon-

pl.in.g_ of the _pIasmai1'.ansp0r‘t and thermal 'pr=Op€:rtiE:S that exist in -the ‘LSR
.Many -of the results fromthese recent investigations havjl: been cliscusseci in

the prsaczesziing sections,
The um of a 1.5? to ‘absorb the power from a laser beam and to co.i2ve'rt

it to enthalpy in the §;rropo1IlIant gas has been Cflllfiil lasar thermal propul-

sion {Keefer et 211., "$384)". This "refers to the concept in wlzich power from
a laser is beamed to vehicle where it is absorbed by the LSP an.c1t:se.d to

heat a pure hydrogen propellant to provide thrust at large valuias of spe-
cific impulse (1000 to 1500 see). With these high spe.<:ific~imp'ulse values,
the fractional payload that can be delivered fr01nlow~e-arth-orbit (LED) to

geosyxzchronous earth orbit (GEO) is significantly larger than that achieVe.d
by chemical propulsion Systems. Furthermore, the mass of tlmproptalsion
system. can be smaller than other high specifi c~impu.1se systems (::.g.? nuclear

or electric propulsion) since the source of power is beamed to the -vehicle
from a remote site.
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Eigxare 4.11 schemes _repres¢;n;_ta;:,i€m. of a rsgizgz: .:3‘:j1’¢s;t<>ir that opeiszga :I_1yl.a$»er’
thsarmal p:0pu'lsi0n.. It is ';:3r=etlit:ze::§ :§3:a"'z.::§3:»a .sp=e£ifi:*:: ii. p':;zl.:sg {I£_;2).ft<1n1 such: iastnoitm
may be several iimess Agmaier than '{¥iE1"§ ae§¥:e't£ii.:}£:¢:¥ .,f:m[1; cégxvfiintiémal r(2cl;:2t..n1§3'£:3-rs.

A ’$‘:ChBlII£1l‘.iC rcpresentaiieix Qf the rob}:-at I:i£’3ft:<:ir is siherwa ixxfig. 4.11.
The inc»;1m.i'ng laser btzam its fritzusaéi ixllii) £11-3 alrismption izhamberiwhere» it

susmns 3 jplasma. at temperatures of -4 - ’ if; _16,£}£3B"tt2: 'Z9~,8£}{}K. In . *
comirasz mannrmal ,s:z3ml:;;;=s;ti:2nel1a:ri?s§ 2 2gf1r't§‘;:I:1_’§_3= .rEiatur.e plasma Gs»
maples lmly a small fmctiéza-ix bf {ha s:l3a::11ber’”vaIi;.12za axlszixzz-Exes will: the :2-n~
naming pr::;;::.a'lia:m "iii! ’;32:a::iu-as ix. fiz:aw',lxaving a bulk. 't._emparamr=e :0-f‘ a;3pztoxi~
mately 36% to S€i{)§Z£{:. that can lm»axpam{l.e;d 'ihrs:2ugh.tI1e.;xpzzle mproduce.

thrust. Due to t}:1e.h.igh te£:2.pez%a1zz.z*§,.£;f‘ elm. , ’;2;l.:s1i23§fe3n:£i;al mrtican of
the afbsnrbed p:4awe:~ will be radiated :£r:s::m ‘filasma alni ‘ab%.3»a:b»e:;’§ the
chamber walls. In :3:-tier £0. ‘utilize f1fis.racl.iate:i pmvereffectively, the chain»
bar walls. are cabled by the i’ncIz3mi“n,:g »pr£2;3ell:ant in a regenerative cycle. if
the power ‘radiated from the plasma can be-» li1n.;it:e£l it) that r§:q:;1ire{l ts) raise
the propellant from sterage t::mperat'ur»e is an azxz-ep:a’ble,i.I1,iet temprsra-
tare, then. allot" the abscsrbcd pbwar sax}. ha u't’il.ize£l in heat the 'p.r0p~el.lant-
and no extarnal radiator will be required. Sufficiemt mixing cf the inlet pm-

Apellant and the higlvtemperature raglan within the rims: be insured to
producethe bulk texnperature required for th.e.nozzle inlet and to minimize

the radial temperature gradients in the nozzle: flaw.
The fraction uf absorbed lasar power that is last from the plasma as

thermal 1'adiati.on has a profoumll influence an the 'p»r.=:.rformam:e that can

be achieved by the thrustsr (Keefer ct al-., 1987). If the accegtable inlet

temjperature limits the enthalpy of the inlet flow to 120, then ‘the. final bulk
enthalpy will be limited to hip m }z.D/QMD, wllare «R,-,0 is the fraction of

the absorbed laser power that is radiate-cl to the walls by thermal 1‘adiat:icm.

The final bulk e.n'tl1al'py and, therefore, the specific impulse of the thr:uste:r
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_ wi.11'be»t;1eier:3iint:§ by t;h.a.'raci§aies:i fraction of’the.absorbgd .Ia:ser }}~DW§31"'€hai
may he abscrbeéd tagenarative cc).Q}.ing. '}:i.is ’zi1.s:a’r'thVat the s1zcm=:s:~: cf 11233
Acantépt r=zsts.g::n. the aiyiiisy it) sustain a stable plasxna in a forced. canve-czive
"flew that can :a?ascii.*h .s::¥:§st-aza:ia.1§_y 331 of the inc'c:m.ing radiation aim to limit
{ha ftagciiafl i3£'{h£: a,33$€s’1?§>ed}aser power’thati5’1ostfr0m the piasma ragion

th.rm2g.i’z £_ii’e:rn1a.1 ragiziiiat‘ V
AnAa:3:her.fa.cfim“r:tita§ ’ .2i°;“ié;~;ct.’t.i2::: pzzrfizrxnaafi-6 of ihis rmikfif COIWP? 53

the xafiiaz’ t£3tn;3arIatui‘i~z3 $.25; hating, at the .31 L’ “ha ihrcsat. Due in the strmzg
raiiiai -taziap sat-ux$A»g dianza V:a.ss=c3-ciajtécd with

{Sf this piasma with the s2;:r:1“rauz1ding c{:.’Iei‘s=::r buffer
’ ' " ” ’ a. care riear ihje axis -in the

. - . . . . e: a3:£si3:*33eéi»’pz:wer’:§3”: ":’*€ir~

- . . . 3&1 ..,a ’ _ . ’ sgiacific xféxipnisas» Hang-and'1{e=eiet:

13:3“: tiievaliiixiiaéi..a..naw‘mmputafie;3:a§fi:mmif:2i that..s»pans £126 s1:1:&s£mi{:
in .s’u33s#i;3:s’ ’ " " " " ’ ' ’ ’ ” ” es eiff’ee?ts..

ii 6- in 3 famed czonvezctiva "flaw

$3 Ibgtween the flow, pressure, ant}

 

  

  
 
 
  

 

   

   

 
have raveaieci. » ’im,cr:‘ V ”
Iéser» fiaati a:1e;2*.erm._V _. i:3;3£3.:‘at:i:1g 3:‘€}giiI1‘1£‘»S fer these plasmas.
It. was fauna 1.2?-. _;:Iz£::siii::m of the yiasma within thafcc-31 volume =::3_f the

axed xxrit.h 3:116 in.-cijcient :i3.-my v€s}Qci.ty. Cs}:1t:;t<3}1i:2::g

’ ‘ ' éihs 3aser’beam_, g_}€n'.mit3 sta-
’ j attsarptiiaxm of itix.e’-incident

_ A . _ .. , r.a;ii’ati£3n ’}.as.s.c:s fmm the piafima.
sximei, efaii fire-€1,313. £11$:t.’i:;n:a1*-gggaraitzy the £::a:z:gpk:x energy ::nnversi{3n._;;:-as

, ’j1’t_‘“’a’§'Z;‘ _’§::java -devaiapeéi anti verified ’u:~:i’ng the z:ie—
tailed exp 2% ’ ificsu as fr-am these made} ::’a’1mI.aiiaa3

  
  

  

 

  

aii. afme i:n¢ident’1ase3*pawer anchviii Ease a -szxfliciezntiy small frmzticjrz -«sf the
absarbeti power tlirfiizigh ihermairadi.ati£311. The nuineriml studies £01‘ 11);»
drogen piasmas infijifiatfi {hat xviha.n.hiighar~poxvsar Ga'u.ssia.n Ease: beams are

amplnyed, {ha .ehamb::1*’waI.i5 can ‘fie adaquatély coeicd by the propellant
fiow in an affiaient. rcagenerativa cycie. No “fataf flaws” have been c§iS(;()v~

area} by either the cxparinx-ental er tlhecxretfical investigations, and it exppeturs
that a practicaii, high specifi-c«-impuise propulsion system could be based on
the ‘Iasar thermal prepuisian concept, if lasers having adequate power are
deveioped and .suit.abIe window materials can be found.

4.5.2 Atnmic and Molecular Beams

A devica, similar in configuration to a laser thernlal rocket motor, has been
used by Cross. and Cr:-’:mers (1985 and 1986) to produce high~particle flux
beams of xenon, argon, and atomic oxygen. The objective of this research

fzhe: »: fig. unkzss -there. is -

izze:iic;a*£;¢? %£:h.a£=ii:y§$r;:§gaa:iz giiaszzzas we in: tlfiat wm absorb 6S»sm2.tia21;y‘
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Le Znf:-a LEN3
{-25.4 mm »¢2u:me:er’/ 1' ii

»i?’a3;§i1:::.;A.s§a~3us%rA1wso m.sMA/{fix

_ .=é_i0OC%}tnrv

P, .< 1 mm?’ L

T. gignre 4,12. »f‘:sti}1'e’tnati£:. of a :hig.i;~; velocity ’moIz:auia.r hean:;soumo‘ti1at utfiizes it
133% _ st2si.z1:e::c: -gtgsma. {Ram Cr<3S$,—3. B. and {::eme:s., A.., $985: Ciésgiyititgtzzg.
A;nieri¢an..In;stiiu.te of Aeron.aut£as and Astmna-uticsg. re;1f'§ii'ii£I&€i with :§}fi£}IiiétS'i’{}£1»')»

is fi16’pfGdBCii0Q of ztmxtaic »oxygen beams ’that can be used to studythoi,1t~
texasttioxi of oxygaiz ajtonzs with spacecxaft suirfams at volocitigas attd_partie1e
fluxes Simiiar to ih€}S€3-€I1CD,t1I1t6I“t3d in the orhi.ta.1 environmottt.

Thii plasma. is sustained in a chamber near 22 small ciiamsmr nozzle as
shown in Fig. 4.12. The gasdynamic e:<pans.i»on of the .high—te:mpt:m-tttre gas
into .21 vacuum produces 21 high~ve.1octity» rtmlecuiiar blaam. Time of flight mew
stxranzents usingxenon and a laser power of 70 W 3hOWf:£i that the beatn tam»

vperature (velocity) .increased dram‘atica11y as the plasma‘ is moved cioser to
the nozzk: as shown in Fig. 4.13. ’I‘he.rosu1ting xenon beam had .a velocity
of1.34 km‘/sec: and an absolute intensity estixnattad at 1019*" particleslsoew
sr. A platinum nozzle was developed for use with h.igher'1a's<s:r powers and
mixtures containing oxygen. This beam was operated at powers to 500 W,
but the timo of flight measurements was not reported, Basod on their re«
suits with xenon, the authors estimate that vt:1oc:ities' of 3.6 km/sec can be
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Figure 4.13 Vaxiatimx of b8éiII1t€:1’11pit{.:;i'Et1I§§ and -(ifé5t}21$ 3 funcztithli of the piasmfi
to muzzle dist.a1i£:e. fer a xenon beam susiained with 21 70 "W laser, The data ware

rabtained ..fmm an analysis -of ti.zne«z;.f~f§.iVg’ht -xiam. (Fr-em Grass, 3. .13. and Cmmers,

D. .A., 17986. I~I0rth~H'oi1hand Physics .?n‘b§is}2.ing, Amsterdam; reprinwd wiih {pe£:n1is~

sion.). '

obtained ‘using argon, 6 km/sec using ne0n,Tand ‘I4.8 km/sac using helium as
the carrier gas.

4.5.3 Spectmt: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 soxmcas for atomic emission spectroscopy. As described in the pre«
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 NQICI vnnnowZn-Sn L..E:NS

an V :5 em

mu:-v.e: 23.14 niqgcam mamas: wk cell -that was ‘used in azmiyxicaz ex;i:eri.1i'1;eiIiS.
with -a static xennn fiiii, Gas saxngjiee were imredneed t’h:au_g?I11h:e i11je’€'£i£m’pd’r£
using a siytinge, ’Se3;id ieampies were inset able-ted -{mm a me-tn! strip Eineateii heinw »
the 15?. Here WCC 17$ aw.:a:er cneiizag eni§.,MG a giriessure g.aug.e,.a;nd V is .a'-vacuum
pump; {Exam Ciremees, D. A_.., at 33., 1985. Pergamnn ?x'=ess, }'.;td.‘; ze’pr=i.mfe£i xvii}:
;3ez;nissien.).

ceding se¢'ii.ons, the LS? pmdnces a eentinneus high~i:e1np»erature piasma
that is free of el-ecnfnde ’eontami:1ati0n, and it is natural" to ass1i1ne»tha:t it

CCJUIG also he need as an ex-nit-ation snnrce. The use of the LS? as 21 scarce

for ezfnissitm sp»e.c£rochem.icn1 analysis has been evafuated by Cremers et. a1.
(1985) who generaied the plasma in xenon using a 45 "W carbon dioxide
laser.

They usedtwo similar cells, the smaller of which is shown in Fig. 4.14.
‘A .n1nn0chr<3matc:r, together with a chopper -and lock in amplifier, was used
‘to record -the epemrum from the plasma. The plasma was initiated using
the laser spark; genewt-ed by fncusing the pulse from a 2 MW, Nd:YAG
laser. 1: was found} that -stable xenon piasmas could be maintained from

1150 to 3200 Terri using a laser beam power of 45 W. Detailed spectra of
xenon from 200 to 950 nmwere ebtained for various conditions of power

and pressure. The electron density was measured by seeding the discharge
with a s.m’a{l1a1ncn:1n.t of hydrogen and using the broadening of the HQ line.
The plasma temperature was determined from a Boltzmann plot using the
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emission Iines from xenon and krypten that wefbfl -arfiiticfii t$}_t}.1.$I’»; ;:§:i§6§1E¥I‘”g<>
gasz, Their r'a$u.1ts‘wer-e ccnsistent with an .assu’rtipt__i{m of 's.II3£i2.i’n. iifiéi

p1axma.. The stability of the emission was detarminad, and for 211s esmaii {ref}

V the %a£:.I:s:gri31;as:1 (cG1.1..£;§.;1’uu;z;.) »err1.issic311’ was faizmzi '§:o.havc- »a.*ra‘1ative s{tam.i.ar=d
diwiation (R313) of 0.3 to; 5.6%., and for ti1e’788.74 111:3 .Xfi~ }'.’}i.2z'3e.. the
was 6,42%.

-Ciflarine and oxygen were added. 123 t'he»xen0n.fii{isnfha'r{g§: zxnti
mz.rves were Qbfaineti for C3 and C} atoms. It was ‘found. ‘tlhaiz .215 m‘2m11’as..1f}%

 
 
 

 

-fic—sab1y»a1feeting tbs di3cha:ge;. Sewzerai. s::3'ii:c1. =¢am.;§§;n H
inta zha:tiis¢ha:g£ ’¥1y»§3z1s-eciiasaéez‘ abia’tinI1. £r;;3.m.J 3 ’

ti) .h.ighar than thosexepzarted fur ihfié »=a:z’tfi€$r I

mire detaiiafl pcrf§mn;a§nce- evaiuatian »s31’<3£2Id»¥3«a. iiflffiiiiiii 333C113 ” ” ”
’t£I1e?aarri»3rg§a.s and ope:-atiizg the L3? as a p1as:m.a£r::n.

4.5.4 Qther ’Pbten’tia,1 Agiplications

 

 
 
  
 

*tamperatures and pressures cemparable to, or -e:s:<:eae:d:ing, _:ih.3mf::.
-a.’variety emf gases over a widfe ragga: ef gressutiz and fiai .. In azci‘
psiassifiie '11:) giaaerazge small p}.a.s.m.as 'wi£iéx :::1’E>saca.z...bsai gag. ’
a..fexv’x1aatt=s»zo aims at .hun{i1fe;i.$ of Iziipwam. . . .

Zhzaswfzatnnd numerous app1icat'i?:msi.n ch:err2i£:.a¥I 3yn.:h:as.i:~:.: n:zat$rxa=.s4»_;:z:<:;«

rzessiing and, with the i’ncre»asir1g.c0mme’rci’a1 avaiiabiiiiy’ Gf .»s;ui:T£?21f¥.)iIe Iasafs,

  

  

it is xezasnnairéie» in expect that similar appILi»caiions. wiii ?a~a=fi3l’i1’I1€1if23ri1a£iir~
snxiaiinad plasmas.
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