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4.1 INTROBUCTION

Plasmas created by the .ra¢:.imian%..fram ;£as:m:i .:ass::: beams -first »t”3'1b»
served. with the ativcnt‘ {sf “giant pnlsa’ Q tzcifaeiéii, ruby» iasers by Maker
at at (1963). Thase’ -plasmas £92-’:’ 1221;‘ gas‘ ’b.re:akdown at
t'h—n3.f0-6118 of 3 lens and warn .. :3 L _ .. iha tii3:r£;tiot:’i0f £ha'I’a.Ser

;;::1155<:L. Plasmas were aim a¥:~:s:€*;1*%sr:i7£.£:2 .-am: onA£116»st:.rfa£ies vi Ina:-erials :ir~

radiate-d by ’h=ig’1a-gpzjwer pulseszi or »:<:a:ntinu;:ms iassmrs zansti ttis 11.i.”iE3j§fig 8.t6 into
-the inc.i£3an't ‘beam at .s’::§3¥:mni:: ’Vsz;:;1’;33r”’ 1;:’vt;iIz3;;£i;ies. {I33 advent of
:c.m_1t:inuojus, high-pmver £2-arbszin ‘die _ 3,,’ h§§éa1ite.b§?£3S§;ifi,§E tic sustain
a plasma in a s'taa‘(iy—stat£;z €’i€3}1.ii3iti£1n.,i1..»,*if i'¥§Jf§ fiwizzs of a.1as§:r"b¢am, 3.12% the
first. experimcntai abservatirzziz -63? a “cgxntx-muons’=opti::=a1 {3.iS{2}mIl'.;g%'” was re-
_p0rted‘ by Generaitw. at .211. {1§7fi). This aontinucms, }aser-sustained vpiasma
(L8?) is taften referred to as a coniizzuws aptical ::§i.sc,1f‘:.a.rge ((23113) and it»
has a numbar of zmicgne praparties»t11?at make it an ”int::,restir:g c.a‘nd.idat’e. far
a variety of appiications. ,

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

discharges, as explained in detail by Raizcr (1989) in his coxnprehensivre. re-

view, but it is sustained through .abs0rpt’ion cf power from an optical beam

by the p.r(3.cess.0f inverse bremsstrah1ung.. Since the optical frequency of the

sustaining beam is greater than the plasma‘-frequency, t}1’e‘beamis 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»

Vfrequency elezctrical .fi.e1ds (n1i£:mwa~/e and electrodeleiss discharges) that
operate at frequencies below the plasma frequency and sustain the plasma

through absorption within 21 thin "layer near theplasma surface. This funda-

’menta.l difference in the power absorption mechanism makes it possible to

"i 89
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g¢:n;:;m£€~ 5’£ea;c1y4sta:<;;}iasII3§s,lzaving .maxi2fm,1m temperatures sf 1f3;{}GOIiat
1nt3rt:»iix a .s1ma§I vaiume near mg»-f0¢1:’s.af%a was», far away frets: any cc:I.iif1i3i_ng_
str'ncmrc. A photo of.a.p1as:na. sustained by ;a ‘iaser beam focused with a lens
3 shown in Fig. ‘ " ’

laser was % J : V ;.}
gen. Fig; 4.:i( .).:$§iea;vs schem,
mgimx.

”€2o‘:z'timze1;:s 3

 
 

 

 

 
e been ’pr{}{i11ce{i in a vaxfety sf

, , " 13:23}: :ii_oxida}aaa'rs .£:>}3e’raiif{3’g at
£1”. _. . 2': 25 W ta saverai kmwatfts, ’£saI..r:3::;t

 

  

 
 

 

 

. Vgravidafi. by :2-x=a*t‘u:::-ai seoxrsmctina, §:2u't- mz:5nt' axe
’ " £3 7$i:‘»?s1;l.; b’{:3;9%3}, Weéiie max, A{198'?),, and. =C.f.rz3s2s»ia11d’

 
__ §:~f”t""e 1733. within tha.«sn.stainin’_g beam, and

La. 1 » :.:2:2:;. iwidrg. range cf é;,{{£)I1di'ii€3’I’I.,3*i18~
£3 .<*-.:;:m;1‘£_::::;za;4:i£>.a::s af 1356: »;:i<;w=,sz*, fiaw, and optical :ca12figur;2z~

‘ ‘iii? ausiaixia ;§:1§i$.I£:a .a-gxnail, is-elated vélume

ep»e1rat'e in pa’: ,§r£3;jr:*G:gz:n and iha» paws: <: aI1.b£. beameci remately, it has.
been prioprszseci. 1113;}: the =co1;z‘k*i be us-ed .fer high specifimimpnlse. space
propx:3.sion:. A numb-er bf gaajgersi '22 3%: -d:e‘a1”tw.ith this ap‘p1i£~ati0n_,. and it was
the Subjgct of a :e?iaxv ‘by Giuiiib an:1’K.rier (1984). Thompson et a1. (19?8)
described axperimcnis in Whi,Gh "Laser energy was converted into. €:1..et:trit;a}'

energy using a -}as’er~.susiained argcmyp}as3:s1a. Cremers at 211. v(’19f85) have

suggested that as a source for Sp-actrochemicai analysis and given sicime
experimental resulas. Cress and Cremexis (1986) have s11stai11ed plasmas in
the threat of £11 .s1.naI1 11»c3.zz"it: ta produce atczmic oxygen having a directed

a. 1:1: mmati, (3 air‘ é:.>.r.1a.rge. »»chamb:ers’with_. ’

._ , agzd,» pa:r%ax21re$..has siiggested a xmxnher af
axis §Qr'§h%E:»1a3£3I~suS§t;»':1ifiE:d plasma. Sings the LS? can.

‘vefocity of’sevcra1—.k.m/sec for this laboratory study of surface interactions at -

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

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

The physical procassas 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. Expe1iimental results

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

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 FRINCIPLES Q33" -{)}r3’ER!s.Ti{}N

Plasmas that are c.re.at=e»d 01* sustained by lasers flan be g=enerated_i_n a variety
uf forms, depending?-@n"tl1b £1132-avc:£§;:ls’£ic;s cf the laser and optical ge£3me~
try used in generate ilaetm; ' zgl1«’§:n£%jf_g§I»’p13l3é:'c3. lassrs can igxmcrata plasma
breakdawn .dim.£:tiy :wi_ilé'i_13 a gas i1;.a:,r&suI£si.n zatransiclnt axganilinggélasma‘
similar to 1:111 explesiong Image? §a§.fi.r intensities anal longs: pulfie times,
plasmas may l2e}in.iti:att3iia’£ 5:3 .$uff_3€'€=3 1311 {I133 ;3rujpaga:fi’.ifita the sus»
a:'aini_x:1g baaxzn €{i».S!i§}t3f3{31?§;{§ val itiss as: ~ fr-~s::s3;£;izr;x<:s.t3 dets:ma3;i<::n (LSD)
wave or :snl3sen,ic valo{:itias 3373» lgfigé nee: ébrfabnstifin WEW6.
These tramient plasmas have beer: slid by Eaiizzer {I-980) and will not
be tmateél here,» If :*;h_Ie: liagsafiis’ ‘ :w:z;:- l ~ef1‘.a:£1,:1v.:l t§13;::*;zrtiiia}’
lggeomatry, flaw, a114;l,’;§ar&asi1rf¢s’a:;,e: __ .rz’_:§3«,..» ’ 3» aa%:ly»»:§;%a:s may
52 centij;fi1t1nsl§;'m3§fi£aixi§§».at’3333:3331” 11.§ia‘1"El:2a:_ was cf the 'bea.m. The
inifensity that is axzailalziliz iffimiz abfiiliitiixuoiiallasfir -is inwfficieni to cause
maakdtnwn in tha gas, hosvgvér, and an .auXiIiéa:‘y sflmrce must be used to ini-
tiate theplasma. A sketch {if 5: sieaiiy-s'£at‘r;.1a.sa.r~sus’tai'ncd 13121311121 is shown
in Fig. 4.’i£(§). T113_plas'ma:m.ay'l3a»stz.sf£ai;:ie£3 Ia emnfining cllaiilbfir £6
ccmtérel the flow and prrcssixre 01‘ in -apex}. air wt £1 larg-e, chamber whcrc the
t_1ow§_.:’; determ-i.ne_d by t.3‘:1$rm.:e;.I l.:'3u»z;3_yancy;. V ,.

In znany ways, the laser-su5iain;.e:l. glasma is similar is direct curran: gr
lqwfzaqtzancy -elec;r:f>€I§.l;3*3 anii f..t1.i£i£i:3xv;i2€s;g.dilsc11m°gxi:s’tl§.at am €3p~e.r-
aired in similar .g1;ase-s an . £11" préfis-:%13;£€=S. Iiiifiwevicr, $116 11.3? 'W§}.1. gene:-
any has .m{':re czsiir:-1’ act: 313.6 mzaga lxiiigher ;maxi.mu.m teznperature El1.an.n'tl1:=:r

 

 

  
 

  

  

»§:£3ntin1.20u.s am s::i'm*.ce§ aizdi biz: :$u:=;'§a:i11’€::é§ in :22 steady state well away from.
coniaining boundaries. A fin:§.£3afi18f£iir35}L v:1iffflr’enca:in'the way in which en-

-ergy is absorbed by the plasma is r23.&§1r9:3éil3l.€:* £0.11 ‘£31633-. xxiizique» charactizristics
-of the LSP. -

4.2.1 Easic Physical Erncesses

In a Cl}l?:E5£‘.‘€ current (dc) arc or in an inéluctlvely coupled plasma ‘(.ICI’), en-

ergy is 'ab.ss:>rbecl througl1 ohmic .heati.ng pracluizzed by. the l0w~fr::quency or’

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

plasma is. given by ~(Shkamfsl<y at al., 1966)

neg 1/~—~iw
= M 4.1J in (z22~l~w3) ( )

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

to the radian frequency of the applied electric field, 1/ the affective collision
frequency for electrons, andi thesquare root of M1. In the do are (as 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 L;-o.nfi.::ix1:g boundaries. In the 143?, the currents are i.nduee€i.iI1iG
the plasma from aliernrfiing cu:rent:3. flowing in a surrounding .so1enoifia1
<:;c2ii.. The are is sag; inmgi ' "thin a container that determines the plasma

dian1€:tor, 'whe.I£:as fine Ion of the "plasma determined by t}:1e}ength of
the soiemid. "

TI*.1€:*.,I'{33P operates 33. frgquencies well below the Vpiasma frequency

p _» 1.1}? 7 4 9 p
::..—~ ......... . ~4.,ZWP  < >

whe1'o..¢9 i$?"fi'.1fi}§£?2Ii}1§£ii‘52ii}* of fi?ae~$pa<:e:.. In this frequomiy range, the 6}€:£!~
tromag‘na1io.’fiaIjtifioeésinaflzrofpagate. gss a ‘wave. xviihii: the pI1.a9ma,b11i“is
.a,u;¢n;:_ate;i, agan ¢”a.ne$h;enti»wave (Holt and Hask-an, 1965) over dis-tagnces

 

£43} 
-where.» is V£E1,e‘Sp:e'afl: O‘f?ii/ght:" ’Ehu.s, thapiasma is su.s~tai.ne::iI by azxoxgy-333»
sorbexi within a_.sma§1..ia;,:.e.r near its outer surfacs that produces‘ a rathm':fiat

temperature pirofiitsg w“'“ thgpioasma and limits the maximum tzmgaera.
t11r£%.i::$ that ¢ai:"Beobtaines3., V -

The frt%.€;"u§ncy of {ho goptitzai fields (23 'I‘_Hz for the 18:6 gm ca;r'b*on_. diox»
ida Zasor) nsgcdfior-tho is greater than the plasma frequency, and the2'a~

fore the .i'nGi’d’en'£ iasor. imam nan -propagate well into the interior bsfora

it is s:i,g£xifi<3anf‘i}},y »a}3s-otbtzd’ ’t}1r£:¥.:g.h the process of .invarse ‘nrem.sstra121u11g
(Shkatofsky at 211., 1966)‘ Sine-e the focusing‘ of the law: beam producsd
by 21 ions or ‘m5.I’.I‘.{)'IT is ess.c-ntiaily preservod as tho "beam propagates into the

plasma, very 1arge..fie}z:i. strengths may beproduced within the piasma near
the beam focus. 1?; is £12853 iargc field strengths that lead to p-oak tcinperay
tures in the LS1’ that are goneiraily greater than those obtained with either
dc arcs or the EC? and make it possible to sustain a small Voiilme of plasmoa
onear the focus, ‘W611 away from any confining walls.

Inverse bramsst.z'ahIung— is a process in which the plasma electrons ab~

sorb photons from the laser beam during inelastic collisions with ions, non»
trals, and othsr elmztrons. The collisions betwew electrons and ions are

't}:1o_d0r‘ninantproceSS for the LSP and the absorption coefficient is given by
(Shkarofsky et al., 1966)

re‘ 3n.S0G 1~—e"”“’”‘T VW o -. 1.4.“‘ (La) kr ( Fzw/kT > 0 )
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where E is Planck’s constant divided by zar, k B0i:am.a:§.:1’s c»£3*n»St23Iil?a 8137
-the t£:mp€’:.r.alure ofl:hee1e.c:rons. T113 factor G‘ is the Gmmt faster and the
Easter 3:59 isgiveu by

  
15;. .22

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

. . . L‘ . (4-5).
3 H1203’ .47n°.g 3kT_.j ’

 

T where Z is the ionic cha:rge and 3,, the ion -dezxsilzy. ‘The £acmr,.is. a

~ where s is tha distance alnng the local :i.i.rex;:.ian £§i’5_;3:’:iii3 ’

mecfiaaniclail currectioxi tea the -::.1as.si.c.al theary,-_’amil aztiensiire ”!.:£i’xhies
have} been given "by Karzais and Latter Fdr f ‘ " " ’ ” " ’ »
the phgtofn energy is ’mm.:.h lass than than ’
bmzzketalzi term in (4.4) is zmarily .in<3e.;§e:1 \.
cIc:=efiieient:"ls ess.enl;ial2y»pmpz3r:i:mai "t=G”l:ha.$§;1;2a£::. :3. . _ -.

size ef the will Clepefld an several féctflfis mg "‘iw imam.
_2g;:;a:a.n:et:y;, 1aser»:pcs:ver, and a}}s£2rp.ti»c3’:x cnefifieiant. 32.32:’ i ’-
szaf. the-..1aser ‘imam as it prupagrates v2i:thin the ;i§’gi-v“c.m» by ear’: law

  

 
 
 

. “~=«' -val’ ‘ .. (.4-E6)

 
 

 

F.EE3‘: abaargzl

tinnifiength Life: is a daminantlength scaia fc:r’t}'.1s‘3. .

"H133 r:§'is_t;anc=e.-oyggr xvhigah tE:’a’p~{3w€;£,iS absGx*beé¥ frgm {?h:e’bai:am., F&r'tFhis’r:§caa

:59-n,»t"1%m dimension Qftha»§ii’gii~:a3It1;}a£aI£iifa ;é2£¥2s:>3éb§i:z_.‘ "<2: 2: piiaatxza
alcmg tha laser beam will he of the cider’ taf ;h:¢;»a¥3sar;):t:»c:n itzzzgiiz. ésiihaiigh

,, . 288 it :c§.e=;:rl-:‘*;r’. ma-..s .

it is {he absorption 3.Emg1:h that determines ‘tlilailangtii ief-tha»;3}asma»a1:an;g the 7
Exam fixigs, :1. is the laser beam »cI.iarmeter amt. diziezmiizxes ti-1:2: galasma ’§fi33.I§§?e¢'
tar; ’I”i1e’;31£1s:11a expands to fill the. begin £:i3.11”eI .ui§:'1.”ti:r:e it able fie «21?3$*c«fl3
pawar, than rapicliy ciaszzmazscs in tenzperazure. m:tsi.:§::: tihes: lsaam ti1rau1_gTh
thermal <:a.n::1uction.a.nd radiativs lass .machan.isms..

The pnsition‘ 9f the relative to the facal paint is tiriiicai in deiermirb

ing its sitruciure andilie range cf para.mcters far which it ‘cat; The .maintaine€1.
Whan the plasma is initiatad near the beam foam, it pmpagataa into. the
sustaining beam and seeks a stable. _position. The pasitidn nfstability will be
.locat»e»d‘wher:: the imam intensity is ‘just sujffizziimt t11at.1:.ha ‘a’bsm“ba»x;l power
will balance tlxalosses due to convection, thermal ccynfiuctinn, and.therm.a1

radiation. A _number of factors cmnbine to determine this pcssiilcm of sta-
bilitylncluding the transverse pmfile of the incident beam, t.hefoca1.leng-tl1
and aberrations of‘ the focusing lens or mirror, the plasma bprassura, 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 == crl V (4.7)
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where I is the Iona} irradiaznce of the Eases: beam. Smce I depends an -the
transv-ersa profile 0f the "incident beam a’s.’-weii as ‘the focal ¥ength and aber~
’ra'zicn.s of the lens, these -chamczterisiics wiii .:infl.uenc-a £i1e’I.t:2ca’3:i0n within

the focal region at the». inimm:n.sus1:ai.ni:t;gi’n.tan.sity is Icicamd. F01‘
exampie, far a small. ffxznmbfir» "’n;$,_ the.'i:1£cnsit3¥ decreasfis rapicily with im
cra.asi.n_g .dist.a.nce ftam..1hh?:*facus;2m€i»the p_1a‘sm.a»w.i11.s’:abi.1iza:ncar the focus.

‘For -a}ar-ger.ffI111In.¥j)er system., ii1;sji':»..i.:3'e.=r1S?ity’ Ciecrzafias 168?: rapidiy and the
p1asmawii’I.;stabi.1i2e.ai.2r:p0s§tia:z fzxi. awa: Em. .. neué. I::“<3a=e.-(1., for
.s':_31ficienfly 1cmg*fo;;a’:I .1cr;;g1£h§ :a::;.?1} 1 - s: p=a‘v}'er3 §z1;as;:nas..h:avie’be=en 0b~

’ ’ ” ' ’ vgfifiififg. 1193i?) as “’I.a:s¢r:zs;;ppo}*ted cam-

 

 

 
  
 

Tha. zimaiiaexzi ;~r;;>.a.t.i.,2::.1 : ’b , ” sizitaiis »3§.§’14E*.e.t*€$1?I2:i:§1fi1;“.:s:_17'¥._3r§It.1I1%:'i.nierx::~
’Ia5ti:'tsns bemseen.i1rm apiiizzsaigésgzmg, 9. ' ’ ’- .3. z..1:xg»$a=.-_,.»§. aprcssufenf

’ " witiziin ’£h.¢%:¢ ;::«Ias:ma.,

 

 

 

and zharmal razziiaticm; ’.Fhc pas.
at which the piasma stabiiiz ’ :§§x2e: 1.

a.n:i.;fi{aw .fbf._r. a $t:éib.I¢ -;:‘iax::::a
Mast céf xhaearzy 61:33 me.

chambers tn": in §;p&n»aiEr,’xY§E1efi%»t11’ "£1.

by the effects at‘ therma} bmzy- ‘

the ipr.essar:e .3215 inset powar»-.
pressure w11.er’a»i:was l1‘:::iS.si3:5.1~&*:«’§:i3 . .

eraiav et .ai., 1'9’Z2;; ’K<3z1¢;;=v 4% a‘{.., 1494: . . - Thfise. -axperimnnts
Enézficatcdf, that filers wars np;‘;:>’er anti ’ix::t*».=’iv£'-—E1‘ f¥31r”33£>3fih}.aser.p0sver anti
pressure at which the LS? =£:i3i:i.'i€i be snataineéi. . .

Generalov et 31.. (1972) suggested that the upper iimit. for p-owe’: was a re-
suit of forming’ the LS? .v¢ithA a horizontal beam. In this ,geemet:ry, thermal
buoyancy ‘induces a flaw transxzers-e to the =0.;f:¥;i§:ai axis. The imiuced flow
czarries the plasma up anti nut czf the Beam 'W31Efl.h.§g§}fiI“ Easier npmvez“ causas
the plasma :0 stabiiize‘ farther from the focus. They were unabla to estab-

 

Iishan ’upp-er pews: jimit when 1115 expaximmgt was aperatcd with {ha beam '
pmpagating verti.ca11yV upward. Koziflv et_;a'1. (1974) d6ye¥c3pe.d a [radiative

model for the LS? and explained the agape: power limit on the basis that
the plasma must stabilize class: enangh to-the’f0ca1‘p0int. that the geonueb

V ric increase of laser beam -intensity geing. inta the ‘plasma was greater than
the loss of intensity clue to absorpfi-on. They speculated that the faihxre of
Generaiov at 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 at al. (1972) that flow can

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



’ determines the t7ompe'ratur,e gmdiont in the upstream .fr.ont of thoplasma,
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a szabio Fiastxnas sust-a.i.nsd in tho frat: jot issuing from a nozzio have

boon studied by Gerasimenko at 31. (198.3) who n1aa'.sured the discharge

’%;s*f&3e%?i‘3 nnincigy alozxyg {ha bean: andxannges for the existenizn of a $toa€iy~st=ate'
d;‘is's»;:h ..Rn;:::nn1.%i§» y nonts’ havn been oozxcixxctnd in confined tubes

:.vha1%e’=»£.0i1:ced nnnyactinn :1 :ni'nat€-ni nu: flow (‘Wane oz 211., :£9{87_). 1:; was
.:f0’unr?: ihaifi-n addition. in power and §}f$S.Si1f-£3, both the flow and nptiycai ge-

OYII. in ” ' gvg-:2:pi”GfBfindinflnen'c:-3 on the cfharactmisiicsyof tho =

 

 

 
  

  
   

y _y ._ tho L-SP <:s:;:;.:icif2_:»’c=;, susta.i-nan are ya}
o~:nIy:.;Eor the gmriicziiar.-experimental’ gjeomntrynsed to obtain ithkem.

when tho pins
inn ‘ iasma - 
 
  

 

  

  
 

 
 

 

  

thnft itiho ’3=1e-2* absorbed fmm £235. tzeoam, given byisbalanced-’
‘fine: convective; con§’uc'§i9<7.o, .a‘nd irafiiation Ioiss-es. -Sincies, in generai, "the ‘in,

' _ T, the B33122, the p1asma.wi11 a.<:ijust.._;i‘z"2 size, snap» 

2!; rBs:1x‘F:...nf‘E3onn3i4h:o:nn:i iransitinns,» rosniting in lino ’rar}ia£,ion am: absnr
tion, =and..frno;~?§:onn£i amzi fies-afrose téran:si‘tions’that resin}: in .m'ntin'unzn vraciz

a’iiQn»-afifi: ahsoafpt Qve; §I1e.op£_ioaI§_y thinportion of the spectrum, ‘chi
ran.1.am>.n xvii?: stmngiy ;i?::$i:rbaii by the plasma or sn:‘ronnr3ing nifinm.
regions and wii} sinxpiy osc;ap»c from the plasma. (Ether Iportions of the spec» b
mam will sirongiy absorbed, 1‘e2:'uking in a transport of energy within the :

plasma. In the oniiizaiiy ii1ick1'imiI:,_this resu1‘ts;in a diffusive energy trans“
p-Cart that is similar to thermal coimtiuction, but may be significantly larger.

Detailed cn1Acui.ations. of the LS? (long and Keefer, 1986) indicate that this
radiative trzmsporz is a szionxinant factor in the determination of the stmo

turn and position 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'os~
sure, The absorption coefiicientis a strong function of plasma density, as

soon from Eq. .(4.4).. If the pressure is inczroasocl and the absorption ooe:ffi«
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



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

831.1%» ‘$1116. the zpiazmxa iength aizmg the .beam »ck:cr-e.a-ses bmcaus-e zaf the fle:~«

£;1f§;as’e in absarptimx isrxgtix, 13111 the d.imnet=e.r i.n»<:re:ases ta ii}! the .larger :c.m;s’s

$e<;ti<}.n sf zhva beam, Thus, far the same laser beam stars:-niititizis, a .’higfhar-
px‘essuir»e wii} stziiiiiiiize a, Quint farther away fmm the ma: gixaint arzci
have 3 :’s'maI1a:r..}angt11~'1o~C%1arnc1er ratio ’th.a.rz 3 I-0xvm*~:prassu.rc .

,i11cide21iiase’r p{)we3f., as wail as tihc f/number and absrra¥i£3n.s cf the fa
gusixlg Qpties,» will also .ir’:.fix.z.enc»e the ;3;3si,£iz3n. at which the St:;zt3i}izes

  

iihe .2bsa’m., Fisam {me '=‘,£o:as;g::{i’:1g <3ii5£:us.£i€31}., it is cierax fhat as the?)-e.a.m

pom: is increassziv, the piasma=wiIf1 mmze up t11eb£:an1 ixway ifrbm the fixzai
T115 distance that it mtzzxzes. is zistermizzegi by ‘the .f!n.umb:&r (iiagiiiit {Bf

‘ ” ’ ‘ 3.2 in tiiéhe: 33€:a::I2.d;i’¢ti11$'£e2f:i’n£:i}£i€1:1t’§3:1flmfii-Iztzsizfzg ” ”
. nee tihe rata»0fch.a11ge»»’inimami?ntei1sfi’£§’ . _- mi

81333 {:1 :22 air’: in’£:was£:.in ffnumbe.-r; Lens ai:err:a§:ions:.ean-.ais::>..§1ars,%a

Va _e£:.é‘t {§3}.p¥asma p=o-aition (Kaefmf et :aL, 198$}. In part;ic11k::r, Wfh;E11'i an an-~
231333": Ema-:2; gfrrsxia: a’n.n.nst;abie1a¢ser <>:2+i:.i,£}21t:>:r:’E;:}s:::z»a:se;::i 133:3 sghericai I.e;:z.s.,
'it..pr£3d13-ces an am’nn’iar’pmfQc,us region. befbre reaching» {ha ff}:-15:11 p?:i:si.I1}:;,b and

 
  

 
  

_ £112: ’ t_§i1i;‘; ragian'n1.ay’1:23su.§i:im1’i’t0 »sz3.st.a;iz1 an azgnuiar" 2131.3;

' ,;:ha.:f;s:::te

 m: {ha z:»'bs;é:rvat:iAn.:1.s :c§iswu.ss::d. abcve, it is cigarti1.at’£heg;$%:>sit»i£§n Gf
{ha plasma relaiive in -the focai paint has a: prafwndeffzészéi’<1:2-”ii1¢’:p}:asma

 

=;:istics.. Aifile upper limits Qf:at3%t*.i¥i2y :f::sr bath i1.as::r—: -pa:;»ver< ml»
923 V a}i§§’=i§€£r's that {ha pi£ixsn1.a:ii:ecbmes xx:ist;a“b'}.e sixhan ii; ixnavasma
£ar‘fm1’m; fi>»<:;;¥. paint. This may be dm: to tits :1’.at-:..i, as prQposed»byf’Kt§2fi:3v
at Vail. :(3§¥?£§}, ihatas ‘iihapiasma .mavas sufficiently f_ar’awa3r iii:-£:u;s:.,
iha ,i?i§{t§§ 933 in.crga;se cf the beam .in£ensiiy in ihsa aiiracéticzh. af‘ -agzrczpagiafiain

’ aims s:i1a.}I6r. Sines the. tampareitura s::%:£ '=t}1:<i’ ;2§.a::m’:,a .m3.J,$t 5 " ease.-tax:-itxe
beam grgipiagates into the uy:t:’aarzi ecfige itixietpj-’Iasmai_ .:ixfi:énsi:3?‘ii:tf~zfI1e
baammnst 3715:: increase. At some paint, §i1e:dac’ra.as’eA-of i}za.’b»aam iI1.;’czé;f1s.iiy
due-ti} »a’.i}si3rpti0n is greater than the incrieeasa due: ‘E0 f0c%::.s§:1g, SC! the piasnza

Essécemeéa unstable and extingui-s'hcs. Recent <:.a1c:,.z}atit3ns by Sféng. gm :1, Keefm:
(:9a?a}, hmvaver, indicate: that there may exist 1.0031 're:gi£3-213. =withi2: t}:1e’LS-EP

whom .£}1e’b-mm .intans:ity dm;re.as-es ‘as it penetraies the plasma.

. Accmsidarabie ciegree of £10I1t1'O10f the structure and position Bf ihezlgfi?

can be gained through both optical geometry and flow, in Vaddifian tc) Iasar

p-zxwcr zzmzi. ’pressure. Utilization of these aciditicanal parameters nmake-.5 ‘it,

p’0ssib1i~: to successfuliy opczrate the LSP ever a wider range 0f exprsrinfremtal
conesiiiierzs, enabling 21 wider range of potezntial appiications.

 

 

13.2.2. ?1asn1a Characteristics

Laser~sus.tained 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, {mt the pcak tenupcraturcs in the am usually somewhat highs:
than these for the ccmparable arc, Ra:¥iati=on "item the plasma can be a Sig-

nificant 'fI‘aCiiO’I1 of the total pzawar ,iz?:pI.1.t, and .rar3.iaii0n transp.r;:2r!: plays 2.-
majcr tale in t:‘ctctminin_ the structure‘ of thc plasma. Co1::tinuu.rn —abscr-p—
tion processes are cf13attici3lar,1’mp0.ttatzce in these ;plasm.as since thcpower
to wstain the plasma is aiascrbati -tlzrctzglz these. me.-chanisms,

The» .caniin1mm ahccttzztizm putiizccss iinyclvcs both l:}{)'i3I1fi.~fi‘€f3 trans.ition.s
('p}:»0tci£>nizatii}n) anti ft'.6c».f£'cc transifticns (invcrsc bt‘fimsst.f’ahluéng) in
wlzich phm:tmjs are absorbcd. fmm the»»l.a4scr’l::eam. Thu .fr<w-ices. transitions
iI1?t:tlv6=»‘:flectron ccllisicms with 56:13, Gthfif éclcctrcns, and .’ncutr:al particles’

{siziiaamfslfty c: .31., 3;’9‘§S-;;; £3:r.i‘c:m, ’19fi4}.. i39mi'nan:t abscrption process
for thanisfiiiffliligli cc?ll§3_ion.§ ihctwcteti . .. ;xft.s 3-m3”icns, ,ar1d*t,hc a_b%m:p~
-tiozt cccfiicicnt far this ptcccsa: is» given by Eq. For the usual Case in
the 'LSP, kw ~.»:<:::k:'1’~and the ~a'?bs£33.fpii<:;I1’ is; appraximatcly‘ garcgtortianal to the
sq’na’r=t-: of the la$.er- tvavclcxzgtjlgl ta ’$irs3z:g,'xvavelcr;=gtIl ticpcncicrtcc,

 

.311. cf _t.h’c_ rwcrtcci. e?£P€£i;ma.n'.t£2l {ES'i3Il.-.€Ii»if£}i" 111.8. LSP"h,:aw'c» beer; cbtaincd us«
ing thc 1-9.6 gm w.avcle,;ngfl1 carbmn Ciiflxidc laser; Si-ace the length scale
far the plasma is of 1:he—:*::.rdcr»cf the abserptian .lcnjg¥;Ih;, thc» length cf ‘the
bplasma and .1113 pm;-er mqttired ti) ’s*us'ta1”:It it iworxld be cxpcctecl in increase
dramatically .fm'shx:3’rter aaiia’vel;c:1*:gth_ lascrs Ctyggrcntly, -tfité. cnly other lasers:
-zliztt are manly canciidams ta sustaizt £;{it1I?i122'{1§i}11§‘1 gzlajsxztast-arc» the itysilrcgczi
€11‘ denicri'um.fluc.riid.c chcmical lasers mat cpcratc at wavclettgtjhs cf 3’ to
4 ;.&m.. ' ' ' .

Tltcrttzal r,a>di:a>fi!>01Et>..iS iizaiiilie cf thfit ::1}I£:st.’.i;2:;§c:’ta:z’1 c'ha:;acterisiics of the
LSF. Thermal -rad_.i.a1:ion jO3t.ffG1'3Il.’ih3}313$'ifi3 can ai_:c0’nnt fer nearfzy all
that ;;=t3wc1' abimribcd by the 'f3l’a,s.Ii”1a what} £115:- flow througlz the plasma is
small anti. will account for :a s.igx.1ilicant fmciie'n of absorbed pews: even

whcn thc ccnvcctlvc lcsscs are large. Thjc thermal rradiation. consists of

continuum radiation resulting from _reccx1il3i1*;ati0n (free-bound transitions)
and bramsstrahlnng (fffifi-’fI‘-fifi tr-ansitionfl) as well as line radiation (:bC}1.,1I1(3*
buund transititms). Calculatitzn of this radi.atit::n is straightfcrward, ab
though rather tctiieus, when the plasma is in local thermodynamic equ£~

librimm (LTE) (Gricm, 1964). ‘Local tltcrmcaclynamic equilibrium is es»
tablishcd when the clcctmn colclisional rate proccsscs dominate the pro-

cesses of radiative decay and recombination. When LTE is c~st.ab.lishcd

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»

peraturc, ancl chcmicalv.c_ompc3iti0:1. It should be emphasized that this

does not imply that the radiation is similar ta a blackbody at the plasma
temperature. In general, that: spectrum of the Iadiaticm from the plasma

will have a complex structurc 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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 }3*i;gu’re M .Measurea .is-otixerms £0: a 2.5 31.11: .argi}fi §ia?; " Ewan ’:~m:.ii’£:3ar
beam frmn a carban tiigxxiiiaza laser focuismi by :3 1633-05 3 :mm fecal iizazztgsfh. T313

anfiwiéiix the 11:3’:-izcintai stain was .arbitrarii§y chosen so the fqws 112:3? ‘F5 ’ ’
Imr beam and me flaw are imzizienz from. 121:2: ism _ , .V - 5§3§§}{¥?i£31
the outer contaur at 1f},50'0I-<2. (Frmn WIe1ie_, R, at 2:11., 198?; Gnpyright American
Inshkute of Aeronmmcs and As£ro.nau£ics; vregrinted with permissi<::sn,).

   

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

temperature. ‘

Plasmas have been sus,tai'ne.'cl 'by‘c21rb0n cliuxide Iasers in a varieiy‘ of gases

including the rare gases xenon, argon, and men and tin ‘wvaral .m01e=cu.«-

lar gases including hydrogen, deuterium, nitrogen, ‘carbon dioxide, and air.

Plasmas in the heavier rare gases (xenon, krypton, and argon) are the easi~
est to suzstain since they have relatively 10W.f0f1iZ.21'$it§I1 potantial, thei1‘ther»

ma} conduction is relatively ‘small, and no c1iss£‘Jci.atio11 energy must be sup«

plied. Few e:xperime.nt5 have been rtzportecl using the» liightar rare gases,

but Carlotf at al. (1981) have sustained optical discharges in 11232111111 and

113011 to pmssures of 207 atm and Cross (1986) has operated. a discharge in
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neuniwith ac§.1n_ixt.m::::s sf. sgzxygen. Reiativcly higher laser gazwers were re»

qu.iraci with irmiium £0 -9&3-at. fiifzfi gre12.:ex .iez3‘i2:2¢-i’ii3srz ’;3o£e:1iia.3 anfi reiativeiy
Large t11ar.111ai.z:{3n{}.11c. -3.33: The 'm£3I;fi_€-mar gasea 335$ .requir.e greater Viaser
paw sizizrza these» 3» abs-er}: snfficitznt fin-exgy is 1m§:§t31’gCa disso-<:i‘a~
flan beiare they can %:e:».§ii31fi?izsa:i.. As 263.3-ansssfi aariierg ihe ihrssheid power
3“equ.iz*ed to maintain. a _piasm.a £i':a_§z4£§nc}s an the dais-;i1.s. of the. =exparin2.en: in~

eluding beam qzgxgzliity, egztisz; g in ' a1‘3ert£1t.iIn’n.s, and the flow rate.
'30: examp1e,»»§engraimr 31 .193; -:2.’ (iii. hr _2.a;}é1. pacwszar far argun.
at a ;:~mss,::m=: Qif ii}? 2it“:'r{1“'=t:»'::«bia . . .. ” .. Mflikiiy -('ii97S)=
fauna {he 1:i:reshc>’}di¢,3:’E3t: atstha» .:3..a':I1r&:i:i3nd.iti013s. For 22..x::jim’t’:e» .
sizzgie =e2:1:w»€:rimax}t2:i.'i:«c:;3figi2 1t:z:xs:e.t {£1979} fcmnd. the ihrsshold
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Pzp;3ii{:ati:,c;n of iaserfizxstaiaeé

(if the 9-pmrati;ana1.syst.. nxishav ..
study the pI1asm.a.. iftssaif. 1 :.in=.: has in’

tc.measu.m=ti1e 33}ig‘f§1~'f:{§ii’I;{3fi1?. ‘:2: »»ai3s.::sr;3‘

,..hyd’mgan (EFawj1§:1fi,. V5:
high«s§ét£~:d m£3_i,i8cu}-.3?’ zxxgrgan _.ea§:;m;. £9 ,. .
.a;£:-lii{m.$-., tané £Z:fe:x:I£:.r3.e; 31.: Q1£%}8S:).21a:;e»’z;.s»e:§ the a smxr-ca far atcxxnic
spe.c:tmscapy:. EE?.§:z3’eI1i§¥§I,-I§2;‘§7iJ:21 . 1
cfmcincteci by’Kae£evr-=§:§.a3. ’’1§}'’ ’’
to zirstermine their sruji 9 iy _

The axp%er.i-maxim '*W2¥’_.§?£ .€z3:x’t:.:1_1.2o

formed using-’focus.ed Nzixms ficem ctzntitmmus izarfisrxn fiiaxide lasers wifix
011ip1iip‘(3\%/{EXS beiwerm 2: fan? tens ~;3f watts and :s.evara’1_ tens of kilowatts.
The simpiesi way is craaie 1&6 is ta f£3£:£1s; that beam {min fire 1336: min

ambientair using a Itzns ‘air mirrar. If thfi §3{:awar_i$. ap;p;r{:xi.mat-aly .5 KW :31“
greater, a p1asm;;1.can ht: ’initi’atea:1 by 21 dis%..:h.a1*ga near ihes finial point that

is created by an arc, a §}Li1S€d laser p}as;'ma breakdawn, or by Inonxentarily

p1aci.ng a .m.e'£a;‘iI.ic (usually .tu:1gste‘n} .s:1’rfgc»e in the focai va:;Iume. The .sta~
biiity (31? tm: L3? is enhanced by caperating the ’beam sq) that if. is propagat-
ing vertically upward toward the focus. This insures that the flow incmced

by tharxnal buoyancy is in the s,a.m€: direction as the imam propagaticun and

does not tend ta convect tha hcst.-pI‘asma out of the high~intensity focal re-

gion. Various focal "length lenses have been used to focus th-3 beam, with

typical systems having focal }c:n’gtiis_fr{2.111 25 to 301}-mn1 z:m‘£1 ffnumbsrs fmm
1.5 to S. Plasnms have: been sustained using beams of various mode strum

tures: annular beams produced by unstable oscillators, Inultimode beams

from stable osciilators, and Gaussian beams. Therehas been little system-

en mi Iniixm-res -afwatex 7sra;;:0'r and

3: used "fin; g'e::1e.1'at£;'very

 
£‘}§3.¥..13$§(}¥.‘£.  Ihava Bfiflfl 1361*» I
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at§‘¢ study cf the infitzenca szsf beam quaflity -an the: LS3. but ii‘: general the

tfzrafiiialé ’pawar required in sustain the p’lasma decraastzs with incrctiasirig
beam q_;_;,ai.i£y:. Ma0dy.{192§._) has sus’£ai.neE1 plasmas in argon at -pressures
great-€:=’r {ban 18 atm 25 W ltmxn a laser having a Ciausisian imam
iilgat was focussd by a mirmr of 52 "mm focal length. Varicms investigators
’ha;x?:e.ricpt3:;r':eci "threshold valms that:~var_y by a fa-rztor of 18 or mare, and many
ofiihese difiercnizas are -prabably due. as the variety -cf mam quality’ .an:3-. fo«
sznaing ggeaxrsetgrfiiejs l:h.at ii-avg. haen a1np1:3ysd.

To bpieraimlie L8,? ctiier than. air and rat pzessunes greater than
1 it if!8'£1I8$8a.£‘§l iii} -c<:ug.i_i’ne {ha plasma within :a chamber. =t':}fte_xz, thesfi‘

bi aha.’ " rs 1taha::w*e;.¢ large wmparm :9 theplzzszzia, and thesflew
int. ma iE1’as..b£:en as-tabiisheid by mg: tlm£maiiy' ii}-duzzaiiig,» .£rec =£:i}3f131i‘::f’:'£i.‘ii€3:

fi:Qw*=w:3:h1-’:; £113 "7i12irri",bt:r.. jflletezxt gxp&1*i'me.n2:s _have been aenclucigd
:51. 31. 86; its at 31,, in which argon" plasmaswsre =su_staine-:3 in 3
far’ ‘:1 cz3nve¢:iva.fiaw. The farcai convective flow velocity was c:x3n.siaer-
ziiéiy larger man tlie thermally induced flow v61£}£:,i?£ies, and itwas fauncltha:
the plasmas maid bessnskzainad saver a wide: tange of pmiver and pressureléy
adgusting tflm flaw veiacizy and i3p’t’i£3ai geometry.

  

 

 

4.3 l ammmcgh Maxim

Simon afiér laseaxintinccad Mieakdewn xvas ::Ii.sc0verer3., ‘Eh§:£3Z‘t2t'i{:iai mosicis

fig}: hr’-eakdmvn of .3 gas in an taipticai .fi’e:~’:.l'<_i wczm daval-aged by fZei’d£:v1i¢§l
f£ihfi.R:El32*.a1‘ Raizzr (j1.§€iS)i than d€:w2:ic;p~ed :3 mafia} for the $3ZIf}c3f~
3-tinge grapagaiitan xzzf. the 33230:-gpiian wave, and iaieéfi" -{'Rai2:e'r-, 1..93l£}) dexfél»

- oped. a o’:xe~-£iimei1$i0nal.me:dei for the subsonic. propagatian and maizitw
nzxme aflal» Iaser~sustain'e.d plasma. Tixisi niofiei was 'ba.se»r:i an an analogy

wit?! cambustian, and these .sul350nic propagating wavves, tG,geth.er with the
cnntinumxs1aser~sust.ained plasmas, became known in ‘the ’Unixecl States .25
“Ease-Mupgarted ccmbnsfiau waves (I_,SC).." The -clase-d-form salution for

this mafia! was widely used to int.er_pret experimental observations of prop-
agating plasmas, but was found to greatly underestimate the observed prop
a_gati0n vfalocity.

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

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

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

tion ve_locities and experimental. ‘observations. ‘Kozlov and Selazneva (1=973)
deve1ope'd 22 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 3 hyclmgen LSP for laser

propulsion. The numerical methods that were used by Jackson and Nielsen
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(1974) one} ‘Kemp and Root (1979) led to a‘ divergence of the solmion
near "tho maximum tomperaturo, and ilioofor at "211. appliittii 3 new
mo'tho’c§ of m1me2:ic.al soluti-on that p’rov.id:::c3. corlverged fiizhitions thifoxxgh»

out the solution do.mai;}. It »clear from all of t.h=e.:mmo1*i<;aI medals
mat ‘zraziiaiivo 't2‘ansfer"”'li§{i tllomflorxsrard portion of the propagating plasma
piayazi a domin.e:n_t role in the determination of the pzogmgation veloc-

iiy. ..

Batlzeh and Keefer (1£}7.n1) d-eveloped a quasi~:sazo»~¥:1i:r:-mzsiginzxi moriflfor
tho that was band on an axtension of the Raizer oanaigzsiz. They in~

eluded. the effect of 'r:a,di.al and »axi:a’l £11-ormal conzilnntiono-z1d.’finite: laser

diameter, but asxnmed that the 1.353;‘ beam C-olli.mat£;d .am';l radial
 

 
  
  

.»:22m:p:a* ' ts of the. flow could be negil.ecm£l» The =:cj3oSied in fistilutiions for
tho 1’ J 1;: ’atur-,ei that were o°:b’,ta7i’ned agreeti qualitafivoiyw oabse seed piaz-

modci was extsandeé by Muller any! ¥;?}h1.e.nb_.t;s::h, to. i’f££§1I1€§'o
tho i.m.por'{an.1:-afloat of the convergence of the laser beam gooxnatry, '}Z”.l:oy

moo. .21 f;oc13.s-ed Gaussian {mam to modaol 1.11:-F: two-Aili3no.n.s’ioI3V€£1, axisym’m:i=£~
distrikmtion oflaser intensity in tho fociéi.1,.r¢gio”r:. ésggproximat-3 solutions

\’S?6;£‘§3 o3:3’ttaiér,3.€:€i. for the casein which t.ii€s»ii1.f1'uen€-e of the ::on.t..a“ :13_g*wails was

'n.::_g¥e:cteci and restrir::ied funct:i.o1i3l forms of the tra:ns_port prop=or’fi:€«s were
used‘. J

more elaborate mo-do} of the flow in tho '-of the was c}.e~

fiéoioped. by :C3:ar.lofi' at a}. (19823). Thiey omained .so11;:t,io:1s offiio .Na§zi.:.r~.
Stokes ::qva’tious for the ther'majE.ly*ind'L1,cc:d buoyaiit: fl:€}‘§'§‘ .€t=i:1bSfid
x:.hao:1I;:or»e:on.t»ainiog the §:}.asma.. Ti1»o_.solutionwa$ oi:tai‘n£:..d for tho flow
‘within. the cooler gas region omsicilez of the hi_g’h~ten1p»oratur:>, plasma (tore

hy solving ihe: .n3.omant*un1 <:c;uatio.ns using 22 mozgarazuro .fia;1ct that was <:a’i~
C£§3,atE'i separately. The mmporatura fiaizxii was 013::-§:i’£ze»cI ;fro-:2: -a —so§.zztion of
tho» ezzergy aquaiion using an assumed Gaussian be-a1:1.,;pfrofi.le .an:;1.a vi:lo»c~
ity field obtained from the momentum equations usingblan assumed te:m«
peratur-6 profile. The equations wore not coupled, and it was not clear

\’vhethe.r the radiation and transport proporties haad an aasumed spatial va'ri~

.atio,n or whet.hc’r the temperature» and prossure~»dep»on-dent properties were
used. Their solutions clearly showed the recirculation cells that dovelopin
the closed chamber and the defl-action of tho streamlines E1YODI1(l’t}1€fi high.~

temperature plasma core.

The next step in the development of two~din’1ensioz1a1i models was taken

by Glumla vand .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-

taintzd the ass’um.ption that radial components of the flow could be he»

glected. However, they obtainecl numerical solutions usi11g_fu1ly .coupled

te.mpr:rature~ and p'ressure—dependeI1t transport properties. 'I’l1‘is model

produced predicted tczmperatur-o fields that were similar to those observed

and gave good results for global absorption of laser power.
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Mozfkle (.1984) clevolopcd a thoorotioal model to coxisidor the case in
-which the plasma was sustainedm a ch.amb¢i:’I' havi.ng_ :21 c-onverging~divergi.ng
nozzle. He solved the .on35:3-ozxoelizneusional Navie:r-Stoi~:.es oquatilons nu»
mmically using ag;_:::E;;m_plie; tfime?1narc'hi11g .x§1e.tl1od for a pila.sm’a smixture of
hydrogen, c::s_ijum_, and.svai;.e';.. Beam ’<:o:n.ver.gen:ce was 'iImlude-d in an ap~
proximate-fashio_n but .ra..diatio::‘tranfs.fer -was neglected. A model that coir
mined as .com»pimo_ t§vo~di_ma_nsiona.l. iioscriptioon of the flowfield was doveb

opedby; lsfiolviket al. @935»), but thefiowfialt? was one-on’pl‘ed from “the radio»
tion. by ibé"ass’u’n:pfib2i of afiorisffiiflib-%i3?30I.§359Il Ci?6ffitfiant.. Tkzis assomptiion
w»as»:.;e3a2ed byl-Mark}: 21:431.. (’1-9T3$}'byb:as:mming absorption into a .mix’tu(re of
hydrogen, cosinm._, .an.:;l watéx‘ ‘that o;sz}1_ilf§izs smug absofptiim. at relatively low

tompezmtuxos.» They‘ we1"!e=nn.ab1b to obtain convorgenco for pure gases bo-

»c2ms£=: of the s‘t'jm:n‘g. gtaéiiioni-‘s an’:i ‘nominoar ’iomp=eratn.té—dop=onzlent "prop.
ortios. ‘ b ' b ’

Jbizfgj an£1.’Ii€£ifer (_:i9$§)7:::§.b*i£zi«f:“.}op';i*c’:+:.*}’ a £131’! two»-di-mcnsionaz made: based
on a Nav’i¢r—Stokes éescripiion of the flnwfielcl’, gcomatriic ray~tracing for
laser beam:sof arbitrary .r.ad:ial profilssg, and fa ’radi.at_ivo -transfertmodel {hat
;d1'viiit:d the, radiafive -transpo ' iiinio o;3ticaiIy’fi1ic3£<’azzel o;:;t§ca’§iy tixinregioxzs.
This model was sofmci , _.ri<:ai‘iy ’i1'Sii1’g" the :3.I.M£‘:LE (Jeiig and Iieefor,

198:6)‘ algorithm for pzsm .ar_g..on in :.a pipe "flow where. the plasma was sus-
tained by the annular beam froman unstable éresonator. Those solutions

WGIE f0liI1d to be in _’goboi:i.ag:eomen't with detailed measurements, and the
:model was exierxticd stat.) <3bjt2ii_n S01‘utii1n.$.fdr plasmas sustained in hydrogfin
by Gau;ssian- law: béi£'2.I:i§ :(I:arz:g of ’i98"7). Co:npa:.ison of the .ssiu:ia,ns
obtaineéi using £1212: full 'two»~dimBns_i’o.nai mode} with those obt.ainec§. from the

quasi»two»»dimensi»on.al mvodol, in wh.ich.tl1e radial components of the flow

are neglect-ed, clea’r’1y.sh»ow {hat th6.f11'll two~clim{-msional treatment: of the.

fiowficld-is required fnr»;a:s;::urate ffifedictions. ’D:;:_e. to the pressnro increase
caused by the strong heat adéition, tho flow is élivortod around the outside of

the plasma core and the mass flow through the plasma com may be 1‘educ»ed

by a factor of 5 or more comparbcl with the simpler mosiels (long at 211.,

1987). This» effect is shown in Fig. 3&3 where tho temperature i'sotl1erms are
shown in the upper half of 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

di.oxido laser operafing at 113.6’ ;zII1.

, Development of the detailed two~dimensio11a1n1od_e’Is has made it possi»
ble to gain—c_onsiderablo insight into the factors that control the LSP. One
factor that was found to be of cons.ide,rab‘le ’i1IlpOI’£€lI1C€ is the characteristics

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

and from the model, that when an azmular beam from an unstable oscilla~

tor was psecl to suslain 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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zzhxiz am 33.13 ”f?%3;e’””' 1:~;:3.h V has

axial di_s%.am:e (mm)

L V ‘she

..JZ€‘.i':gn.r£ 4.3 Thaéregical caicuiation {om h.y::i.rQg::;n.p1a:sma .’sx:szained by a kit} mm

,2§1‘a??£I’*c‘.‘4;1L:i*;3" Gaux.si;1n baa.:u ’f*<3ous££.i by a 3&3 mm ,:m:: iength lens "{1} the 59 mm. position.
on the 'horizoma} axis. Tho -inziideni haw ve:Ioc.i1y.is 23 mlsoc in a s:§i{iac§.rica§ oyipc
22. mimin siiametar; The uppgz part of the figum contains isethfixtms and the i»owe;r
’§1aifci3n£ains v€ct0r3'$vhQse§e'21gth and direction mpmsent the Iota’? mass flux »(-pint?»
act of icwal density and local vei1»ocity). {From Rang, S. M. and Keefer, 13.», 1987.3.

flopyzigixt (<§)..American Insmxwsz of Aeronautics and fiuntnnautics; r.opx*.i.nted with’

pernlissiom).

sustain a ‘piiasma tho: had significant offiaxis temperatum maxi’r'na,o 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 isotherms 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 cmssilfig 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’bsorbed by the
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Figure 4.4 (3ompatis»on’h=e1ween measmreci andl»cai¢;iIai.'ed. iso’£Ihe..:ms fotrzazz. argon.

plasma sustained with an annular bean}. ,B£:I.{h'£i1.#?. 1. ’ " ’ bfiam aT’1’1£,i}f.i1€:. flow ar6.i!1~
men: from the leis. :C1fi‘—axis .maxima in me: tenzper .. of ear”whe:re.:»:he :s’p;i2er~
ical aberration of the lens causes a high-intensify armublar ’p%af:3s:us.. .(_Fi*om "Rang,
S. M., -at 211., ‘$9187. Copyright (5). American Iiistituto of fiefoznautics ami .Astm11m:~
tics; reprint-ed with permission.)

 

 

‘plasma. and the fraction of ‘absorlbed.powe;r that is lost from "tho o;)1:ica'IIy
thin plasma through radiation. As the fixmxnber of theloptical system is in~

creased, the diameter of the plasma. will be smaller if there is sufficient incl»

dent flow "velocity to sustain the plasma near the focal region. 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-

sible to sustain a plasma that absorbs ‘virtually 100%’ of the incident laser

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

plasma (Jeng et al., 1987). l
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S.im:-6 211} of the re_p0.:rtec:fi .€x§iw.r..imenf.ai data is fat carbon ciiuxide Iasers

gzeraiinig at .awaw_+:1angth {}f11:E}.5 3.111,» ii1e»d§3'i;;iI<:d medals pfliriszizie an mp»
cmuzzity ti; i:1$*€S:i“*z’ the aifsmtsi cf u3:ii1_;g di,.fi'.ars.nAt w.ave‘Ie:1_gti2s to $15»
in the p1as.ma». 13_5.'I1»€315€E§;2 If: is shown in Fig; 4.5 (Ezmg, 198%. The njppar
{3i:hcrn1.s zxrae fa: :a bp§asm,a\s2;2.st;a§'nad rising 21‘ 19.6 14:11 wavelength. and tits
war isotherms are for 3 p1,a,.s'rK::a sustained. with a -avavehangtla of 3.9 pin
:3: -is typical 0-fa-ha:22i.;:-a’1 ia$»E:ix:s.. ”£'.he .:itz,z:iti’<:n£ puwzn‘ M5245 W fer the

» . V ’ 1 ’_ H I S: 33663 as up fr-an;I1:-e-i’;1::ic’i€:nt»p::v;er at 718
sad to susmizi. ,. at $3.. . yziffiit %}::e»:sq'uara <3? ratio of wava»
’n:g,t%1sl, Ito. :<:ampens»a:a:.f9r {£1 si:m11_a_:% decrease in the» absorggztion ceeafiicient.

’ 1’.em;:era’m.rcis m2:2si<:.¥~
, T a:é1jgi’§s‘a:1.. As =aiise1z$sa:iin‘

iii: thfe. two Wz1vE1.aflg€h$,

 

 

  

rxzes-3¥<n¥<;iis:*k*::n~::a'{m.m;)
3.9 gm

4.0 . 5245 W

40.0 42.59 —d~5..{3 47.5 50.0 V 52.5 55.9 57.5 56.0

vmxicsl cz1is1*<Jnc:e

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

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

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

a similar reductiorl in the absorption c0»¢:fficient.
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121.9 ’

Its:123

g -- ahsnrp-flan

& --'~ tm3:i.atian

lasesr .p§3we»r -2 .28 we
1zaam:1ia:.. - 4% am»!!!

gres:se1v.:t:re ~ 3 affix

' Q ?§ ‘H3113

sate-zmazanitgy imis)

. iiaictila-tetifiéeatiaus <,3£.im:i‘-c1e:ntiaser'pc3w$rth;at.are a’bsori:<:d’a:x:i.rerag
iiiziieai mm. a hgyriragen piasxna at a pr-esisazsrxa of; 3 aim. The: piasnta was sus’tai_~£n=§:I

£1 beamhavirzg 21 w;.avt:’Ie:;g:h sf 113.6 gun. :(Fm:m Ieizgi, angi
Iieefe 113., I98. . 43:) American Instiiute of Aszmnauties and Astrunam
"tits; reprinted ssfith petmgifisien‘).

since this is primariiy a fxznction of the beam diameter, but the length. -of

the -~pga5.ma has inc’m~ase»d for the, piasma sustai-nz:-1:3 with the 3.9 mil imam

due: 1:) me: iarger absorption length. A significant a.r:neun’t af iasar paws: is

ab50r¥3a»£1,baye:a«:i the fecal point in this piasma t.ha.t.1»aads to .3 “dt3gb0n.e”
shape for the isotherms. The p1‘ez:¥icted fmctitsn of inaident power absx3Ibe?d

at 3.9 mm was 28%;'L'onsiderab1y less than the prediction of 7.5% ft}: 3.0.6 ;.mi.

The: medals also im;i;ic.ate that the plasma can ba sustained ov::r.a wide

range of flow veiociiies and that it is difficult to “blmv out.” The flow vr:~

Iacity has a pmfounci influence on the shape of the plasma and thejposi~

tion of the plasma within the btaam. At low incidant flow v-elcacities, the

plasma propagates up the beam hectnning larger in diameter and \_*I3lum.a

and, therefcrc, more pmver is radiated out of the plasma region. When {he
incidant flow Velocity is if1CI'E33S(id, the plasma nlovns toward the fmzus, be~

coming smaller ix} diameter and somewhat 1o:nger:in iength. The rasult of
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this c11ange.’i11»p1as1na shape is a rzzciuctio-1193.21 the posvar "lost thr.o1Ig}1 r-adieu
. ;:ion and an 'inc:‘eas.e. in power abserbed fmm the "laser beam. This affect is

5§1;:3«wn.in Fig. 4.6 where. ti1_;:?;_ caicuiated {ta-ctian cf the 'p0w*e:r. ahsarbaéi item
’ the incicisnt laser b1E§£‘1n the fractitm of the .inci¢:3ieI;t. power thai is .1031 by

radiating are shown as €I:.fi}i1(i1Zi€)£1‘¥3fi}i€ :inc:i’:€lent .fimw”v<:10city.. It is found
,, at 'th€: fractioxzal pawer absorpiion .inc’r.e-ases with inci.£is1zt fimv ve.Ia»c§ty

’ :1, far these c0:nd.iti:::ns, nearly all the incid€:m’pCswer 1'3 ».,’»3§)S{},1‘bE{:1. Thus :31?»

scxptiizn increases with veialezity‘ ’¥::-etiausa the §;I£zs;1:a.is,1i:x:x_g»*:;r in the §:i gh;ei:~

va1o<:.ity:cz2ses,Vand this incrcasas the zihisflrgtifiii The fr’ac;3;i,e’11,a§£
puma": that is 10st from the 'p}as.ma dec;m:ase:»: as t,I§e’iji1CiCicni fimsr vaioeity
is iIT:.£:i‘£3E1$&=d. ‘The bpawar rafliated .ir0m the plasma is prupartiériaji 12:) the

veiume anzi, .sin‘<:.a-the <;1::.a::n¢t'6r crf plasma »s:m:a:i1er.f§2r

in cigar-flaw vekjcity, the ’ra{§.i~a£:i1’1g‘-’ii£31.1: 3 mi {Egg r’ed’x2:::=ed:..'
The iievelopznent of {3e=t.ai.ied_. ;.1uI3:1¢rit:aI rniaéifis Ear: .mE1£i€‘> it péssihie to

52112213! and interprat the cempiexi'nt€:1‘a6tiQn:&»=am:£3nEg. npiiczaii, gE:IOInet.ry, flaw,
and pressure that ::2<:c':x;r xvitizia 1136 ;LS’P. The.:1:’esu3£;s afi.i;.es.sa»szuc1ia3 zname
that the chaI‘a.cteri.stics {if we fian ti-ia £:O:a.t;:t3'i1€::1 by :a§:zd:i;::ic:m :<:h:3i’<:c cf
thiise parameters to pmdiafie: plasmas ina ¥'é'3§i.fi§ Vafgiéiy : a5e’s-:’wV = .'i-‘iiafifllfi
»;p.r»::q:e~3rtias that can be ’:3pti.mizmi far at patti::z:_1m* -app “ 0:1. »:iet;2zi1ac1
u’2:1s:I41=:rs1an:ii.n_g,togetherwiththeincrsetasing avaiiahiii 3; <3 .2‘nd‘11sm".a1 c-ark-an
»:;!i:::x;iii:z iasexs cf ganja ‘beam. »§;::ia}.i:t;g ska-aid g;:eat1y.ex::iai1i3 zh1apracgtic:aI: ap—
-‘p¥i;::’ati.ans oft11e’}asar~su's:ai.ne<3 piasmag

 

  

4.4 EXPEMMENTAL STUDIES

Bxpari111r;:.nt.a1. studies of the have bean }.imi'te;d dxm to the ’r2az:}u‘i'rsm€:nt
ftzrtr C-<’3,minu<m5 iaservpnwar ab»9-ma 1 RW and the flack csf file};-arty :i{’ie¥.3ti.fi+:d

applricatitms. Until recently, must. of the experimanial studies. were di1'recta:i

toward defining conibinatimxs of laser pcwar, gziasma ma1.eri.a;1,.a-nd »prassure~

far wihich the LSP could ba zsuccm-s.fu33y dperatcfi. Within. the past ’few_years,
more de»t1af'i3<:1 studies have been made mat better e1u‘cidate. the interactiions

2m10ng Qptical geomstry, ‘pressure, and flow that cm1tr0'i'the characteristics
of this LSR

4.-4.1 0peratiénalPara:n1ete1's
and Piasnm. §’r0per'ties

The first systematic study of the LS1.’ was reported by Generalov at al.

(.’1972). They ignited the pk1sma.us.ing a pulse breakdown in argon orxenon
produced by a pulsed and Q~switchad carbon dioxide laser and then sus~

mined the p1as1,na‘with a continuous. carbcm dioxide laser having an unspeo

ified beam and focusing configuration. The transition from the pulsed laser
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spark 10 a continuous plasma was invasfigated and they zneasured propagzr»
ti£m.ve1>:3c.it.ies of ‘£0 in/sec that rapigily daczreasezi to zero. It was foun-cl that

the 13111566 13562.” cmild 333%} ’ xiinguislz the LSP ones it "had been estemlishiad,
if um L‘§1PAwa5’0p€r€ttinb ea: thres'11£>ld.. Thsy photegraplvzxzl the plasma

and xmted the cl1an_ge,ix1 .513j;3E and 'p£).Sit.¥OIi of the ;;3la.sma as a function af

pre3.su're anczl laser paw-ax. Sta.ri< braadaning of we hyflimgmz H5 lime was

 

”use’<:i, iagather jwiih 111% 532121 eqz.m£iGI;,» in abtain est’i,mat£~:s at‘ the: plasma
teznperaime that ranges! frcm 193,806 it) 23,Ct{}£}K.,.in argon. plasmas.

€323 q;3’3nt.i:a§;_iva results ef "the Generalzav ct" al. (19%) study
was a .de~te:rmi.natim1 cf -the» ffigians nf laser power and pressure in: which
c0nti1mm:z.s plasmas. maid he sustained in argon and xsnan. ’Tl1ei.r n1¢a~

$urx=:::I€J;1£si:1c§1:1iEl8iil.’b .1 115 atm Emil. 12158;: ‘paawar to 3340 W.
The fi:t.ra$33.%:1§d pfiwfir is. Q . £9 ii:i:&s*:1¢.c'?:'a‘1sz=; ra;>id}y’wi,£.h increase-:2 pressure
in the »ra::g;e frflm lit} 1-3 am: bui.wa.$ marly tznjxxstant at ’l1i_ghe;r p2:=essu’r’,£:s4
Thgy at=*.:ril3'u':te{i this pz‘as.$;12‘i3;'eld€;)=&i1»c§.mi€:& sf {he tI:‘ra;s.hrild. pmvarr £0 tram-~
siizion of {he &€3zni’nan'.tl power 1635- ’mer:§har1i’sm fmm thermal c:o:I1c¥1Jct.ion. -‘to
t_l:1e;fr:2.ai'l radia-ti-an., 1:116 was ape-ratazi -in a .h£3:riz0.nta1 imam, -tlzey

observed an 11:’§3}§l¥€:1"§_31’6:5T1“i3.11‘f_3’;fiI33 3:31“ existence ef 'tlfi$. LSP, .b13x‘t.when :0§e’r~

   

. at-ad in :1 varzicai 3363211., 11:; upper l’i.r’11it.fx:’23r giressmcwas obseriiéd. They
attribxrteti. this .res11l"i: 19=ih.i:.s£a§:>iIizi2’1g ’efi‘-Biz: of the tiiarxnally i11du<:ed’b’uay~
ant flow. €Iur’iC>33S}y;, tiny? .a§iiS€.} Qbfiérvad an upper limit far laser piawer at
the higher pre.ss'u,z_1¢csA "Wham tilt: beam was oggzcrated, hinrizentaiily, but they
did mat. ebsame an 1;t’pp:v:’:r gpawer thrwiirslci when the main was operate-ci in
a vervtical (3ri:e:nt.atinn.. Thnsa: res1.ift;*s.f0r the hcrizgmtai beam are Shawn in

Fig. 4.7. The cizxves far argan and ,xana.n are similar in shape, but the: at»
gun -c:'urva is .shiftad ti} }1.igi}E.*r ’ihra$§.1.t3l»<i§f pssvar a:n»:.':l _§;.ms.sm“s. Note that fair
aiezuan. aibavit 5183 am: ar1§§’.23rg.:§n abave 18 aim, them was an upper limit 23f
lass? gzsmvcsr far which the was ofbservcd. The average laser gpoxver tram»

miss:ie.n was alga mfiasureii, and it was tistimatad; to be .appr{::x.imately 40%

in ‘these experiments. Cariloif at al. (1981) extended the pressure rzxxxge of

tlxesr: ’inve:stiga’ii.:3ns ta 21:9 aim for argon and lmlium, using a laser having

gmad inc-dc structura and f0s,:use.d with mirrors £}fS}1f31"t (1;5-I3.5 cm) fecal

length,

Franzen (1972) and V (19T?S) conductetl similar expsriments with

argon plasmas. Moody (1975) matle a detailed stucly of the maintenance
thresh0ld.s using a laser with game! bea1n quality, and he further investigated

the extinction of a. contfinuous plasma when it absorbed a h‘igh~power lass:

puls-e. Mendy was able to sustain‘ cozxtinuous plasmas in argon at pressure:s

above .10 atm using a 'foc‘a'1sp0’tsize of 80 mm diameter and incident powers

as low as 25 W1. Similar studies were exten.ded 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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 PL, wait

5}, arm

.£€t'gjnre:-24,?’ E;xpe.rimcan-talty»:neasur&d minimum gmwier -required to’:sus.,i'a3in§3ia$;n1;a§.
in argsfin .{*~'3’13.”:.3‘z:t -aim!-es») anti xemm gatassati’ citcies). Fm: a.r;g_-an aboazza '18. ti: .. . ii;
.xttn‘:3tt ’abtt=tIré Eli} aim tiieta it this a m_axi:mu,:.It pmver .t‘-o_.rl xyhidh tthe ;).1as1h.a E

  

31:3 nit: (Exam %€iene:ra1z33r, A“, at 31.», Zif9’?'2. America: ~§:‘3sti’t:i;tt::e rtf 13’-hjrsitizsg
reprznz‘r:ti tviiih ;3erm:ission.}; '

K1osterman:.2md Byr>:m (19%). perfsztcrmed. axperitnents an plasmas. in a‘i::
1hat’wara»’initi%ate-d :f;_‘=a111,;11ata}3t:iC ta_t_gets using zelativeiy iiattg’ ;}i11.3fi=$:if£Gm fa.

£13? tvasm: at pewter-s tax 210%} Thasye gliilfititafi were tt£)t»s,tatit3’tt.atf;yg.
hut p-tczpaghteti "intro the beam at st1'bs.c:ez1:7c. vekmititts; Thgey ’-xttaasztred tfités
prapagatisttn veiaizity as 2: 'fut2t:ti’an ‘cf beam diametetf am} ’pt)wt3z*., amt} them

.nasi1i.is were svideiy used to c0m_pare the aarly theoretical moéets for the:
§ast.=;r:~s’ttpg‘3t;rtec¥ czentbmgtien wave (LSC). The »c:::bs<:rvc:t§ V€310(3it’i§S ranged
from if} :0 5i) misec. and were much higher than those pm-tiitzted by the t>ne~

dimensienal model cf Raiztzr (1970) when the .radiati0n transfer was he-

 

using.weI1~characterized beams from continuous carfban ciiezticte lasers at

powers to 15 kw, and they also studied the igniticain thresholds for aluminum

anti steel targets in the presence of a transverst: wind vekacity K120 misec.
Detaiied measut'.eme'nt‘s of the structure of the LS1’ were Qbtained. by

Fowler and Smith (1975) using in'terfero1n,etric rnethocls, and by Keefer

et :31. (1975) using spectroscctpic methods. This measurements were ob-

tained for plasmas "sustained in ambient air by a vertical beam fmm a com

tinzmus carbon dioxide laser opefatitng at a nominal power cf 6 kW. These

rcsu’1tsindica.tetI that the maximum temperature in the plasma was approx»

imately 17,0()0K with the 15,000K isotherm nearly coincidingwith the cutter

 

giectxati. Simiiar maasuremants were also made hy 'Fc3w1c.r and Smith (3;Q?5‘)’
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eggs of the laser imam. The sziiametsr of the »';Ei3,i)={}{3K i.so'£i1cxm wait»: approx-

¢ primary oizsjemivz of these S'tI3§i3iE’i§':

.ima;te:§y 3{).mn1, its length was ::;pproxima’iéIy"it$.1nm, and. the ;3osii::%.t::n,of the
ta.m;Jerature maximtun was app£*QXii.:3m’ta3y 11 :;f;r£i3’m -the focus. Keafer‘
at al. (.1975) aiso f£i"ifi1{i s;§i<;oiI»o:$»i:£3rpi<i ax:§::14a:m.:;a that the pfasma was not in
LTE in the outer regionsfvof 't11e’p1asma’wh€re ’£1I£:’te.r}1perature gradients
were large.

4.4.12 ifilffficzts of Flow anti.

Recent inie._x=c;s: ix} tho 1153 of tho. am
it: a. sggecifieéimpxiisa la ,
Caveny, .1984) has .1-e.-<;i to new * V ”

 
 
 

 

 

 

ch‘ar:c‘io£§3:ris%ics .a’n.d. .sta¥:ii.iity of'£I3é$pTa‘S:fl3 infixz s:3.f..?££}.z::e4:1 t:=c311~ A
veciiveo fiow.

Conrad 61.31. (19’?9),.*stu-t:¥;i£3:fiT¥.$‘C:3 W3
ifram 3 sparijs: x3is.c'harg~3. They .a§so

in svhich :1 jplasma was s'tabi1:i:m:i~2§’; ’ _ _
b=€.:2.fi1 by fimrziixg iair uzlciar i3?‘es;s§3Iée» :3 ~‘*. e .:
prgspagaiion, They fi31X‘£zs:¥.£§i€:t.. 1;“ o 1‘ ’ ’
m~iaa"fr=am away 1.09%, ”
.’ne2}r}y' zero, ‘when this avexagiz: 135:3: .2
rasuim, not wiciely availablog, were 1 .. » »

5.iI}CB M "
he absorbed by-me piiasma flow. . on . it

Mea,su1"=emcnts of ’th:e;flow vaio-:;i.;tgy m .6.-{3£}“{)}.4t§1",f6gii}31§ sx;r;£mn<iingt1h.e
high:-o.mpe.ratu.re p'?iasma core 'w81’*=e ’t:si3"ta’zié1€:<'i by Gafioif at 31. (.1.93‘¥§1§.sing
a laser Dopplar Iazxemom-eter. The’ plasma was snfiained in argon within

21 :.:£osad'ceI1, and it was oif:3a’:rved~ mat a zhermai huoyazncy »driv»ez1 1'6€,iI‘=C1’.i~

iation cell deveioped in the <:h.ambar. ’TI1a’xx1easn:rm:i velocity -fieizi -near
the plasma showed that the streamiines was defiectad ?ouEwar.¢:i mounti-

t;he..high~temperature core. of the plaama. They found that the velocity far
from -the plasm-a core was about 5 cx:_1Iszac.and increased near the piasma to

20 c111/sec, Amore detaiied invastigzition of the efie-ct of flow on‘ the range
of powor and pressure for which the LSP couid be maintained was reported

by Gerasimenko at 211. (1983) who aiso sstablishcd that th-odischargo wave

velocity exhibited :1 minimum value.

Experimexxts 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 systomlof 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/secpro»
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vicicd but}: fi0w’v;%!0i;i_t§as fxfmn. 11 ii: 22 cmfsm .1;3e’£I:z1i’}ed te1r;p€:r-atu:rc- mew

su.ram€nt;$ cf «ante: reg;-sans -of télm fit.1x§sr- wow EQGGK were: made using
txmgsteznarfifiaixz:;2.;:1;}:srn§:£§::;:>upi»zs. »M::.a;s1:tad ‘isotherms ware presemed far
two pressures;,=};.1 aim atm, -and two.incident1a.s:E:rp:3wers, 3.3 and
6.5 kw’. They aim :mesasure€’i £112 plaszzia iabserptinn usingv a wat::r~co0Ie:d

»an_;d? :ft31m<3 ihafst the fr’ac‘i.:iz;3na1 ai3s~z33f;_:£i0n {if the
at-’t1;1’::a ‘ 1a;.$s3r31;3svars.

. _ » * ’:;::::s,g3_i;:,. a’s.._rr;:::£;:1i:&» cgf the gpiasma ragien above
Iiafififiii 15¢->3 .;azr2m;{ Efiffiffi »a1;-(1§98§)*fc:o:* piasmas Zszizstaizzed in a
vcrticai flow af argon by :3 6&3 iias»er.. ’iI’.§zs::p}asn1as were .sust:ainad

” ’ ’ " ’ " ” 1.‘ 31’ "57’  ; 3 ‘5§?31§§3i¥§‘3¥¥§.iTaE-Bf: sficiians Th?»
V ztaiimages: of 't’hep}£1sm.a
' 8 =£3£?;3'}2i€‘é1‘.§::'.Ki at-1 *326i.§ am, -a spectra:

_ lad awiéieca frazrze rates (§fif5cc} “us~
camwtar; Tl1’€:sc- .imagas. were Abei-:inveIrtie:i

iihai mzsxxki be rttiiatsii: tn the yiasrna
” " ” '~ £i"r.§::m1<zt:i::.ray’tracing thran._g}i

- spatiaziy ':'::s<3iv$ii ,::nea:surem¢nt
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. iaugzyazzgy-. For this’ Zigmiied

3;, : aytha fit:;v;”11ac1»’1itt¥:ejinfiazencfi
. _;;z1a:sima.»» . , $a:t.:e.tiiIed .s;;}a¥;ia2 m;easu::emani$,

3:2 razunniiar beam fz3r;:3$:e£i ‘by lens-as (sf 203 a-mi’
, ‘t .'<1r:_£.a_._nce :ia'f»sp}1grica1. ab~errtat§{ms rm

gs}; -' . ..:a§:::..C7it11ai;t1z’a prfessnrfl fiegaandenae
% ansifim:-aisiy :s:iif£6r=en: for the ram leiisifis. and? cczmiudcd

that exgzerinz-e,ni.a}1y is:ieter'm.inet1 th'r-ash-aid va1uésfwe.re Specific ice the Qptica}
gaamatryxxsed. Fig, 4.9 »sh-mvs the pressure: z:iepeni§.e:nce af fractiszmal. power
ahsorpticirz. nbsérved izsiirig *f»:)»c’usin’g 1631535 :1? We ::i.iffere-rzt :fm;ai .‘Ie11g£hs.
.I‘¥t1taVt23at, -{or the {anger ftzcal 1an_g££1ia;;.n._s, the absrzrrbad. pawer de.£:mase:s~

sharply near 3 pressure 9f 2 atm. Im:3e:£3c1., it was not pcssibie to Su3t.aiI1.:§.

piasma abnve Eatm using the 305 mm £01331 iength lens and a volume fimv
ef 3,2. standarxi _Lfmin..

This experimental i.nves.ti_gaiion was extended by Welle at al. (1987) to-
‘include -incident ccmve-ctive velacities up to 4.5 rn/sac, considerably larger
than those induced by thermal buoyancy. At the higher flow ve:'1ocities, the

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

influenced by-the forced tmnvection. Fig. 4,10 shmvs that, inthe ease of low
flow, the plasma stabiiizcczl at a positicm wciil away from the focal puim: and

developed 0ff~axisten1p::rature ximxima. The off~axis maxima wen: 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
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I*’igu.re 4.85 Experimental apparatus used to obtain detailed spectroscopic :tempc.:r-

azure measurenxents in —a flowing argon LSP, (Fgom Keefer, _D., at 211., 1986. C»:>py~
right Cc) Americ-an Institute 0ftA£:1‘onautics and Astronautics; reprintetzl with pet

missit5n.). ‘
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,i*“.ign1+e.ai.9 Bractianai paws": a'§:§:3r;’::tii3’11 as a: mm af pxassara far fiixreesets of 

flasmas: 263 mm fcmai iengt’h., 3.2 s':d.»iit<:::siz11i:z1 g2§3A.'m’m.fm:IaI '1ength,9.,6 std,
iitcrsjtni.:1 {yr}; 385 mm fecai kszxigzh, s’id.p}_ii:er3_imin. (,6); Tbs: imzidem pewer
was “:10 {firom Keefer, $2’) at 223., .1986; Cfiiiyiigfiiz‘£’iII1t‘3t'ii3§§f&ff}S’£§ttIt6 sf
Aetunzmtics and Astrjxmautics; :cpri.nteC¥..with. byermifia {.}}-1;}; -

st:a.bi1ize.d ai 3 pc>sit.ien much nearer the -focal point, away fmm the annular

prefacus. 'I’.i1:%: 'mgio.n of maximum temperaturt‘: was mere compact. and was
ptjsitzionmti wiihin. the wgien cf 'n1aximum beam intensity. Bee-ause of the

:sma}1er’v.(31ume of the high~tamp<:raiu’re raging, ,t:hc'rad'iatiQn_10.ss decrrsased
{mm 53 to 45% 0f the incidttnt radiatitm, and since the highervtemperatura
portion of the plasma stabilized in a higher~intensity pczxrtion cf the bemn,

the power absorption i'ncreas~ed from €37 £0 78% {if the incident beam. pawm.

This aflbct has significant implications regarding» the regions of power and
pressure for which their LSP can etxist. For cxaxnpie, aithough it was impos.«

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

and 3.2 stzmdard Limin flow, the plasma. could be sustained with this lens at
‘messures above 2 atm when the incident iflew velacity was increased.

Detailed analyses of a iarge number. of Ias1::r~sustained plasmas have re~

vtzaied the complex interactions between me flow and the enérgy conversion

processes within the plasmas. These Experiments suggest that stable laser
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Figure 4.14:) The effect efi11cicIex1t.'flt:w velocity an the measured is0th61'mi1i»mn~

tfluris far tam piasmas sustaineti using a 293 mm fncai length tens in argon at a
pressure of 2.5 ~.atm.. The ngpzert pmsma was su:stai.ned in an »in.c.,ide’nt flaw veineity
at” £3.58 mfsec xvhiiettxe l€3W3r’p1,3Sma was sustained in an incident fimv veiccity at’
4.97 mfsez:.tThe c0n’t(mr fntervni is SGGK, with the outer contour at 10,50=GK. {From

Welie, R, net 3.1., 1987. ilepyright ©.American Institute of Aeronautics and flutte-
nautics; reprinted with ;3ermissi;en.)..

3’ustai:_1ed—. piasmas may be operated over a'wider,1'ange of conditions than

previeusly reperted by using appropriate combinations Df opt.ica1 geometry,
pressure, and incident fiewtvelecity.

4.5 QPLICATIONS -GF T314‘.

LASER-=SUSTAINEI) FLASMA

Although the laser-snstainevd 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§l€atiDI’.i5. This is probably due, in part, to the fact that the }z.i:gl1~pm$§er

‘ carbon »<1._ioxida ‘lasers usexzl to sustaizx tho plasmas’ zufe relatively’ e-::;>e:1$‘ive
and have not been widelxavailable. In recent years, this si’tua$.io.i1 has bozo
vcharzging as the €£il‘b011 filfhxida laser has found in;crcasifig ac¢=ept.an£:iE:’l§y in~
dustry for various materials processing applic.atio'ns,_ and it is likely that new

ap_pl,ic.atii0x2.s will increase in tho _futux'a.

4.53.. .I..a.5»er I’I‘0p1118.i0I}'

The Acimcfipz for 11si13g7tIl1»e povver inflamed fifom a. laser 'fi<3r fit}:
axiom was ;3.rapoae:i'i1y‘léamzfozvitz(1:§‘?1) a.n:.:i¥ ixkiixgovitcia

at pr*opi:r_1é.  
 

msoarch cm. thiifi csoncapt was s::ar{iae.::’: ‘out, pr:ima1'.ily by »» wmtifi L:a*‘é:<:¥-»
réatori-3:3 anal Pl1ysic.a'l 3»cia:zc:£:s, Inc. “These applisatiozm. hx3xves*?e3*,;’;éa’quizcci’

very iargfc 1asI=£:i“ powésir (1710 1089 MW) anzl 'iIfi$§:%é1*-"€53: Wafléd until r »ntly;
when ’r-tmizarch on the frae.»ele=c:t.a:013. ilajseafr suggagsited max: the

powers were possible. A mviexv of the early work on.t'l1e.lase.r ’;31f€:;;:.:1}f~
s:ioz1*co.nwpt was given by Glumb am} .I('ri::r (1984) amzl, in a 259-81-;i*.§}. 'v:3I-
ulna ailitetl by {I-aveny (1‘984), several »chapters werz -éifizvorttéd ii’: file 1336
of b=&J:i.m£:d iaser »}_::owm_* to provide p’r’0pz3lsit3’n for izlflfliit; ' ’ ’
New ox;p.m‘;in1enta'i invafitigatiafls 0f183£t.i‘»siistain€‘»ii piajsma . - 1
KASA l’+2§3::s'ha'l.i Spacxzfiiglxi. Center, The Ufzzivexsity
stituie, and the Iiniverfiity of lllinois. A ihooroti::.a.l study wasIu11de£"t3}:$n at
the {3:;ixrarsi£y of ‘Fen:2sy%v2;x:ia.. Tl1e»ob;ie-ciivt:5’oft.h& expe3:i.2:1x:£2t;2zl’ stuélias
’wt3I£‘§: is clawing an undcrstan-di-mg of the basia ’physica’l_'p::o M .: ’ ' if " ” ’“ ”
in the stability and pawn: absorption of the LS}?i'r1 3. .fi§f.§Wmg -
of the theolratical work was -to davelop mimerical m6t11o»t3.s f;l}fa,‘:: 80:11:63

with tho. strong gradz'.ents of density and tempo-'rat'z:re and the strong corn-

pI.in.g_ of the plasma transport and thermal 'pr=0pE:rtiE:S that exist in 't11eYLS?..
.Many of tile results fromthese recent investigations lmvja been cliscusseci in

the prsaczesziing sections,
The um of a 1.5? to ‘absorb the power from £11856)‘ baam and to co.i2ve'rt

it to enthalpy in the §;rrope1Il.'ant gas has been Cflllfiil lasar thermal prowl»

sion {Keefer et 211., ‘$384)’. This ‘refers to the concept in which ‘power from
a laser is beamed to vehicle where it is absorvbed’ by the LSP an.c1t:se.»s:l to

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

the fractional payload that can be delivered fr01n1ow»e-arth-orbit (LEO) to

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

system. can be smaller than other high spec.ific~impu.lse systems (tag? nuclear

or electric propulsion) since the source of power is beamed to the -vehicle
from a remote site.

 

 

  



19:8 ’ ‘ . . Keefer

£A5£lZ
85AM

E:‘i> 
§::';=::::s;:«xs

was ‘ V =sz;.a;sa::el:&

Figxare 4.11 .Sche-.r'n.az:ic .repres.ein;_ta:t:i€¥n. of a 1'5£3l{.3¥».iI1€3§£>i' that opeiatgs E1y}.a$»er’
thsarmal p:opulsi0n.. It is pr=edieze£:§ {£331.-zlzgaa .s;3=t’:'i:lfic lmpulsg {Q2} fmnl suah;a’mo:mr
may be several times Agrcaier than '{¥iE1‘§ :e§l}'t%i¥.§“x£tél fm'1[1; cégxvfiintiémal rQck:2t..n1Q'£23-rs.

A ’$‘:{Zl1.$i‘fIt3£iC rapremntaiiun .<3,f»;1:i'ie.~ real:-at I:1£:>’tbiri.:~: siheewa ix1fig.». 4.11.
The inca.m.i'ng laser hr.-tam is fmzusefi ixllii) fh-3 afismption ::~hamber<where» it
sus’ta.i:ns 3 pl.asma. a'tle::<:szperatures of "xi~m._.al@fl§; _16,£}£3l:}"m 'Z.9~,8{}{}K. In . *
cetiiirasttQ‘3nnrm;al§z3:11li7:13=s’£i:m elzzamlei 3 2gf1.~'t§5II1§3=§f¥El€i1r€: pl€1S1Iff1£1(3s}~
mlpies amly a small fraclziéza-n {hf 133% <:l33::11ber’”vaIi;,12za iiZ{l£ifI}}'§X€$3 wlih the :?n—
naming ‘prapellaim ‘tit: ggraiiucfi ii. flaw‘ .l1avi21g -a ¥)uIl£.'f.aIf£1p$ra£ur=e;orf'apprmxi~
mately 36% to S€l{)§l{:. that can l2:a»iexpan.:{l.efcl 'l.hfi91I.gh.’tl1¥:.:1QzzI3 mprocluce.
thrust. Due to the h.igh te£:2.pez%a1n.z*§,.£;f‘ tile.";2:..:s1i22§£$n:ti;al _p{f}f‘£iC}.I1 of
the. alzsorbed »pnlwe:~ will he racliaieél ‘filasma aini 'a§;:sa.:b»e:l§ by tbs:
chamber walls. In :3:-tier £0. utilizg this .rml.iate.(i pawer¢ffective'ly, the cham»
ber walls. are ccsoled by the i’nc;0mi“ng »prc2;3ell:atit in a regenerative cycle. if
the power ‘radiated from the plasma loan 53 li1n.it:s£l it: that r::q:1ire»cl.t;3 raise
the propellant from sterage *.tcmperat'ura to .311 am:-eptable .i.I1,iat tempera»
ture, than allot" the abscsrbcd pnwar San ha u't’il.ize£l in heat the 'p_rop~el.lant'

and no extarnal radiator will be re-quired. Sufficiemt mixing cf the inlet pm-
pellaut and the high~temperature raglan within the must be insured to
Aproducethe bulk telnperature required for tlzenozzle inlet and to minimize
the radial temperature gradients in the nozzle: flaw.

The fraction 0f absorbed laser power that is last from the plasma as

thermal radiation has a profound influence an the 'pE:rf0r1nam:e that can

be achieved by the thrustsr (Keefer vet al-., 1987). If the accegtablc inlet

temjperature limits the enthalpy of the inlet flow to I20, tllen ‘tile final bulk

enthalpy will be limited to hip :2 h.D/QMD, whats rxg;-,0 is the fraction of
the absorbed laser power that is radiate-cl to the walls by thermal 1‘a<liat1'cm.

The final bulk e.n'tl1alpy and, therefore, the specific. impulse of the thr:uste:1‘
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_ wi.11'b-e»t;16ier:riint:§ by t.h.e:rac§§ait’es:i fraction of’t;heabsorbrsd .Ia:ser powm that
nimy he absarbeéd regenerative coQ}_ing. '}£i.is ’£i1::a’r that the success <>£’t1zis
Aeeneegpt z'esta._c:n. the eeiiixy it) sustain a stable plasxna in a forced. canve-ctive‘
“flew that can :a?asm:h .s::¥:§t:aza:ia.1§y 331 of the inc'_cs:m.ing radiation ‘and to limit
the ftagaiizasra £3£:£h.e a,33$t:s1??3ec% Easer power'thati5’1ostfmm the piasma ragion

thraugh £_iie:rn1a.1 1'.a;§i" ticm. V

An~a3:hr:r.fae;zn“r::11* .. f§i1.e”’e;ct»’t.he perferxnanfi-6 of ihis racket comzetpt is

the eeefiaz etetnperatuie €3.15 zbiitittzn at the .n;§.*“'I—i: fhrcéat. .D>;i’e ‘tea the sm::>;3.g
-eatiiai -temp eat-uxeA»,gr=adi3n:e;a.ss:a-eiaiad wlitii iihe: uniess 't}1ere..i3 -

 iasma with the 31;:r:3?r;’mz1d§;21g c{1.i£3‘s=::r buffer
.3. care :riea_r ihje axis -in the

32:3 . ’ a33sefi3eéi»’pm$rer’:e;g:re:
specific 3;3jf}:Pl}.?e3§:s» »’§=eng-and'1{e-safe:

fie;3:a§i:mQ.d;3§ tizatspans £116 sz.:1:&s£mic

__ > _ .. e ’effee£‘ts..
Rt‘; .. . . . iii: ihe- iii a famed <:0I1’veetiv&'fi.0w

have reveaieé. ji.m,ef;’ ’» is} between the flow, pressure, amt}
laser that zie£erm4.. ..tI1§.::at’ . .. Tie i3;33rat:ing raginaes fer these plasmas.
Itwas inane’

szient ’ fiexénsiéteemeef the
 

  

 
 

 

 

 
 

 
 
 

 

efied with the; inieijcient :i3.-my v6}£:sci.ty. C£}:1t:££3}1iT£Ig
’ ’ ' the Iaserbeam, peazmits sta-

  

. . .. .. . .. a'Tb1s0rptii3t1 oi the’-incizienx
ias-er "he :11 and re}e3£weiy-sma3- thermfi rafiatien ’}.as.s.c‘:s fmm the piasiriza.

A, fiime».

cessas 1 the gig imva -deveiepeé anti verifieci using thxa de-

tailed exp ii 153 111'€:Iit$..;3E{cs_‘u 5 fr-em these made} e’a1i:u.I.a%iQn3
im:ii’ea*£;e= th.a:=ii:yc.§eie_gen piaszeas 6&1’: he ens. that w::: absorb 6S»sv3n.tia}1;y‘
aft. af"the i:neident’1ase3*”pawer amiwiii Ease a -szxflicientiy small fpaeticjrz ef the
absarbeii power tkrfitigh ihermairadi.ati£311. The nuineriml studies far hy’~
drogen piasmas ingfifiate ihatxvhe11.highar~poxvsr Ga'u.ssia.n Ease: beams are

amplnyed, the eha’£Xibe1*’wa}.i5 can ‘£38 adequately coekzd by the propellant

fiew in an affieient. regenerative cycie. No “fata.¥ flaws” have been f}iS£:()v~

area} by either the cxparinx-emal er tlheuretical irzvestigaticzns, and it appeaata

that a practice}, high speeifi-c«-’i.mpuI5e. pmpuision systzzm coulci be based on
the ‘Laser thermal prepuisian concept, if lasers having adequate power are

deveieped and .suitab1e window materials can be found.

4.5.2 Ammic and Molecular Beams

A device, similar in con.figuration to a laser thernml 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
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23’;ignre $32. »S:iha::3’;1a1i£:.:>f a :hig.i;~z vczlocity ’mQIe_auia.r baan: _.sgum¢ utiifigas .3
ifamif":‘u$t£i§i1¢i3 {}¥§¥sfl1fi. {Fram Crass, .3. B; and {‘_,’rem‘ers., B, A.” Q}.
A;nierican..1’n;stitu.te of .Aer0n.aut£<;:‘s and Astmna-utics; repI’§ii“i1£Ie€i with :§}fl£}}i§S$'i’{}£}»')»

is the ’pmciIs.1<:’:i0n Bf £Lt0:i}'iiC izzxygen beams that can be used to study’ the in»

texastiicéxi of Qxygan amms with spacecxaft suirfacezs at vslocitias a13d_partie1e
fiuxfis Similar to i}I1{}S%€3'I1(3().t1IItlf‘«I“t3d in the 0.rhi.ta.1 envirtgmmeilt.

Thii plaszna is sustained in a chamber near a small ciiamstar muzzle as

stmwn in Fig. 4.12. The gasdynamic expansion of -the .high—tt:mpt:m-tiara gas

into .21 vacuum produces 21 high~ve.10ciiy» rimlecuiiar Seam. Time of flight mew

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

perature (velocity) .increased drammically as {hit plasma is moved chaser 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*” partic1es1sec~
sr. A platinum nozzle was developed for use with higher '1a‘se.r powers and

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

but the time: of flight measurements was not reported, Basétd on their re«

suits with xenon}, the authors estimate that ve10cities'off3.6 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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Ei,gurv,e $.14 Diagram of £h;;<:=sm3i1 gas call "that ~._gg.s’1z,s:»*:.z:I in. analytical ex;i:,eri.ri1snts
wit}; -a static xaagn fiii}, Gas $’a'm§}ie*’.»; were inlrndiieed thz_~aug?I1,:h:c .ir1j.ec'£is:«:x; ipszr-:
using a syringe, bfiniid xamgzieas ware Eager .a’i.>’iats.’ic-iii frmn a me-ta! strip fiqcateti héinw ~
the LSP. Here WCC ia?'9»ate1*Ci:>i3§i13g cQii.,MG a pressure g.aug.e,.a;nd V is mzacnxmfz
pump; {Exam Ctemfirs, D. 13..., at 33., 1985. Pergamim I’»x'=ess, ’Z{;tx}.‘; 2<e;3r=i.m?e£i with

pezmissimn).

cading se’¢£i.cms, the LS? pmduces a continnaus high~.‘a:emperatnre piasma
that is free» of cl-ectmde ’co'ntami:1ation, and it is natural" to assume» that it

ct:>uId also be mad as an tsxcit-ation saurce. The use of the L3? as 21 scarce:

for emission sp»e.c£rochem.ica1 analysis has been evaiuated by Cremiers et. ai.
(1985) who generaied the plasma in xenon using .3 45 "W carbon dioxide
laser.

They usedtwo similar cells, the smaller of which is shown in Fig. 4.14.
‘A .n1t:mochr<3matc:r, together with a chopper—and1ockin amplifier, was used
‘to record -the spectrmn fram the plasma. The plasma was initiated using

the laser spark} gene.rat-ed by facusing the pulse from a 2 MW, NdiYAG
12133:. It was foun-df that -stable‘ xenon piasmas could be maintained from

1150 to‘ 3200 Torr: using a iasar beam power of 445 W. Detailed spectra of
xenon from 200 to 950 nm.were ebtainad for various conditions of power

and pressure. The electron density was measured by seeding the discharge
with a sma-.11 amcaunt of hydrogen and using the broadening of the HQ line.

The plasma temperature was determined from a Boltzmann plot using the



.1§£3}§i§*?V!;}}'¢ Appmximata fiataetion. were ii“

L {is czapabfie -{sf :ganerati.n;’g 8. stabia, c<3:1.%tazmi:i1:atiufiaff$§:’

Laser-S=usta'Ened Piasmas J 293-3

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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