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 La%§eriii?Susteaine Pleesmas

ifienzfzis R.

Carrier"far Lzaser
Univeeizy of';Teze2£§3*e¢ 59¢: iérstiktzfe

'3.¥I:.I{§i?t‘e:'ix'£3; Yéiznéssee

4-.1 INTROIJUCTION

Piasmas created -by the .raéi.ie£_iui;iff:Gfia ;fQ:<jZmS%13 =1a$fi'1: ’%?%¢'3€» fi!.."’-SI -033-=
served with the .a£ivt_:'nt' 431:’ “Lgiiant guise” £2;-mvitehed, riiby lasers by Maker
et "a3. (1963). These piaemas .‘h:y_gas breakziowrz at
the focus oi 21 fees and. were -:s'I'1?.%§ti*~..iii,1..‘~§.:‘;'I.;I*>“1:_.t'i_}'4*' .§er‘- .‘di%fafi.en'ef iyhelasfcir
pulse. Piasmas w'ere- also G5;S$f?fi%?i in farm en the -szvrfaties oi 1.1'&aiér3aT¥s:ir¥

radiated by'higTh~p£1*wer pulsed or :cem?tim_iox;es.}aeer'3'aft1£¥ ‘fie greyagaie into
the imzziciem ‘Beam at see:s=eniz'. z.:r':s_:;pez.s_9fi.¢ the advent of

mnti.nuous, high-power mt§_:><':'n=ti3iie,:::'.ifie 1 _ei.:'£, i§¥;h§éa2:1e_;pe;ssiib.iie tie‘ siistaizt
a pzasma in a steatiy-state ::o::<5I'iti{m the f.£’&..i?5.!;1§ cf a=..2aee_;r and’ £116

fi¥3t.experin1.e.Iita1 ebsexivatigjn cf 21 -"‘-eeniinuous 'ep_t’iea1 tiisehaege” was r_e~
ported by Generaiov et el. (1933). -’I.‘ii"e- centixxucms, laser-sustained gpiasma

(LS1?) is often referred to as a ce:z_fi;1';x;<>j;1$ epticai disc_I;‘2_a1*ge (C(31)) anti it.
has .3 Irumber of unique 'pr0p8rtie£- 212:3: n§a1;e;iz=an'in:.erestin_g candidate fer
a variety Uf applicatiens. _ '

The laser-sustained plasma shares many characteristics with other gas

discharges, as explained in dezaii by Raizer (19813) 1‘n his comprehensive. re.-

view, but "it is sustained t11ro-ugh a't_§s.orpt;i'on of power frem an "optical beam
by the pmcessof inverse brems'strahIung.- Since the optical frequency of the

sustaining beam is greater than the piasma-frequency, the beam is capableof
propagating well into the interior of the piasma where it is absorbed at high
intensity near the focus. This is in contrast to plasmas sustained by high.»

frequency electrical fields (microwave and electredeiess discharges) that
operate at frequencies below the plasma frequency and sustain the plasma

through absorption within a thin "layer near t-heplasma surface. This funda-

mentai difference in the power absorption mechanism makes it possible to

189
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genome steady-Etazcu pia'smas.1?.a.v.ing .rx1ax.im.:i.'m temperatures of IGQOOOK or
xnore-in '21 #1331 «name near-:zhc--Edens oi a ism.-far -away from any tic-nifining
strum.-ixxm. A photo of.a._p1a33_;I;a. sustained by 3 “Ease; beam focusedwith a lens
3% shown in Fig. I‘ A EEOW fiaussian beam from a. carbon dioxide
1215:? was f;'G£’£‘.3_.‘I_‘$4'§-‘:3 :_3_._ 19 'I':'1___f<_3czi3 [3e.n_'gt"h ‘1o3‘2_s into 2 aitm of flowing at»

gon. Fig; 4..1(b§_):s}i=oivs _s'c'h_er:1_a:icaZiy how tm piasrna forms-vdtliin t11c.fI'3.'f:81'
rayon.

 

€

(3-..¥33?£.t'i§2t13£3'x33}‘,f6'.I..’:$‘i3;S $i1£3,s;_‘_Q_aS ._hav.€: been produced 3 Vania‘-ty of
_‘g"3l$;€‘;;S at ‘1 ti¥_L1 é.;trn'11§i.t?g!Ea£¥>€3z1 t_'3i.0dtido1a$ers'operati11g‘a_'t
:4 ;of‘1.(3‘_.6 £i%o§.2:1.25 W to several 1:-ilaiwatzs. Most
of these rcxpefiriiexiié-were-pcifozmcd;.i_n Qi;.'3.€:'I‘1..aii" cr.1_a.2:ge_ -chambers-wim
_l'_i$:_i3¢..floi:sz, for iI1=a'_t‘ gr-ovideszi by naiural afmveéciion, hm recon!‘ ox»

;$éc—‘_§:_}3$i'I_r;z§=£}§;€Q $1‘-ail. (19873)? Wells; ‘ea -31,. 98‘?)_,_ and. Cross-‘and
£3 mics» -dezaioirnitaiaéd 't’E;:at. the LS? can be <7.;3t":*2*'.fit€2d 'sI1;;<*J:'c%ss*

fully in 2: -ccfixrcctivg 'i:iiS$?éi¥é£z"'g"e;$ iiaaz operate" zizii -ia? _f£iwi:::;g
environment have been caiied “'fp‘2$i5mj£;§r-fins” in t1‘1_c_ Soviet fitoratura, and
the laser-sustained p'}a'x_'z_n'a..is_ often referred to as an "optical p1asmatro;1_.”'
'Z_-‘$119,362 '?xa‘&*§-de,n:Ioz2sirat_ed ihai p'Iasma..coxaditions arc stxéongiy

dgpahdcnt on ._ifi;€:3I:' of‘-{ho ~;21a;ns:r'iaa Mtiiiiz t‘he- s.i'zstaii1in'g Imam, -and
that .t}1£%:'¥;>ifii§i2:9;_- Egcocgroigcigd .3 xsriiie. ranjge of c;ondi:tions 1';s—
ing-.aip§ropri_a£o..;;£$133}:ii1a;tinns n'f"1é‘s_er powcr-,_ flow, and optical configura.
tion. - .. _. . .

_fIfia«ie;z1::i§gn&.:zai:I::‘Iit;g% to stzxstain a;::1as.:n_a wiiiliia -ac.---small. i_soia:te'<i VOIIXIR6
a§r;¢1_?1Kf3Yé‘;Iy ' ;31ii‘5§$'?v‘§j11‘B$- and'_-;«ton}pc:atu':e5:.h:as s1'zg_geSt_cd =21 zn2:nbe_r of
poicaiiai -3-‘153;I3.iQ§\_2i1£?$§$ for £h&_1a$.§f~suS'.£ai2i€fi piasma. since {kc can
operate. in porn hydzngcn and the <:_az1 be beamed remwcciy, it has.
been '.pxopnso'_cj_§ that tho. coziid be used for high specif2c—.=impulse- space;
propzfisidrx; .g9g_';;g;;';1b81' of papers h'a"v'ode'a2t-with this opp2i‘cation_, and “it was
the. snhjcct of a jr-oqicsv bjy Ginnii: a:v:1"K_rier (1984). Thompson at al. (19%)
described oxporimonts in which "laser energy was converted into c¥_cctrica'i'
cncrgr using a -Iascr~sustainod argon. "plasma. Cromers at a}. ('19_8_5) have
sixggefiied the L8? as a. source £01’. s;3octro£-éhenzicai analysis and given some

experimexzta} result; Cross and Cromers (1986) fiavc sustained "pl-asrnas in
tho throat of a small nozzle to produce atomic oxygen having a directed

velocity of sevoral km/sec for the laboratory study of surface interactions at

energies and particle fluxes similar to those experienced by satellites in" low»

egarth orbit. Other applications are suggested by anaiogy to other plasma

devices including light aourccs, piasma chcmistxy, and matcriais processing.

The physical proccsses that determine the u_niq_ue characteristics of the
LSP will bodiscnsscd in Sec. 4,2, and the theoretical analyses that have been

used to describe the LS1? will he a'ddress_ed in Sec. 4.3. Experimental results

obtained will be presentod in Sec. 4.4 and compared with the theoretical

predictions. Sec. 4.5 will consider some possible applications.
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(:3).

Figure" 4.1 (3) Fhotogr-aph of a plasma sustained by in 600 W _ca.rboz_z dinxittie iascr
beam {unused with a 191 ‘mm fecal length lens. (13) Schematic representation shew-

ing haw the plasma forms within. the focal volume. '
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4.2 PRINCIPLES OF {JPERATXON

Plasmas that are created 0:‘ st-3sta_i_r£et:1' iasers {,‘(a;_£i ht‘.' génerate:j,_in._a variety
of ‘farms-, <1lc:{2t:"I3](i'irIg,.-eat!‘th%i1'ara£:t§;§;i§£ics Bf ftha laser and optical gimme.
1:}; used to generate theméi F.ii'gh»»finéjf§Y-pn-3S€:d_l2'1sn'rs can ge11cra£e_p}asma

breaicdtawn d_ir$ct;iy wiziiég;-aigas'§§:;a§__rw1.iliSi.n atransi{zntexpa13din'g';§}'asma
similar to an expiosian._-1:52 1£!}§_e,r _3'_jI.1.t€;:;3siiie5 and lvrzgar puIs£_°- timezs,
-piasmas may 1>e'i:1iti'atcii__3_£i7t_ Q .$I3x‘i'ix£‘Lt%$;an:i than 'prnpaga;te'into the gas.
t"ai'ni::g "ht-.a'm a.t—.sn;:er3oni'?¢‘§vé1;:;;_ tics as-:2; _a{&€"r~s'n$taihad detonatian (LSD)
wave or snhscxzic ve1ox:i_i;ix=:s_as‘ "'Ta___1.__:»3_’_;:%"'<=:£-'ar.'ia'3§:aiiz:2:t;i ébzfihustibn (ESQ) wave-.

These transient plasmas Imvai Baez: Rafzier {$950) "and xvii} not
be tmazed _here_:. If the 1338? is :_.;;. ';:cms;:_._i22 and tI'1"_¢_ a§tiié'a}
figéamfitry, flaw, :a.%m,;% iézgaétykéfétata 1.3.?-may
The :;:on.ii_n;n‘ensiy- maiihtainjagéi-at_ =‘a'1_'p§1‘:n§téi;:i'3z n_;:a£r_‘tfiej_'.fi3eu$ of the beam. The
intensity that ié -availaifiie a"'cGiit3:zuo‘u;£;1ast:t-is‘ insufficient to cause
breakdmem in thagaa, _.‘:2owever, and an..axm_iiimf3z semrce must‘ 133-233;}. to 3m.
flats thepiasma. .& skstch -of a—St;£aZ€iy-.stata'.1a.st:.t~—si1sta'incd gaiasma is shown
in Fig. _4.3(b). The plasma -may-he siminecz vziilhiii an xxmfining cizamber tr‘:
ccnxml {I16 flaw and prmysi:re- at in 993:1 air-'01‘ a large. chamber where the
fiQw"i_$ cI:etEi‘mine'db:y tlrzgrmgafi buexfincya . _

in many ways, 'the3asex«suszaingc_:2.p1asma is si11:.1i}_aI'. ta direct current 01'
law-frzquaizcy e3ec§rx;}d§I¢s§_='=a:_;'gs and ':ni§.::i:9.vax_re, :§is§:§1arga_s't¥3at-are apar-
ated in simiiar gases '2tfi51a'r-_pra$snx;e$..-Htisvexasr, the LS? vsriI1.g¢ner-
any ha _7':_xt:£::r{;e- 'c£3§i‘.i}2aci5 and Ifighér '¥;.<:'t1‘;'1fa€:r_atIz;ra 't11a:;1.o't§1er

  
 

-czmtinmaus arc -s£$n'{c.¢$-iiiidl Q-‘an-.135 susitainaé in a steady Mate with away fram.
containing. boundarics. A fnn_d'an1€:f£ii‘a1difi’eI'6nce in the way in which en-

acrgy is absorbed by the p}a_sma.is r6sp£3;15§b.2€'>.f£3£'i§1c$f3'11ni:£}'iIfi characifirifififis
c.f'the LSR

4.2.1 Basic I’hysicai i’ro(-(«asses

In a direct current (dc) arc or in an inzinctivciy c-cmplcd pkisma (ICP‘), en-

ergy is absorbed through ohmic heating produced by. {he low-frequency or‘

direct currents flowing in the plasma. The eim'.':£rical Conductivity of an ideal

plasma is. given by -(Shka1.'ofsky at al., 1966)

neg If —Eu)

°' “ 32:; (V2 +3") (4-13
where :1 is the electron‘ density, e the electronic charge, m the electron mass,

as the radian frequency of the applied electric fieid, V the eifective collisien
frequency for electrons, and i the'squarc root of «1. In the. dc arc (LG = 0),

the currents are‘ transmitted through the plasma between electrodes and
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the size of the plasma is deiorrnined by the Sim and spacing of the olectroflo

and t.¥1e.£:<:'n.fi'12ing' bO3lI.1da-fi§:'S_. In the ICP? the currents are induced. in._';.o
the p}ai3flfi.a from aitornatiiig cuzrents flowing in. a surrounding soianoiiial
coii. The are is su§g§ino;3._3gsvi'thin a container ‘that determines the _pIaSiIia
diameter, wheroas tiie lenfifla of the piasma is detormined.'hy the. iength of
£133 soieizoid, In

’I'i1e..I§:3P operaios at-freqoenggies. woii beiow the piasma frequency

1% W _ _ (4.2)

'-‘fl-116176.60 is-theof fkoo-.s_pace. In this frequency range», the 613%
tro'm'ag:'1etic= 'fi£§I.Ei does :;-go‘? progziaggito as‘ a wave. 'witt2'ih the plasma, but is
a..::3n.;ia:§d. as; avanesomi-:wave'(Ho1tand Haskéii, 1965) avg: dis'£a;11c£:s
c'a.f:;1.a.:e m:c'{e.r <':f~t:he skin fifijfith ' - -

(4.3; 
whom 6 is tiara. s-peed. of lights "I‘}:u.s, z}:¢'...pIasma is. sustained by exam’--afia
sorbed within a.5r;na§1.iay£;r "near its outer surface that produces a r_athcr:f1at
temperainie '§r;ofi;i§¢ wiih'i'1_1__ t'ho_p‘§asmja_ and limits the maximum. temgera.»
taxes that ::;a:é'be;-:i.}a:a“ij::e:i. -

The f1‘€£}‘§l§§Ii6;{ of this-;op‘tioBi fielfis (2-8 ‘EH3 for the: 1846- ' _ carbon tiioio
ido iasor) used."-.f0r'fhe. LS?-.is.-gre.a'tcr than -the 'piasma'£rcqnoncy,- and-t§2e*re~
"fore 2:113 ir'zci"-d"e;r1£ 1353: Ii‘;-an "propagate weii into the interior‘ before

it is s'ignii‘ii:aI3..’£1.34’ -ifi3§QI¥§i.5d' E}1r€!'i!gh the process of inverse bromsstrahlxmg
(Siikatofsky -set. a}., 1956). Sincothe focusing of the laser beam prodxicrsd
by a lens or mi£'.ro'r is e-ssomialiy preserved as tho "beam propagates into fiche

plasma‘, very largofiolcl strengths may be produced within the piasma near
the beam -foc1i$..- It is ilxejsie large field strengths that lead to peak _io_1npera-
turcs in't11e_ LS1’ that are generally groator "than those obtained with either-
dc arcs or the ICP aizdmake it ‘possible to sustain a smali V0i'1III1f3 of plasma
near the focus, well away from anyconfining walls.

Inverse bremsstrahlung- is a process in which the plasma electrons ab~
sort) photons from the laser beam dur.ing'ine1a_1s.ti'c collisions with ions, new

trals, and other electrons. The collisiohs between electrons and ions are

‘tile _doii1in.a-nt. process for the LSP and the absorption Coeflicient is 'given'1'a.y
(Shkarofsky et 3.1., 1966')

M ms‘ 3n.S[,G 1—e“”"’”‘T
Q-(.9) "ET (“<3

:3;:3
:2:3
iii

-35"-53‘H
2:“

-3:?125-8.3-l‘S

av
.33.:

35%

3:55:2»!
2;'1!5:1!5.?!
2-,»:

.;.g:;§
:55
‘:3aa
23
E3
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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)



i.aser«$u3'xainet! Plasmas‘ 375

where I is the. local irradia1,1C€. of t1:1fi..1aSe.I boarn. Since I depentia on -the
transverse profiie, of the-‘incidfimz as W833 as thofocal Iongth and aber-

rations of the lens, these ohametcrisiios wi}l.infi:1_£:11_ce theiloraation within

the focai region at wh_;§;_x ihggzahfimnm sus£ainin,g' i'1.1tensit_y is located. For
exampie, far a small. f{:iumb£§f‘:3§‘éi1$».$13.6-'-iz1£f=Ii$it3i éiecreaaes _r.ap'id_1y'wi£h in-
creasing distance £2-um..zhe-=fos:x:s-.anci't1,a¢: gsiaisma-will smbiiize:-nc'ar the focas.

‘For a larger .finum‘ber system? 1335 ¥a_p"Ed1y‘aIid the-
plasma will -stgbifizc ai .a::po's§fiia<:r ';fu_1;‘iih¢;r ;aaazay:fiiTr£é3.:%ix.t:E1a£_ocx;;§. Izideoxzi, for
fiiifiicienéiy 1m'3g=-"fecal ._1:s1.:2.g'-th._S axis? Kasai: j ob-
served to p1-op'a_ga;te many-:meters {Raz§§£;.;1§39.)=as “lasaresnpgxqnad cam-
'bu51ion waves" at sumqnio

The éetaiiad sgéatial r:¥e;;;6:z:1i3‘1:‘m§.i':I9‘y the. intarm
iafioxrss betwaan-iheogfiicai fgrmaijc of
I11‘: gas; and the flew-'t'hmugii ¥21;e»fi._;ii'9«sza;B.:a.;. 1% W322 ‘pain:--wiiisin piafiina,
th6teI.3IP$‘6i;r;"aturé§.an;df fims: ':a':i%_:t£:=a}:3§_uat.:fi that absorbaé.
from the‘ laser with -the ins: tfirongh zzammizion-, zwzzduzation,
and thermal :adiati't:m. file position :i:1.t}m“§béea;§2__re;_1atiyo to {lag focal point

at which the 'p}asma siabflizos thestructure
of tho plasmamat-,.-in tum fietorninitew am ggmfiifinns txf__p£:"w;::3 grcssurg,
ai1<3.fiW'£hjr'12?11.i.c:h a st.a.ih§¢'p'1:as'fi1a

Most of tho eariy out inside-large
chambers or £1: gzpen-a"it§'W§1ef!E8 was: detzsnxained
by the effects of thermal} bnnganay, ZI?‘_‘meé_.f'€?3£.:=Eii geoinjetriaass mm naezi and
thy; 13ri?;‘;s'S2'1te- and laser ééfiiié f$3§,i1€3i$i$ of aixd

Wheté-it was poxsiléiié to s:z:zm'i11.t21“£s.;I;;SP=..ii: aéwariexy -of gases _(;:-kn-
eidaiov ct-£1}.-, 1912;. xcmav at _ai.,-- '*Fhasé.. mtpezimmts
indicated that ‘there were nppar ané iimits ffirfhoifi _powe.r and
pressure at which the 1.5? -coifiti susminéd. .

Genoralov et a1. (1972) suggested that tho upper limit for power was a re-
sult of forming the LS? .w.i.th a hotizonzai beam. In this gemixetzy, thermal.
buoyancy -induces a flow transverse to £1123 optiaal axis, The induced flow
carries the piasma up and out of the beam when.'hig'l1er'1asiér_p.t3w&r muses

the plasma to stabilize f'art'_}1cx from the. focus. They were unable to estab-

 

Iish an upper“ power‘ f_limi£-when tho experiment was oper_ated with the beam '

pro_p'agatinTg -vertically upward. Kozlov et ;a'{. (19%) deyelopoéi a radiative
mode] for the [SP and explained the upper power limit on the basis that

the plasma must stabilize close enough to'th'e> "focal point that the geomet-

ric increase of Iaser beam -intensity going into the plasma was greater than

the loss of intansity due to absorpfiion. They specuiated that the failure of
Gcneraiov 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 experi.men't_s of Generalov er al. (1972) that flow can

have a large effect on the range ‘of pressure andlaser power that will support

:\\:9<s<’.s<o,~;z;.z:¢§%<‘?‘}-§4::>.n.:.s-\?»>'.2.e-t~}:-2;:2z:§3<za§iz<;;$=§§§3i§t%§&%%o2&2uz;::zEEi£E§.iii:zii:.zné$.:fi$'a.$i:$;£¢L$:2£i.i$2
.=.:-(7-::.-'-av:-;-.:;£

s:$::'-3-5:55:53-.:sa\m:«\.



’ 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
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same time, the plasma lengt-h along the beam decmases "because ‘cf the dd»

£;1f$as‘a in abs<3rptia11-icngth, but the diflmfiifli increases ta fill the-la:-gar -crgssg
sectiegm (if the ‘heath. Thus-, for the same. laser beam co2zc¥§tio¢’!'$,- "a .h.i'g“hex.-
pressure LS1"-’ will stéfiilizc _a_ point farther away -from the focal _poi3::t and
have 51 sift}allfir.-length-1o»dihme1e'r ratin than a iower~pres.$ure

iI'I£:idant.'ia_se'r pawn":-,_. as well as the ffnumher and aberratio'_ns.{1f the ff.)-

mssing t:3pt.ir:s_,- will -(flax: infiuance the ;':,_<,3;sIi_i.'-5.911 at which the: LS? st;rib_i}izes-
"within.-me .ftm'a'::t2, ,F3':m':'1 jzfie forégqing éiiscussian, iris‘ aim that -as the-'b_ea.a1:
}3.!3W£:2"." is incxeased, the plasma -wiflmavc up the away from the £6331

T5113 distance ihatxit masses is ciatcrmiaed fir the flnmnbgu‘ (ztatiimf
fq«ns1.‘im.1g;3:.2- to tixt: diézinvzerz 'ine.i:3'$m_1m thaj-f:m::.:~:éi:_g §;!e‘ftI.1ar1£3- 'f8;f'i31.13
;3pt§€:’E§I sings the rate <'>f_ch.;a:ige: in main -fixtensiiiy iimixzai
axis xvii?! ah iz1{;:ea,s<~3':in fffmmhtzr; aihmifflfliflnse '¢a,I1.-83$£#'§1s&’V3-

cm_p13;sma pcasii'i'orz (Keefmf. et 31., In pill!’-'¥':i'£‘.‘1_I__l&x, syhm-an an-
:1tI1;a'r mm {mm an ugstabze laser izfiéiil-3:3: is. -fézusfea by 3 syn-atical lens,

_ £1t€:. intensity $31 r:'egi'_r;:n xzaagr "be. $x1ffii:.iL=:.n‘£' t_o snstaifi an .=a:;-§;_m2'a.z"
Efrem-t§§1e.£3l3sanratians discussed aibme, fit is Eifiiai‘ ihai"'§-hfi':f):ji3Sii3€3f1 9f

the: glasma relaiivs in the {ma} win: E1".piflffilind-Eiff£§t§i'£}31"'§}1§'}§La8111a

-,p:£‘a3X*£Iii"£*:_; '-it‘ a§5.'§J%éi"2*-S that £33332 pl:;~'3$_n1a Baeebmes .11xista'iiZe.'w}m'n i3t"mmes-
f8f'f}'.‘§3£££ ifhé fi:3.GaZ'p{3§I1_t. T111‘; mayba due ta‘-{ha fat-:1, as ;_;:gpp3ad;hyf§<§I€S$1Qv
6% a1. {-19%}, that as the priasm-a maws sufficiently far-away film
file" ram {sf incraase of the beam .i1'}.£821S§__ty in £231: é1j§r_ac;t;i_c3;1 Qf-ygfiyggfiigxg.

snaialifir. Sizzce £;h"e. tfinapéiétizra <35 ihé p31a;*s;ijrxa1.:ni;;:s:,-fat:-irea:ze..ca:s.tI::e

prqpagam into the ;'zp.str'c.a1I'I1 ezige £}_5f‘theé"}}las;;;iai t;ii'3- ixstensizy nf--the.
’beam='mns'£ 3359 increase. At-some paint, ihe;_dccreas'<: of tlzehfiam intensity
éizzes tC:=-aifistirptiem is greater than the itzcreeasa due {<3 focusing, 33 the plasma

Imsiahle and exzinguishes. Rcceni izaiczflaticans by 3'_cng.and "Keefer

(198-?a), hawavcr, infiicate that there. may exist local regiszns wititin the LS?
where the-‘bazim .intensi'ty dec:re3se,s.'as it psnetraies the plasma.

. A'£:£3:1s§'(ierabic dagree 01’ control of the structure. and positing‘ of the L3?

can be gainzd throllgh both optical geometry and flew, in additian to 1353:

pnwcr and "pressure. Utilization of these: addétional parameters makes "it
possible to successfully operate the LSP over a wider range of experimental

conditions, enabling a wider .range of potential app'iicati0.ns.

4.2.2 §’ias.ma Characteristics

Laser-sustained plasmas "have been operated in a variety of molecular and

rare gases at press'_u1'e5 from I to more than 200 aim. The resulting plasmas

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

it.pr§3£diti€>_t?is an annular piiefoczzs region hafdre -reaching thefacai azni

éizazafiiéziristicsa fiat tffle ‘apps: i.1'i2*n'.im pf-s_ta7bi¥i1y fer 'iasaw'_r-= ana-
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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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Tho a’tisor;;;tiozx- cooflicient in the plasma depends on the waveigcngth, and
for the o}tr'avi_€$1e12--portiian of the spectrum below the wavelength of the 35350-
nancio-iines (trans-iiions iiwqiving the ground state), the raciiazion is strongly
absorbed. by the pizififizxa the: cooler s_u:rozmdi.ng. gas. This rosuits in a
sat-onjg radiative far-{3.:1$port“mooha-nis-m that is £m_portant in deto2.mi'r2ii_og tho
s'troc$.I.l.I'€: of tile piasma. Qfton, radiative transport.-for s£1'ongiy.a‘b;sori)§og:
gases _is'::'I_1oii_e1oCi as ra coorgy tran§'por.t sitnifar to t;hcr.mai..co1zs:hzc«-
fion. In-£hg;'is_trozi3,_'ig2y _ioi:i2cd.rcgion3 ofzhc piasma, tltoradiativo iraosportgis
many 1imBs.'1ar_,gor-{inf} I1t2_e‘_."fz1iriz5‘2sic thcrxna} oondociion and is the do-roinaxzt

heatétransfer :a'1c¢hai1.ism_. is gspeaiaiiy £1523: in "the ups'o¢_am of

the -whet: the temperature gzaam i’s.}arg.'e:, and" .-radiation trans_{3o'r'-.£.
of-the incident "flow.

II}, 231:5 IoXig£¥"V§&3%‘¥§:13g£h region abovo the resonance transitions, "fho.a’o-

sortption of't7he...;:a:iiat:io1i by tine -plasma and tho snrr.oumf}ing gas is "moch-
‘smaller. absorption lorigth -for this radiation is o.,ftiozt _1j£...1'1‘_7g_o coxnoaroa
to‘-the tzharaoterotio comnsm of the prasmaé, and much o£"t31e.ra£:ii:a‘::io:'z

es;-agocs.-. xogioxi of t;§1_o.spectxu'£o, the plasma may ho considered. £351}-=
-ticafly anti’ §i"£':1;1.:3";}i£1f«'!11a 13 in LTE, than the oscapi}:_g:radia£ion canoe
usod to charmzterize the _tem;3oratuto within me I-S}? (iioafez ct $1.,
Woiio 3% 31., ’1,98’?).

tcfoporatfirié wi-_tj'h;i‘:.:r the ‘plasma is "far from zzoiform, as .sIio&y:1 in
Fig. 4.2: .i:'ti1fBt%i.£'3€¥ Iisédkn c>'1§"t'afi_n {ho .cxpci*i:i1cnia'i tomperaturos-showia
in figs. 4..-2, 4.4, and -f¥.'1E3 ficscriocd in detail in Sec. 4.4-.2}. This.'figu'r‘o
shows an oothagm--pig: of the £¢1:!_§3Bf1‘ai.i3rc'$-:2t1t:.a;$”i3i?€f<1 in a'n,_LS_P §§3taiI§o£i
in 2.5 a':m_ of a:1jg:on_'b;y a carbon “dioxide laser operating at ‘a wovoloogfh of
{iii-.6.-,ts;1‘n. 'i?he'_;p'3as::'3'aé. Ifmigih anti" diameter. as detcrmino-:3 by-this 2'1},--Sflfiléi
ioothorm, KY1: 11 4-mm", rwpectivoly. Notc ‘the stoop'tczI2<pera1m‘.o gradi-
ents tI1aioXi'st.izIt t§1c'up*sftoa1'1i1 porzion of the piasma mid in tizoradial _tiEr'oc~
tion ‘near the limit oi the iascr beam. The temperature graciionts in tiloso

regions are of the order of 10-6 Kim. In the ups:rea'm.regio1'is of the: plasma,
the é3'r"c'.e_tion offhes-convective energy transport is the opposite ofthat £3116 tilt
tizetmai conduction and radiation transport, and a strong temperature gra-
dient develops-to balance. the convective losses with thermal conduction and

radiative transport. The magnitude of the temperature gradient depends on

the flow ratc a11d.incrcascs with "increasing flow. Strong radial temperature

gradients develop neartho edge of the laser beam where the available power

decreascs rapidly and are stooupor near the focus where large conduction and
radiation transport. is required to balance the large powers. absorbed from

the beam. The peak temperature in the plasma occurs near focus where

the laser beam "intensity is maximum, and the peak temperature has a vaiuc

that oorresponds ciosoly to the temperature at which the .fi rst stage of ioniza-

tion is nearly complete. The correspondence of the maximum temperature
with complete first ionization is to be expected since, for a constant pros-

.-..................,,....,.......¢..\.....a.a..‘.....a...a=m:.wn<M:-w"-ec-ee-«we-a¢<:<4m-eva4+se<+Mc».+-9-a++a-''I+ ''Jam-ac«av:mwmwwmhwuxzwutuzxamem22:2mum>2:22we>2»:2mm:2»anré2;;iks:>2$9:>>>2::2:-m:::-;:-.-:;:'-.§\:'-'::_-_.'::a-j-j:::'i!:';-.:1-:"-:';:;-":.=-.'='-‘i"".7*-".'.’-:
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Yigu:-e 4.2. .M_e'asu_re<: isotlmtms -fora 2.5 am; a{::gaig;;§31a$§;;:;§._g'g;g_-ga_i::aé§:i3§*-anAaaaniar
beam from a carbon diaxiaa "taster focused by "a iaim-0f'32.i33 {natal iaagih, Tim
i;'t_t)'1*i2$£3I.'1£a.'E. aciaie was araitxariiy chasm an the faczus at $9‘-mm, aafi_._¥3}._';1_-13.1 zhe
iasflbeam and :t_1_e'_flow are-incidani from she-iefi. Thjc , "'1?! "izitiéffiffiifi

the ou£e1'co'ntour at 1(3,500.K, (From Walla, R, et al_.,.1T'98?§".._ Giopyright {{2} Araericaa
'Ins'zimz.e of Aeronautics and As£m.t1au tics; -reprinted with pazmissioag);

 

sure pias-ma, the absorption coefficient passes through a maximum at that

tamperaturc. '

Plasmas have been sustained ’t':ay- carbun diaxide lasers in a'variety'- of gases

incI.udi..ng the rare gases XEIIOI1, ‘argon, and neon and in sevcra-1 molecu-

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

Piasmas in the heavier rare gases (xencm, krypt0n.,_ and argon). are the easi»
est to sustain since they have. relatively low i0fl'iZ§1fit§I1 'pc)_tentia1., theirt11cr-

xnal-c-anductio11 is relatively small, and no dismciation energy must be 311373--

piied. Few experiments. have berm reported aging {ha lighter rare gases,

but Carlotf et ai. (1981) have sustained optical discharges in hciium and

113011 to pressures {if 20’? atm and Cross (1986) has operated a discharge in
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new: with admixt1;ms;o_f. Qxygan. Emiativaiy higher iaser pawers were re»
quircd with haiixzm t_:7_ afisai the grate: iaaiimaiioa 'pt:='tea'1ia..i and re'iati*-my
ia;("ge_t?harmal candaativity, maiacalar 335% 3:18;) ;-eq11.'_ix‘e: graatcr laser
power since 1hese.:ga‘§‘és -abfiarh sufficialifi-Energy to Iirzgierga dissocia-
tiun befars may can l32&‘iQzi?z€«£§. As diswssafi. .e.ar3ia_r, -the thtashzsid bower
rcquiresii to-nzaintailfl a piasmafiapignds -an the details 0f the ax;:'ar1'm.an£in-

c_1_u£3i_r_:g bx-tam q1;aZlizy,_ a§.':£i§3éi§_ 59J'£§3 aberfatioas, and the flow rafts,
Ear-example-, Ganaraiav 16;: 2:2; .(19?‘.?;)-faaaézi :fi1.'ie- ;'1{3IW£:.-I far argan.
as a_pjire.ssii;1*.e at? 3'8 'a"taa'i‘a- be 99“ ifiij Mandy (1975)
fcnrmi the .thre£_h6"}r1 taba ap;axaximat2e1y- .a£:'th_a-3-a1'aa.=cm1d_itisms. Fox a
si':_n_igIe- ;eag§a:fi'zn_anta1' «';0nfigi;raLt3z§31;,;I,<f:fi¢13o_v= at .al.__ _'(_:{§‘-}’l9) fmmci the threshold
'ia<=ita'a_st:£i gaina 5*.~i.t3-...3”:.si,iiIif3‘3§fi€.%'I;1 ta‘ ;ta-da_¢a:ea§a3a_aia hydrogan.

.4.-2.3 Pracficai

Appiicatian a§1asar«s'a,staix'.1a':i has-_.. .219; wiziafipxaad, and most
ofthe-ap'era:iana1-.sys1ams'hava-aaaa éanszraaiaa-.ia Iaaazatories re.
stud)? 311% plasma: itself. ‘fan has-‘bean 12:56:} in an expa::imt:n.;t_al attampt

ta aneasura'ths_i2igfi'e£amp§1%ata£ae,_absarption fa? mixtures afwatarvapor and
hyaroigen (fiavzibn, has 11;:-"_:: ‘fa generate very
highapemi -'mait:c'uia2*' bzargigea ma may :':‘,2f‘._8:8.'£_i‘:i}.‘i'!.'e suriaca iz1't6_l"-
a€%'ians,- arid Srazaaa-._a.; at-= (.i9§18é5;;f??:axza-xx-Santa)" t'<h.é—1.-§3? Sea a=Sa1.af?-ca for atomic
spactrascnpyi R_e,c'e.atIy, fia':‘a°iiae‘.¥’._ iabaratmzy sfizdias of--the LS}? have been
condnzficii by'Ki‘:"ifif€=:1?"€r_i."-31; W636 at a}. aI1':i._Kri't‘<:r at 5.11,. (1.936)
{£3 deianfziina 21;:-la‘-.i-r-s-aiiaaiiiiy-ffilasar prapalaiaxg,

The exgmrimeats .aonaiIsaa*aa§ac3ar—s_i3s£.1a%1!Tati__§§a$?i1aS bean per-
famed using focused "beams from camirmmzs carting dio2a7_::ie_1asers with

cmtput pxrawers betwean 8 few’ tens of watts and several was of kilowatts.
The simples: way to create {ha is ta‘ fiacaa the beam from the "laser into

ambient air using .a_ R5113 air mirrarl If the pawaris appraxirnataly 5 KW ar
grcaier, a plasma can be ‘initiated by a discharge near {his focal point that

is created by an arc, a pulsed laser‘ plasma breakdown, or by monxe-zitarily

placing a metallic (usually.ti1x1gstci1)s11rfac-6 ii! the f0caiv£3.l11iI1€- Thfi Sta“
bility of the LSP is enhance-d by operating the beam so that if; is pmpagab
ing vertically upward toward" the fracas. This i'nst'1res t'I1atthc'fi(>w induced

by thermal buoyancy is in the same direction as the beam propagation and
does not tend to ctmvect the hotplasma out of the high—intemsi1y focal rc~

gion. Various focal Itarigth lenses have been used to fucus the beam, with

typical systems having focal lengtimfifcxxaz 25 to 300mm and ffrmmbers from
1.5 to S. Plasmas have been sustained using beams of various mode ‘struc-

tures: annular bt_:a_ms produced by unstable oscillatars, 'mu}'timod-a beams

from stable oscillators, and Gaussian beams. There has been little syste111-
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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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it'tie!"se¥ee:'"I3; imisf)

I<Tftgn;wg5 {:'ia'_i_x_;g';j:s;;g-_«.'~_2._\i,g;_«_-__a_-;r;;;_;';;;5 a{.iz3ci(i;5i_'1tia5€:§:1f!OW$rt?}_ai.are-ahsilrlfifiilanlizrefaf
is hydrogen. plasma -at :x_p_rejssurie eifi sent ’f£2e__ip2_ssztta =.f;_iz‘s'£?s'i£aefi

itys .Zi}.k?llr*'=£?ra_taf%_s.i:aI_:t b;éia,m'§13sing 2! ?Ii1‘?tii8tIs'I?i'0f 19_.6.;utt. (From.-Tshgt M.» 321;!
3[}'.,: {:3 American Irtssimte of .étezo'_11aut'im and As_trenau~

reprinted with pezxx3_issien.).

since this is primarily a function of the beam diameter, but the length of
the plasma has increased for the plasma sustained with the 3.9 pm Beam
»:_lu.e to the larger absorption length. A significant am_mmt of laser power is I
ab5orbed.bey£3r1£i the focal point in this plasma that leads to a “degbone”
shape for the isotherms. The predicted fraction of -incz'el'etzt power absorb:-ti

at 3.9 pm was 28%;'considera1)ly1ess than the prediction of 75% fo:10.6 mm.

The models also indicate that the plasma can be sustained over a wide

range of. flow velocities and that it’ is difiicult to “blow out.” The flow ve-

locity has a. profound influence on the shape of the plasma and the pOSi~

{ion of the plasma within the beam. At low incizient flow velocities, the

plasma propagates up the beam becoming larger in diameter and volume

and, therefore, more power is radiated out of the plasma region. When the
incident flow velocity is inereased, the plasma moves toward the focus, be

coming smaller in diameter and somewhat longer in length. The result 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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P. $3’?!

Expeximoniafly measnresi ,2ni_n'i'mum power "re€1_1iIi¥fe£i::;¢;'_5us.i3Ii1.1 plafiiriilaza
in argon (open -cite!-zes} anti xenon. (ciesw cixeiais}. For argon above 18 am

above 30“ ‘am: time‘ ‘is aim amaxin'1'um poivex for whifiii 't}‘:¢\pi'3s.1fI'i£§ £321
313$:-fiinitii. (From fififictalov, H. sis‘: ‘ah. 197:2. emetirfiem 'I'ostit.i:_.ta ofzfittfiiazieg
reprinieti with po_rmis5i;on.); ‘

I{1es'te-rman and‘ Byron (19%) performed. expexriments on plasmas -in ‘air’
tha_t'wm‘e..ioi¥'i'a§cd from m-etaiiiéz :a_rIg_::2s osi'I_1g zeiaziveiy long 13i:1.se;1s::-§:.*.-are .a
gasdynfimio at _p-em-s {G -498 2<¥;"J.. These piasmas were". rm stationary:
'bu'i;;§r£i_paga'1ed ‘into the beam at sumonic velocities; '{‘1a+ey'-:t2.easure:i'ti1e
propagation veiociiy as a 'functi'on of beam diame.te'2*. anti "power, and these
_r;esziiis were widely used to com_par_e the eariy theeretiezii modem for the
Iaserasiippened corxrbustion wave (L-SC); The observed veiociifks ranged
from 18 to 5.0 mfsee anti were much Eiigher than those prod-icted by the one-
-dimensional model of Raizer (1908) when the radiation transfer was ino-
giected. Simiiar .meas'ureme11:3 were a1so.Ina—de by'Fow1e.r and Smith (}.975)

usiI1jg..wei1~characterized beams from con_ti:n1zoo.s carbon dioxide Iasers at

posvers to .15 kW; and they also studied the ignition thresholds for aluminum
and .st'ee1 targets in the presence of a transverse wind veiocity to. 20 misee.

Detailed measuremems of the structure of the 1.51’ were obtained. by

Fowler and Smith (1975,) using interferometric m'et11ods, and by Keefer

et ai. (1973) using spectroscopic methods. The measuremems were ob-

tained for p'lasmas'sustair1-ed in ‘ambient air by a vertical beam from a con-

t.inoous carbon dioxide laser 0per'ati_ng at 21 nominal power of 6 kw. These

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

imately 17,UGOKwith the 15,000K.isotherm nearly coincidingwith the outer

..,_.,..,,...............m;:........:..~o.-.:.-..-4.»-.4-.W..........,..........;....................M..,..._......._...-.................~ma....aw.................M.»~.-wmwwm».-umm---—v—~—'«-4e-r-v-\—«-«------—--—>-w—---m-u-v.\-:*-‘+.-"->v-*-"‘va'-M
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-odgc of the laser beam. The diameter of 213:; 1{},0{}0Kiso‘t'_hc.Im was.» approx»

imateiy 10mm, its length was :;;pproximaio3y" 14 mm, and the posiI:io11_of the
tampfcrat-are maximum wag agproximategy 11 mm from-the focus. ‘Keefer’
at .al. (_19'?S) also foifixd sfifictroscopie ovigiiegiea 1_:'}'j;a;t.;11;e gfiasma was not in
LTE in the outer rcgionsfof the "plasma vsii3.e:"o the 'teo:1_pera21:rc gradients
were iarge.

4.4.2 mm of Flow and Ooiiw

Recent 'i.nt¢r¢st in the: use of tho LS? as_a.n1:ca_:x§ to mat lzyditogfia ass
in -a Ezigh spoeifica-irnP'11§5“'o Iasarépoweiaeé KooFf¢:',_ 1932;

.1984):has.1ed to new 336 ‘c¥i%t;.a“i1t%;é'_ siucfifia. A
. primary oojcsfivo of these stztclms to fi$iffE5ifI1i1:iiI1’e't'_§‘I&‘::-.8;’£3.Si£JrI§§_3t”3"(3‘!1

charajcterisiics aim}. mobility o£'t3;e-ipiasmaunéor-the fofioogxce of.fo;*..<':ied cons -

voctive flow. - _
-Conrad at at. (19’?9;;)_.s£u§2l%iie;t_1-'LS..'C;3 '_%_h‘.,a“§;~é;%t-:'_:?r:: izaitiated

from a% spark dischargo. ’I'h€§§I also in 'fiz't1bi1%.¥.1't'air
in which a plasma was stabiiizfid -ax. fiifiorent '§:osi't_’£o:§z'5 in '3
bean: ?2y'f£o'_win_g _air'u:1;3=::r prwssxra in -as -oopositg to the plasma
pri§p.ag*£ifi£3n_. They‘ fou-no 111"a:.: tho. fagifiit by-tho plasxrza
variofi. Emu’; nearly 168% iiqrzéfioié of -"9 k55l_i'_i=flI2=; to
.I1t':;£:' riy" zexo, -when. thegavexage 1"a:;or.- 353_2V;,&_i:xa?=-._ mesa
malts, notwidefy avaiiabzg, wow oz::£:ia'i Box the _pIéG{3t;i12¥io22: agpiieafion of
the LS3, since they 'ind§ca:tc:d -t¥zat:v¥r.ituaI1y of. iholaser power. could
19$ _atisori:>:ed.'byr- the plasma if-‘$336 fiflié?

_Measurcmcz'2ts of aha-flow $213-molar jrafions surrounding the
high-zomperaturc piasma core were '_o¥§ta'§::e<:} by Gafiofi at '31.. (1984) Lising
a laser Doppler aoemometer. The piasm-a was snstainzeci in argon within

21 dosed“ cell, and it was observed that 9. t33erma§ buoyanny -driven rccircn~

Iafion cell developed in the chamber. The 'm.eaT.s!1r_od veiocity "F133;!" near
the plasma showed that the streamlines we}:-£*_: diefioctitd outward around-

thc high-temperature core of rho piaama-. They found that the velocity for

from -the plasma core was about 5 cn;isoc_and increased near the plasma to
20 c111/sec, Amara detaiicd investigation of the effect offiow 911' the range

of power and pressure for which the LS? could‘ he maintained was reported

by Gerasimenko at a]. (1.983) who aiso Established that thodischargo wave

velocity exhibited 21 minimum value.

Experiments were conducted with flowing argon by Kris: ct al. (1986)

using a 10 kW rnateriais processing iasor. The anr1u'lat boom from the un-
stable oscillator was focused into a 137 mm diameter chamber by a com»

plicated systotnvof mirrors that permitted variation of the iifnuznbor of the

focused boa-m between 2.2 and Mass flow rates of 2.3 to 4.6 g/sec pro»-
1
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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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' _Eig‘t_2'té 4.9 -Frzet;iee_ai ezezxaziea ai..‘mre£i:csr: fipzeeeexe--fer ihfiee-‘sets of
plasmas: 203 mm focal length, 3.2 :s:d.-iiiexslezin {est}; 2i}3.'.r'£m2.£eeai.1engt‘h, 9.6 std,
litezsimin (er); 385 mm -focal iengu-5 3:.-2 efxi.-_l§i;ers1n1iji1{§)l- TIf_13e=ieeident_poweI-

‘-F110 ‘R {Fte'm- Keefietg. 13:; e__t .19876-.— Cfieeareglhn _@ Inszitme eff
Aerenaune angi Astrenautics; K.£=_9'Iii1t€€i.wi_tii petmiéfiibifil.

stabilizedei a p'osit.i'on much nearer the feealgeint, away -from the am1u.la1'.
pref('3_I:1_lS- Ti1e- _1regio.n of mezdmnm temperature was mote eompactand was

pos.iti.o.m':a:i xarimin the -regiee ef meximlxm iete“nsit§r-. Beéansge of the
=sma1ier'v.nlnme of the highatemperature region, th'e'ra';*.liation Jess szieereeaed
from 53,- to 45% of the incident radiation, and since the higher-temperature

'p(3r1i0n.€}f the plasma stabilized -in a.higher~i11_tensity portion of the beam,

the power -absorption increased from '67 to ?8% of the incident beam.power.
This effect has significant implications regarding the regions "of power and
pressure for which the LS1’ can exist. For example, altliough. it was impos-

sible to sustain a plasma above 2 arm using the 305 mm focal length lens

and 3.2 standard Lfmin flow, the plasma. could be sustained with thie lens at
pressures above‘ 2 mm when the incident flow velocity was increased.

Detailed analyses in’. a large number of 1a3er~sustainiecl pla-sxnas have re*

vealed the complex interactions between the flow and the energy conversion

processes within the plasmas. These experiments suggest that stable laser-

......-....-...-........;...-Ao>04>;o;onoya33>3933um:.-An:xv:>.\aoa5¢{{{{§$a¢§{\5k‘r{Né~§«\{{N4§tHaawwllldamnam>.$az:o>0:53yo33>>‘P$‘$rhbe$6‘)3>53L5.5555N!€993";K355Ss0§$‘s’5‘\5S5.1S<S<N‘<GSS99%354-*$55S‘)~F$5"i54\°Y§'$‘“€“‘-3-3"-H-*°~t~\<\<¢<¢<<'-<'<\\"4'A‘<\'"4W"-“""'-"""\-n-n-'-'-'-'------'---'-'------'--
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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



.Laser»3ustained Plasmas ' ‘ 3-9?

appiications. This is probably due, in part, to the fact that sh: high-epooer
carbon dioxide lasers used to sustain the: piasmas are re2_'mive1y' oggpsdsivc
and have not bcen widelygavailablo. In xf'ecs;nt years, this sii'ua':io.n has hot-=._n
-changing as the-carbon dioxide laser l1aS.f01l{ld i_11_c1'—ea_'si1'1'g acsepiansé by in»

- dustry forvario-us materials processing applications,_ and it is iikely that now
appiicatiions xvi}: increase in the ._futzare.

4.5;}. Propuision,

_'Z7}'1e £:(1Ij1c.t':pt for using 7&1: power bsszaed frog}; 3 rose: for sosks;
isiropfifiodhy'I£a.zxtrowitz-(1971_)-and ixéiinoxzimh Sam;-2:

rasssargéimn. this concept was szarxiod onjt, primafiiy by Ewxafi
ratories and Physical‘ S'cie,:_1ce;s, I1_r_;xc._ ‘Those. app1i;:stion's,- hovve;ve'2f;;'1?€t}tii'£ec3

vsty _1air'g':;': gsowsr ('1-to 1009 MW) and inssrss: wanes! s:n:¥Z._.rs?:snt1ys
when se_s.earc31 on tho free-electxoo laser soggestgfi {hag Iagga

powats were possible. A review of the early work c311.th:s.Iasor propu}-<
s'ioI1"concs:pt was ‘given by Glumb and Kris! (19.84) and, in a voi-
zzmo w_£‘3_.i_£seé by Cavssny (1984), scverai -chapters were dsvoitsd 131$. use
of bjoiiined iaser -"power "to; p_ro1'v__i_da_ _}_;3ro};u§5ibIz fot= omit 's:s§si'£zg missions.
New f€:xf§>ar5a'1'33'..ea32a1_ i'I1Y3.,$%§gati{_31:1s of lasshsfistaififié piss':s_as_'-xssss §e_i'gi§_;:_ at
m;.SA- Marsssn _Spaosfi_ig}zt'Ca°.:.nter, The U}:iversit;3;r'o§T"£?s_1s'r_i_T€tssTt?S:::; :'-iasa
s'£§tut.e_,_ .aI"2't;! the Univotsity of Illinois. A thsoroiiacai study at
the iinivorsiiyof _P¢nz;_s§*1va;;zi.a. Th_e- otsjcctivies of the £orporissa££La1'.stud2es

to cisvsiop an unse=mssndin"g of the basic -physica‘1;psnssssss Lisivsised
in the st,aLbi'iity ax_1dfpows'r'absorpzioz2 of the-‘LS? in -s;fi;ais?:'2:g ;g‘ss'.. ffixs
oi the tizoorotical "work was -to deveiop numerical -.z;1st'h'ods {hat slmiifii

with the strong gradients of density and t'empc'raim"e and the strong eon.-

piing of the plasma i'1fa.nsport and thermal properties -that exist in t}1e"LS?.
M_a113r of the results from -these recent i'nvcs$;;igations havje been discussod in

the proceding sections.

The ass of a L3?’ to ‘absorb the power from -3 laser beam and to-coiwcrt

it to onthaipy in the propellant gas has been called laser thermal propnl»
sion (Keefer at al., 1984). This refers in the concept in which power from

a laser is beamed to a vehicle where it is absorbed" by the LS? and used to

heat a pure hydrogen propellant to provide thrust at large vaiues of spa-

cific impulse (1000 to 1500 see). With these high specific-impfi-Isa values,

the fractional payload that can be delivered from Iowoarth -orbit (LEO) to

geosynchronous earth orbit (GEO) is significantly "la rger than that achioved

by chemical propulsion systems. Furthermore, the mass of the propulsion

system. can be srnalior than other high specific-impulse systems (o.g._, nuclear

or electric pro_pu'lsion) since. the source of power is beamed to the -vehicle
from a remote site.
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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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wilfba det¢:r‘1'xfinee£?_'hy the.'ra:iiated'frac€inn of't1{s;abso:r¥1ed laser power that
.m'ay ha ahsarbed E3y':aig¢n_eza£_iYe» cmiing. 11.173 (flea? that the S°{1C£5{3'SS of this

-cc>_nc¢pt_ r;:s:s film-_ abiiig in si:_sta_i:_.1 a stahie pfiasma in a. forced. <_:onvc-.c::,ivc-
‘flow that cam absciifi sub§?a’ntia1I}?- all of the in.c‘_'9;m.ing radiation and to limit
the ffajctiaiz oixhe a33$'&:°1r13be£i ias-er power -that. ¥s.1o5_t frnm the plasma re.giO_n
thztzufgli ifiarmal rfiiiatiim. _

An_0fi2f2r;f£;cfIx3ritifa2 viii: aEi§t_:t- the perficrmanse ‘oi this racket concept ‘is

‘ the-raiififi t&m_p_:era_t'.uTt'e €_$isf£x§ih:x1téTt3r;=_a;:s the xmrztzgia times:-. .922:-I-ta the sz'r:2':;g
radial '£e.2:_1g;_mrf9;tiu1fe graxiigrszim -asfsaciaied -with 13:21:. amass. there. (is: 5.111% -
{:i3'f2}'.%'§‘if'£Ix%_}_3iasx:3a with-the surmunéing .co.ide.'r buffer
zfiw, §i<2fI§i!1;§§1.=i13E?i§§£é'§€&""" §fa.:.2.".£':- mm near {his axis in the
2311'-*£¥sa't; ' the a;lbiS§ar§é§i=1§€:v9%i:r-1:3-;;;r:3~
dziflréef Wi§fi.;a¢§éfir2#eaj}a$n£§§&g.1§3$$"ii3._5p§c1 '=.ii‘2ip2;s:‘2s;:a.~ -iefig-and'1{za¢f¢r

ha?m'§6?sZ£$i€;f;§'x:€}-a.§a3w.'£:amgu£a§’£cna1i:mndel -z‘£1at-spans {he sxibacnic
£as'u;y¢r5§:;:'i§.fi9§»i thésia efieefs.

Rééeng, ;c1§p§EIi:33i3‘_a";i£3 iyith ;£3§e- in 9 farmed Gflnvecsive flow
have ravaaiéziié-{ha ;;ien'§§2g::;x_i:::t¢1%£;rs::zi':iiz:::: bfitwfiaan the flew, pressure-, and
laser ' 1 £¥za$...:ri¥.§t§=r:z1%n§ .::1a:a=s'ta::§a1e: :'3;§¢_:~;sLt-ziixag ‘zeginyss fox ihassz plasmas.

It was {$311116 .2"i1_a’£' ‘£112: inf this‘-fiiasma w.i‘t.hiz: the fecal voiuma iii the
i'a;serb¢8{i$ ¢i<:>'“ii_Ei_i§'-Em the :E2:3ci':'iaz1:.fi»:>w veéimzity. Cogs:-roiiing
'fh.e£ fiaw, ingatim $216-faanaiigg ;gj¢_§§:.'z2r:..$r;»i‘i3r"<;fkZ t§ze'Iasér beam, §?3r2n'its :;:,__a‘~
51¢ capramtian-ef'i—§I%'1s¢ fra:::;i¢.:::'a'§ 'a¥i59f91ian bf -$18 'inci't1a=;1z
2aser";b.ea,.ra arid fziativaiy-sznaiii thzrmai ra:di:1:.‘iam- macs fmm-the p}a$'ma.

i~2i1;r;1c:;ri”5z51jI fiieéflls .iz1gais;3n:att3fha;e0mplax_energy £5onve.rsif3n.;§r{3»
<:4es's'e;;s };':a,&*a dfiveicped am! verifmd; using th_e'cie.—
zaiied e::é:z43riznsz2mi." :_ ' ;Rc$_':.1.l.,zs mm these. mafia} c'ai‘ct:Iati'r3n's

i'n<ii;:fa;t<‘t_=' fl'1a':;-.1t1:vé_:*:+;é_g_gn plasmas stssiaiawtd that win abscarb essaz‘i.tiiI33y'
an o‘f"t_ht-3 fniziiieinf Easter-powzer anti-wit} lass a-sums:_i:=:._mIy small iraction at the:

absmrbed thrtztxigh £herma'1.'radiati£)11. The nmnerical studies fer hy-
drogen piasmas £_;1.£ii;£:$.t€: that wh¢x1.hi1gher.—powar Ga'u.S_sian laser beams are

emp1nyed,- the £:'h3ambejr'waIis 68:: Eye iaiiaquatély coizicd by the _'pmpe1lant

flow in.a11 afficient regsnerative cycie. No “fatai flaws” have been £}iS€:0v«

cred by either the cxperimental or theoretica-I -investigaticms, and it appaars
that a pz_‘ac":ica'I, i::_ig¥;1'speci‘fi;c~i:mpu¥sc- propuision system could be based on
the laser thermai priapulsion concapt, ii lasers having adequatt: power are

deveioped and suitabie window materials can‘ be found.

 
 

 

4.5.2 Atomic and Molecular Beams

A device, similar in con_figurati0n to a laser thermal rocket motor, has bean

used by Cross and Cremcrs (1985 and 1986) to 'pI’0C1U'C6 higivparticie flux

beams of xenon, argon, and atomic oxygen. The objective of this research
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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 Variation of beam tempcrzgtgiffih 'm*_1x1{!2'z3t.)as a funclion of the piasma
-to nozzle ctiszatice for a xenon beam sustained witii a 70 W lasfit. The data were

<:vbzain:e.d. frgzm an» anaiysis of timewoffiight (From Gram. 32 B. and Crcmerfi.
D. A, 1986. 1‘~1or_éI:~'Hoiiand ?hjysics rubiishing, Amsterdam; reprinted v\riihgpcm1is~

simm). '

obtained“-using argcm, 6 km/sec using neon, and 14.8 km/sec -using helium as
the carrier gas.

4.5.3 SpectrI:n:}1en1i£:aIAnaIy5is

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

sparks, the {C13, and micrmvavt: discharges, have long been used as exci-

tation sonrcezs for atomic cmission spectmscopy. As des-cribed in the pre-
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Figure 4.14 Eiegxam of gee-sms'iI gas gen that vga_s- used in. a'na‘iyti‘£:21EeX;:2£gri:i3§¥1t§.
with a static. xenon ‘flit, Gas 's'a:;r:pies'»vere-i'mrad‘uced? thro'u'gh_ injection -pgm:-z‘
using-a_sgrringe,__So$i;1-aampies were inset ahiatet! from a metal strip iocatefl béiaw -
the LSP. Here-W64: is :a;w;a:e:%.::1o;6¥iaag cuijt, G a ;'n‘:és5_ure gaugfi,-and V.is__aI'11a<f.;m1z31.
pump. (From Cxemers, 1:). A... -at =ai., "1985. '?erga1non ?z'essT, 'I;:a.'; rejzrtinieé. with

pezreissienfi}.

ceding sections, the L3? p'r'odiices a_ continuous high~i:eznperat11re'pia-Ema
that is free of eiectmfiie 'cQ1"1tamix1atio.n, and it is natural" to assume that. it

czouicf also housed as an excitation -source. The use of the L3? as a ‘source

for emission speetrochemicai analysis has been evaluated by Crem_ers- et. al.
(1985) who generated the piasma in xenon using a 45 "W carbon dioxistie
laser.

They usedtwo similar cells, the smaiier of which is shown in Fig. 4,14.
A monochromator, together with a chopper -and lock in amplifier, was used

to record the spectrum from the plasma. The plasma was initiated using

the Ease: spark generated by focusing the pulse from a 2 MVV, Nd:YAG

Iaser. It was fouiidi "that stable" xenon plasmas could be maintained from

1150 to 3200 Torr using 3 laser beam power of 45 W. Detailed spectra of
xenon from 200 to 950 nm. were obtained for various conditions of power

and pmssufe. The electron density was measured by seeding the discharge
with a sma-_11anmunt of hydrogen and using the broadening of the Ho, line.
The plasma temperature was determined from -a Boltzmann plot using the
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orrfission lines from xenon and krypton that were adiiod ggigghargo
gas, Their results were consistent with an .assuz1'ip?.ion -of LTE within tho
piamna, Tho stability of the emission was determined, and for t21o;sm:a}l €631

' background (confiinuugg) emission was fo1:z'm_:3, 'to.havoamiative standard
dmri_ation (RED) of 8.3 to; 333%, ant} for the ?88.'_}’4.nm‘ Xo iiizze 2133 R333‘

‘3-43%- __
Ciiiorine and oxygen “were added to the xenon .t3fsc11}ar"go-.aI1_é fifihiitéltiizfl

xmrvos-wore obfaiimd for O and C31atom's.-.I£was'fcmndthai:as mo_oh:'as..1i3%

by iréinxiio gr .'o1:iori'no- or oxygen could be. a£.1.fio.fi_- to thmxonon w_i'fi:o1'£t. no»-

iicggyly affoeting the; di_’s(_:harg_o.. Severai. s5oi_ic.§. I¢oIi2Li)£ai;iI1'.<L$ iiziitofinoed
into .;t;he= fliséhfiziga by iasér ablation from. 2, 5.:*e;;e§§'
Iieiow the.- 131?. opgroximate dotosgion ,Itin’2.it$ ibx1':':fi'
to _htig}_:t:r" than thflmxeported .f€':r tho a:1't7hors- oozxoizxdifi fiat
'th3:_°e-:x_1,-iesovorai -advantages of the 1.31’ for analysis, ho’: 9.

pcrf_orm.a{nce ztwaluaiion sh'o..;z1'£i'fia tiszsiii " .5 $393--3%
13:3 carriojr gas -and -operating the I_.S_P'.as -a-_p1a$£!i§tron-.

  

54-.5's..4_. .(_3'_£h'e_r '}’omn'fia__i Applications

_ '§ho.-.318 -fiapabifi of gonoratizzg a Stabflfi, co§iamii1afiQfz+:f£$§'
'tei:::tp;c:_razures and pressures comparahlo to, or ext:oed§ng,
a:vaiaj:*'_i'_r3-.iy of gazm over .a- wide raxigo of }_}I'.¢E:S.S.!,1_i£‘-2'3 -miil fioiv. in radqiiigion, it is

. A-11¢ to generaze ml: pzaamas ah3orf?bo£§" II '§h.a£'--magé
ex £_}es=_v' wan; -to or of 'Iciiowat:.;s.__ -"E-‘-"i.o.r;*..::~.i«_c;*._'

"h3v_a:fonnd numerous ap;':i1ica't'io:zs in e;zemi'ca_iI sy;'xihasi$- mzé maferiéis-pfoe
zefifing and-, with the increasing. eommorcifii avfiiiabiiiiy of.=suii'£{b}o- Iasofs,
ii ’is.zaa'so:1aaI3_io to iwpect that simiiar a;3pIicatioi1s- wiii 3:a;fo'1zii£§ for ilasor»
sustainefi piasmas, ' '
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