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UCRL-11502
Bpectrogcopic Btudy of a Highly Tonized Rydrogon Plocra
Willian B. Cooper, ITT,” and Wule B. Kunkel
Iavronce Radiation Ioboratory
University of California ‘
" Perkeley, California - o

Experimental details are given for times and space-resolved deter-
minations of electron tempsrature and density in & highly ionfzed, d&m&insu
hydrogen piasma. The technigue uged :involves.abaom intensity moasurow

| mants of the Hy line and of two videly separated portions of the comtimuum.

A carvon arc 15 used ns 6 radiation standard. The inferrod iom Gensity
agrees satisfactorily with that deducod from Btarh brosdening of the H,
line. Internal consistency smong variocus mathods of inferring a teoporas
ture indicates whon and where the technigue yielaa'rémpm resulto. It
1s chown thot the plamm (U= b x 100 o3, 7,5 1%02x 10* ), which
is produced in a long cylinder in a strong axinl Wt;lc rield, deeay:;‘f
by volume recambination. Diffuston locses appear to be negligible.



refractive index, vwhich wap moapured vwith thd help of o He-ls gno lacer.
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In recent years & mumbey of experimemis have boen voported in vhich
highly lenized plagms with olectsen donsitios botwoen 20 ana 10%6 en*2
and tempax?atma betveen 1 end 2 x 10“ % wore used for the stufly of hydros
magnatic wava‘s-""e In onder to interpret pruperly the results obtained,
and to take moeningful comparicons with theory, 1t s mocoscary to have
relfable informstion concerning the placws density, temporature, anf dogree .
of {onization. Ia particular, ono 4o psver Justified in asmming that tho
initial gas prossure contrals the ultimate plagen denaitf. The highe

current dlecharge that ie invariatly used to gensrote the fonizaticn ic

capablo  of either literating large amouwnts a’f matéﬂai frea thy suriscas

or expelling an approciablo froction o_f the a8 franm the region of Intorcst.

In genoral, o separato doterminntion of the p:m.ma paranotors in required,

yroferably as a function of position and time, because the existonca of

" nommiformition end fluctwationo may have to bs taken imto actount oo woll.

als 2 included measurenEants of ion donsities and

clectron temperatures {a) tw means of tapgmudr prodes or (b) by Staxk
btroadening of Balmer limec and dotexpimation of clectrical resistivity.”

Saze of the esxly wvo

In & more recent stwy,,,? the eleotron donsity o taferred from the ploesn -
10
fowever, in all thece seports the dingnostics io considered a secomdary
1oeus ond thorefore 1s diccussed only very briofly. In this paper wo
da;criba in scms dotnil s careful tiwde~ pnd am-maalvé& exnpleration

of tho electron-proton ploams usod by ¥ileax ot al.,’ poStlva,” exd

: Spillmn.s The mathod consfstod priznrily of aboolute intensity cospurcronto
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in the h&dmgen emicsion gpactyun as pablicized by Griem-u" 12 .

It mwenzmmm;tamtammcmﬁsmaamutamm
frcm ite emiaéian spactrmm. Those npectroampic' achniquss have tho
additionl advantage that, except for the necesoity of winfovs, no pore
turtetion of the plasma Or interference vith the exporiment is ipvolved.
The vayrious otcervables, such ng lioe shn;pés, line .iatanaities, intenoity
ratios, and continum emission, rolate to different fosturen of tho plomn,
and under nonoquilitrium conditicns 1% wey be difficalt to oktain o con-
sistent picturo fron o oot of such measuremsnto. This situntion is wall
brought out in a recent spectroncopic study of o céotum plama415 m
work dopcribed in the presont puper represents a wx:cesaf‘ul}efmn to
doelineate those perioda, during the production amd decsy of o highly

1onized hydrogen plamm, in which spectroscopic measuring techniguas mouy

be - trusted, and within those limitations to obtain conpistent and eccuzate

measurenmnts of the jreperties of the plagss.

—

I1. APPARATUS ¥OR msm mcmm’maﬁ

The apparatus ussd €0 pmduce the ploews has boen deseribed in
several publications, ond 18 reviewod herc only brieﬂ,y.lgg’ 1k A hydrogen
Plaos iggenerated by an alectrical diocharge in a cylindrical coppor
tube 14.6 cm in diometer ond 86,4 cm in length (see Pig. 1). The tube,
11lecd mith hy@rogen gas at 8 mrossure of about 0.1 torr, ib cloaed ot
both onds by guortz plotes and 45 located 4in o uniform de maghotic fia}.é
of 16 k0. A lupod-constent pulse line charged initially to 10 kV is

| connpeted ty an ignitroa owiteh to o oylindrical molybdenus slectrodn
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{enoda) concentric with the co‘ype{r éylm‘!er (cathode) and loeated in tho
center of one of *thev quarts plates. The sas treake down about 1.5 useq
after application of the high voltage. In an ndditional 3 usec the cure
ront rises to a constant value of 6.7 kA and gensrates o woll-fofined
imimﬁim front, which proceeds dovm tha tube vith a veloeity _{m thino
case) of 4.85 emfusec, leaving behind it o rotating, highly ianis;eﬂ plaem.
fiuch & phenamenon has been called a "switcheon ibaizétim wve” or "hcarﬂm-
mgnatic ionizing wave,” and has baen &wcusm;ﬁ thaoretically Yy Kunksl
and Groosl” and investigated experimntslly hy Brammsn et al.l®
Dafore the fonization front reachés the end of the tuw,. the Ariving

current 1o shorted ("crowbarred”) by en ignitron switch. The timing of
this operation is chosen so that the driving current roturns to zoro just
am the ionization framt reaches the end of the tubo. The tubs in thus
completely f1lled with plaems vhile the flov of. lame gurrents across tha
insulstor at the for end of the tube is avolded. Such currests would
rosult in :mm;imm: impurity lines in the upam of the plasm, i

sa'ﬁ;t“tusx'x- about 25 usee the pover input tnto tha plamm 1o essontially
zexo, snd the plamms beging to cool nnd decay. iﬁ vae pricarily during
the decay par:loa that the spectroscoplc moseuroments wore made. To prds
vent the fommtion of hydromagnetic "svirls® in tho placm aftor crovdar,
all spoctroscopic data ﬁv.-m taken with o parforatod coppar serecn ingide

‘the tube at the end awny from the electrode. Thes ewirls vould {ndicate

macroscopic motion of o nomuniform plames and ore diocussed in & ppevicus

putlication. 37

*
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II1. THEORY OP BPECTROSCOPIC MBASURENINGS

~ As excellent sxmmriea- of spectroscople diagnostic mothods suitable |
for use with plasms are aveilsble in-the literature, 0+32:18,19 o0 e
ieclmi@es pertinent to i;ma paper are digeussed hove. These are {n) teoe
perature mensurerents made ty determining the rotio of the intangity of
8 amctml line to tho inténsity of the cautimgxr rediation ot somn mm;»
length; (b) temperature mensurcxonts mdc by Gotermining the ratio of tho
intensities of the contimmm radiation at two ta’?fﬁlengthe; {¢} ton-density
measuremente made Ly deternining the absolute intensity etthor of o
spectral line or of the contimuum radistion ot sore wavelength; and
{4} lonedensity measurements made by determining the pro;’ilu of a Btaxks
broadened emission iine. Unless othervise stated, we aosune LTB {looal
thermal equili‘bmm).ﬁ Lecept for the cose of the »pcpui&tiou donsitiesn
of low-lying states, thie assumption may te yeadily verified. .' |

The 1ine chogon for obscrvation was the By Lins of the Palmor series.

1t can be estimated that Quring the entire otasivable portion of the decay
period of this plasm, the density of states in the uppar level of this
iine (n = h) does not Gepert roticeably fraw the valug st tharmsl oquis

20

librium. Only very late in the docay period can the valus depart fyom

the equilibriwn value by oo much as 207, vhich would bo roflected ap o 5
error in the tempersture. FPlgure 2 phows the nomalired 2y line intensity

W (4861) = U /N H, ' "; N )

as o function of temporature, with tho plassm acsumad tn' ‘be} optically thin

to the line. Hare U, ip ths energy radisted ia the lins in eresnm'3~m¢'1-

£
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We chlculated the population density of. atoms in the upper state of the
lire from Sehe's cuuation using the. correcticm t;o the ionizetion potent:ial '
& discusced by Griem2 and Ecker and Krﬁll Thi" partieular curve wg

calculated for an elect*on aeneity oi‘ 5 x lﬁlh -3 (the electron density

_affects the curve Weakly through the lowering of the ionizetiod ‘Potentinl).

For other dezisitiea thé curve ghould be multipued by the small correction
factor, exp [~ (2.43 x 10““/@3/2)(3 M2 | pom x 197)1

The intensity of the continuum rediation fmm the pla.sm was absez-ved
at two vavelengths, one between H, and 33 at about 5300 R, and the other.
on the other side of the Palmereseries’ Limit at 3225 R. The precise
choice of wavelepg;ths is dictated by the necessi‘cy of avolding impurity
linee in tha specﬁrmn. Figures 3 and b ghow tbe'nomlzlzed continuua

intensity per unit mveléngt‘h, dafined ty
W(r) = U (A)/RE, - @

for wavelengths of 5320 R‘aind 3225 R, reépecﬁively, calcu}.atad for several
electron densities. The symbol Ue("‘) z;em-ééent;; the continuuwn em;!séion
per & at wavelength A in ergsaemq-ssec'l. | ' o ‘

. The continuum intensity was calculated from kiremr*f"s Law, Saha's
equation, and the following expresslon for the. absorption coefficient per

H aton in the -gfound state:
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Stimulated emisston ven taken into account. This expreseion for k is
_similai:‘ to onz dérived by I}nmld 25 Hore 1 15 the eincipal quantum mape
ber; u = hy/KT; u = X, /BT X 1e the ionization petentisl from tho oth
gquantum level; and nm is the pﬂnciml qzwmmn mmber 6f the last bound
ata‘t_as The num’her of hound states of & hyd@rogon aton located in & ploams
is finite becmuce Dobyesshielding effects profducs a non-Coulomb potentisl.

Grtent? shows that the sseumption that the last bound state satisfies the
equation |
X omax B (%]

is consictent withh"tm exprossion for tﬁe lowariog of .ﬁha‘ ienization |
potentinl AY used in the fiahs equation. The factors gﬁ, and ('é'fb) are
froc-fyge end free-bound Gount factors, mex:eetivnly a.vemged over tho
varisue angular momsntun stétes a.cc_orﬁing to thaiy asta‘bistipal_mighta.
The ounorieal valués used in the caleulaman wore talten from ths tablon
of Rarean end tatter.2t tme factor (§fb) demotos on averoge valuz of the
Gaunt factor, avernged over all quantuma levels with pﬁmixm guantim mee

bers greater than n_ . The sun in the exprossion for k, reprosents the
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cantribution to the conbinnm rodistion fran fros-tound travvitions (the
recam‘bimtm contimam). The first exproonion in the eguare hrnclodo

10 8o intepral opproximation repreconting tlm contritbion frem toanede
i‘:io_lr.m Ty fres électx‘oné to ths ming nagativo-gnorgy mﬁea; and the
:umé tern, ‘é'ﬂ, im tho contrivution from froo-free transitions (broms.

Pigues 5, 6, oud 7 sbow the ssbio of tho f; line intonetty to tho
tvo contimmm intensities, W (4861)/ (5320) and ,(4861) /0 (5225), and
the ratic of emm cortimnm intenoiting, wg(*iieﬁ}lﬂéwaéﬁ); ALl thywo
ratios ore functions cnly of the tempersture, ond sie infiopenfont of tho
slectren Goneity. < ALl throe werv used in Getormindng tho tomporoturp of
the plosma. It thould be noted that moamuring the feopornture bty tho
ratic of the two contimnm intansitico involves only ths asmmptions of
& uniform tmcmrem plomrs, the lack of othor souress of continuey rodi-
ation {such no the B contimwum), and the aoswmption of olhwwsllion
velocity Gictribubion for the free eloctrons. ¥nis mothod then datormines
the electron temperoture airoctly, Ynerods the othor two nothols depend
aloo om tho acsumption that the uppeir level of tho 1iné te in oquilibtwiun
vith the free olectroms. | ‘

Tho hydrogen Rimoy 1dnos in the speotrum of tho plasms are breadonsd
prinarily Yy tha Stark cffoct caused Yy electric microfields of moarty
fomo. In this vork wo bave used tho By profiles calculated by Grien,

25 mmoss 1 protiles ave expoctod to havo o over-all
accurucy of about 159, and agree very woll vith BB liw rorilod rooontly
detormined oxporimentally by Wicss, Paquatto, sod Solsreks.®C |

Kolb, and Shen.
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IV, AFPARATUS AND FECEHIQUES FOR BFECTROSCOPIC MEASVRIEITS

Absolwte measurvemonts of the intonsity f}f the Ky 1ins and of the two
vonds of continuun rodistion were made by atoporing tbe ightnogs of the
Pinsan with the Yrightndse of o carbon sre used as & rodistion stondard.
Ao mooerous experimontal difficulties may be cncountorsd in the conros of
such messurements, ve describe the techniques used heve in pam dstadl.
Flgure § ehows. the cxpsrimentol arrengensat. Madletion lesving the ploom
through & hole in the condusting copper ccréon in the onl of the tube 1
reflected Ty the small mirvor ond focused by & quartz lems onto the
entranco glit of o 5.%n plans-grating cpoctrograpn (Jarrollench Hodel
JA-TIOR). There wore five holes in the sereon st diffovenmt radiis the
srall mivror could Le moved on ways in the Gimctiaﬁ of the ayrroirn, 5O
that light frou ooy of thepe Five holes could ‘m {imged onto thy cmbtyenco
511t of the spectrograph. , I

I.ocated in the fomi plans of the spectrogragh veye thros Mble R
asaemhmé s 83¢h containing ap n&tﬁam»‘m exit clit and & phwtconltiplior
(B G2558). Filters placed in frent of the photemdtipliers oub oub
scatterod 1igkt, Interfersnce filtors were used for tho B, Line ood tho
tand of continuum in the visitleo, ent & £iitor {Comning Ty be76) wan
used with thp photoomitiplioy opser«ing the tand of continuum vediation
in the ultmvialat. Ao the uv pignal vas obsarved in the cicond oadior .
of tho @1ffracted cpectrum, this $iltor also eliminated the oyerlapping
Tirst-order spectyum. | |
v The gAin of tho tubes was kﬂpﬁ constant duxing an oxperimont Ly
monitoring the amplitudo of light pulces fyom on AR-} argon lamp mountod



¥

10w - . UCRL-13502

within the spoctrograph and uesd ag & mccnamr steniingd. This Gevico,
deserived elsevhore,>! wae Gaveloped Wy o amm’cing Recoarch Group st
this laboratary, and md&eﬂ SO—nmc 3.1@?; xmla:m ot oxtmaiy conotant
WW@@M?ﬁmi‘bimm mmmmm‘b@amh
kept canstant to about 2 %Manemmmmmwmlm
e photormitipliors vore shiolded mnnt th:)fﬁngins £101d of tho
mmmmmw@wwm Mﬁubmmmormm with dhe
mmmamfm, the chongs mmnafmmapzmm*m
mgnstic ﬁaﬁmtmammmmamm&; axaamaminmw
rotating the tules m thoiy pounts about thelr lomgitudinal axos. [n
amll rosifunl gain chate, tot over 2.0 4n any cace, wAs takies fnto .
pegomt in thaﬁata anflysis, Thone precoutions were noceseary bavanna

: tho arc could not e mafe to rop proporly &ithjﬁha.mﬁc £4034 o,

Tho oigosis Drom b6 rmltipliors vove displayed on tvo osclllsscams
(s.'emmx Type 5513 nxd waro mcor&ed ) Roloroid fﬂm ey dominy of
a1l tiwes siguals qn bBoth mmmma yamitw the g sienals to be

viewed ot difforeit godne nnd sveepy ‘apade. m sighnls, ump'h wore guite

"ginnsy” in porz cases dup 0 the low LMt levels, vere filtered Wy &
simple RC networs oviey o awm tims conotans, mtzh vas atout oy £ftis
oth that of the Aocay tire of any lght signnt o‘bmrved freom thy plascs.
A cardon oare, oporntod ao pesrly o4 possibls 4n the rannery enopistod
Iy Buler, 23,29 (e wood 68 b redtstion ctendard. mmmmaas
(Bingedorfe-Vorke ¥H 11) .35 ma in dlamoter waxe ueod ao a.mam, |
gragmte electrados (United Carbon Products 0o, gyoda Tel *mm mty“)
3.17 5 4o Qdemabor vore used oo cathofon. A peysiotont tepfonty of the
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cathode spot m‘mmr, introfucing fluctmbions in the luminance, vas
largely climinsted by painting the cathods befors use vith & Ailute solue
tion of soliwm bicarbanate. The anode spot of the arc was focused ty &
enscond quartz lens mﬁb one of the hclea in the acreen Bt the end of tho
tube, and from there by the first gjmfm Léne onto tie entrance alit of
the spemtrogmm. Befmﬁe’eau‘braﬁim the quartz plate supporting tha
electrode was romoved. Tho brightnese of the are 4mge on the hole in
Athe acreen could be calceulated frem the teripereture and emigoivity of tha
enrbon snode (taking losses in the lens into acoount ) aﬁd the hrightneso
of the plagms could thon be detormined in principle by a direct ccugerison.
Whon the arc wae viewed, & shutter boving an opan time of 4 meoc ond
o rise time of 200 use‘é vas used to slmilate ae nonrly os posoible the
pised pature of the piasma signal. Beutmi donsity filterga' wem used
whon ntcensary to gunrantes that the diffureir;cﬁ in inténaity botwoon tin
~ arc elgmel snd the peak intensity of the plams sigmel ot a given vavee
léngth e never moyo than a ﬁctar of 10." fm;e lneaxity of the mﬁltimem
wos checked in e separate experiment. With ell those precautions, the
photomiltipliors could de trusted to give valid couparisons of the btrighte
ness of the arc to that of the plasne with & meximum error of about 5°.

- The short- and long-term stability of the mire gystom could be
detarmined by repeated mensurements of the signals from the arc at the
thmé mvelengths. A peries of five az- #ix conseoutive measurencnts of
the arc oignal shoved an rmo Gevistion of about % 1% at all wavelengtho.
Toe lopg-term stability of the entire system was deteminadvmrwmﬁitim
of this type of moasuremsnt six times during 2 woeks. The average intonsity
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{avoraged each time over six conseeutive shots) shovnd an e ﬂavmm

during the 2evook pordcd of ebowt * 5 at all thres vivelengths, and phowed

no indfention at all of o drift, _

The HE‘ proriles vere dotormined 6o o wim of tims Wy an 3.8~
channel "polychronntor,” the prefecector of vhich has been destridod bty
Priiimen ot 1,70 The dnta, recordsd an Palnrotd Film, vers fron Five
dvalebonm oacilloscopes {Tektronix Type 551) equipped with dualechannel
proanplifiors. | o . , . .

The musd) mompchremstor shown in Pig. B wao uged o ecan the spsctral |
regions of interest to guarantee that no falud jwpueity lincs {in the cors
of tha plasm) or moleculnr band rodintion {in the tace of the are) wsro
superimpnsed on the continuous a@é‘ctﬁmﬁ Although o mumbor of very fulnt
ond unidentified lines tere found m the opectrun of the plamm, “windotrs”
betwoen thom vere of sufficient wigth (5 to 10 £) to mke unhinfiored
observation of the contimmm rodfation possitle. -

V. EXPERIMERTAY, HZASUREMENIS
A. Estimte of Lougitulinel Bomoponaity by Stde-On Obsorvations
Yost of the spectroscople obnorvations were tife Yy looking into the

end of the tube, and oo ylelded valuass of electron density and tonmpora-
ture averaged in somo oenoe mm line of dight. 1% vas imporstive,
therefore, to moke some estimate of the longitulinal uwniforwmity of the

Plaem. The longitudinal weiformity of this yarticulsr plasmy wvos alrendy

puspect, 2o Kunkeol and Gmas"‘ phovod that s hydromnotie fonising wavo

of the typo used to producd thic placra i comproosive and mist secassarily
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be followed hy & rerefnction wave. | |
o investignte the ongitutinal unifermity of the plasns, ve drilled
five 1/2‘-121 dienmctar holes in the side of the t’tﬁ:ﬂ and cealed 1t with thin
guarte vindovs, A mir:?ar mourited at an angle gf 45 Geg on a nmovablercarrd
ege allowed light frem any of theee five holen to bo reéflected along & lins
paralle) to the axis 6f the tube to 6 detector conisting of & photomultie
pl;,er (RCA 1P21) anf an interference filter. 7o make relative depeity |
measuromonts 6 o fimction of axial position, an interference.filtor have
?mg a hondpasg of 9 ﬁ cantered at 5305 2 vae uped. The temperature was
Aready known from prelfminary measuresents to ’be about 10 000 °zc I?rum
Fig. 3 vo zee that the contimm intensity for this smwalangth and temporde
‘Z:umA should be very nearly proportional to the square of the iom density
(since B, = K  in o hydrogen plamn) and mughwimﬁeﬁﬂﬂm of the tene
persture. At each window five shots wore teken, ths intensitiss aversged

ot varifous times, and the square Yoot of tho averoge intemsity (corrected
for geamstrical effocta) plotted ngainst axial position. The resulting

profilen, which should be proportionnl to the ion denpity L averaged in
Bome woy over the diamater of the tudbe, are chown in Figs. 9@:& 10,

At 20 psec tho hydromagnetic londzing vave is still proceeding down
the tube. The mrefaction wave folloving 1t iz obvious. A sharp jwwp in
the fon &eneiﬁ' 0Ceurs 5t the end of the tubs ot 140 e, vbén the imﬂaa '
ing wave eﬁz*ﬁmu the ccreens misa porturbation disappesrs 1:; about tho . .
same time an acoustie wﬁwu takes to travel trb length of the tube {80 ucee),
and after 80 usec the meximm nommiformity of the daensity fs * 15%.

Texperature demmimtiona as & function of axisl position and time
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ware more ambiguocus. Measursmernts similar to those -&eécribezd above were
also mafie by cbservation of the HB line. The temperature variation with
axial position was estimated from the ratfo of these lins intensities to
the sideson contimmmeintensity messurements Just described. Thae resulto
indicated that the variation of temperat‘ure witn axiai p:ssition. is prove

a’aly l2ss than # 1§,c from 30 to at least 200 psoe. .

B.  Compsrison of Jon Demeity os Measured by Staxk Prosdeninms of

the R, and by Absolute Intensity of the Contimam et 5320 &

As & check of the ion-@énsity measuring taﬁhn;iquas, ‘we simulitanecusly
" measured the broadening of the BB itne with the polychrcmtor, the ubsolato
intensity of the nﬁ line, and the absolute 1ntensity of & 58 vand of con-
- tinuum centered at 5320 £. we_ wade these mas_\zmm‘enta looking ana-on at

a radias of 35 mm, using the bee.m splitter shmm in Meg. 8. Ths Bﬁl profile
at 150 usec on & typical shot ie shovm in. Pig. 11, and in&iéates an ion
density of 2.4 u 1015 cm'-.’S . The solid curve 15 .em “degt-Lit" thaomtica.l

profils of Griem, Kolb, and 81»3::.25

The curvea were ﬁ‘ttad to i:he oxperi-
mental line profiles ty & cumputer by means Of & m-aimensicml (m
irtensity and ¢A) leaste-sguare curve-fitting proceﬁure, as;a with the
asstmption of &2 temparature of 20 000 %. '

' Agreement betwsen the experimemal points am} thy haat«-ﬂt theoratical
profile wan gencrally very good. We never observed the dip that occurs
in the center of the theoretical HB liné m'ofilss.‘ It is likaly that the
dip was filled in .‘!ry radiation fyom low-density reglons in the plasm

boundary. Eoth Doppler troadening chd mtmnm trosdoning were cmall
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compared with the Stark broadening. An estimate of reabsorption at this
radius, éased én a comparison of the intensity at the center of the Hﬁ
line to the inteneity of a blackbody 'mdiating at the plasms temperature,
indicated that the inteneity at the center of the line might be reduced
as much a8 10, by reabsorption at 200 pgec, and less at éa.x‘liar tines.
Thic small emount of.resbsorption, affecting only the center (:f the line,
would bave a negligitle effect on the value of ion deneity deduced from
the line profiles. The siight axisl inhomogeneity present after 80 usec
probably alsc would have no visiblg. effect on the line profiles. p

The temperature as & function of time for the 'sa.me. shot was calcus
lated, with the help qf Fig. 5, from the ratio of the K‘3 lino intensity
to the intensity of the contimmm radiation at 5320 . From these values
of the temperature and from the absolule intensity of the cont;numn radi-
ation, the ion density was calculated for the sems times, again with the
help of Fig. 3.

Pigure 12 chows the fon density meagured by the two methods as a
function of time for this_ particular shot, with estimated experimental
errors. The veluss of the ion density determined from the Hﬁl line pro-
files ‘hgve_ been corrected for T ¥ 20 000 %K (about & 107 correction).
Although the valugs of the ion density &s measured by line broadening
were consistently somewhat higher than those determined from the cone
tinuum intensity measurements, the two valuss agi'eea in each case within
the estimated errors. On the basis of this generally satisfactory agree~
menﬁ of the two methods, apparent aleo in other shots, it wms decided to

make 8ll further ion-density measurcments by the absclute-~continuum~
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intensity method, as this method required much less effort in the taking
. ond reduction of data. |

C. Radial Distributions of Tempevature and lon Density
@g Functions of Time | ‘

| The ion dencity and ‘tempsrature vere aatemimd es !‘unctiona o tim&
at-five radii (corresponding to the locations of the hcles’ 1x the coppor
sc‘mén)‘ from measurements 0f the e.‘bsclute inﬁénaity of tﬁe‘ HB line and of
two bands of continuum mdiation at 530) 2 and 3225 f 'rhe ‘umdwiﬂths
 were 50 R, 115 E and L.0 R reepactively The vzolwe ot’ plasma obscrved
" was approximstely that of a long tapsred truncated prism, rarallel to ths
axis of the tube, and with 1« by 10-mm and 5- ‘by 10-1:5 ases.
At each radius and time, three values of the temperature were calcu-

, 1oted from the three possible 51ff‘eren£ ratios of intensities. At a
blgiven time and réﬁius s these three valuss us@&ly agreed gquite welle-within
20--axcopt in two circumstances: (;3) early in time»(tﬁraughaut the tu‘be).,
while the current was stiil driving the fonizing front down the tube, and
(v) Late in time _(f’z'ear the outer wall of the tube). In ths former caege
"~ the Tason for ";ha diserépancy is not known. The extréme nonuniformity
alon@; the line of sight, or larpge deviatioms from theml equilihrim
exieting during the ifonizing phase may be reepegsi’u_l_em Fortuaately » m
this study the early history of the plasma is noi important. . The dis-
crepencies noar thé wall may be caused | vy threa different ol’fects. | Fi:ést,
the temperaturc and degree of ionization were always aufﬁcienta;y low' in

these cases that radiation from the formation of the ¥ ton should bacoma
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hcticeable,-eant%ibuting primarily to the eontinﬁum'in the visible spectrum. -
Second, it is probadble that the Eg 11@6 is appraéciadbly rgabsarbed unéer .
these conditions. Calculmtione show *bha.t' both of these effecta are 1ikely
and coneistent wiith the observed aiscrepaaeies‘ﬂ Pinally, it is also
posaible that some impurity from the tube wall found its way Into the
plasma, producing line radiation that somebow had escaped aetectiom i
at a give radius and time one meragaa the tempcratures obtained from &
given methed for six consacutive shots and. ccmpares this awarage uith
similar averages fr0m~the other two methods, one finﬂs the averaga tems -
peratux@s usually'agree to within ¢ 5%; this agreement 1ndicates il
" systematic errors, extept in the two regiene discussed ahove‘ The rasuite
- are sauwmarized in Mg, 13. In Fig.---l}(c),- (4) and (e} protadle vélnes of
the actual tewmperature near the tube wvall are inﬂicated‘by“brnkea 1lines.
. At each radius and time the ion aanaity'wﬁ§4¢aleu;atéd from tﬁe
meagured abgolute intensity of the cont tnum radi&tionjai 5395~R and the
| nléasured temperature. The s deviations :!‘rm B‘hbt;ta shot of both tems -
porature and density was aleo about ¢+ 5%. 1If the ':w.‘a'hulta of Null axxd
Lozier’® hed boen uscd rather than those of Buler?o’?Y in the calculation
of the luminance of the carbon axc used as & radiation standard, s‘ystemt_ic
differences would be introduced in thevtemﬁératuxe and icn»&ensity measurs
ments. The “Lest values" of temperature and density would be changed by
only atout 2¢ and Sv, rogpectively, howevar.
The radial distrivutions of temperature and ion density at timea of
20, ¥, 60, 80, 115, and 164 usecrare-shown in Figa:_lh,'l5, and 16. Each

point represents an average of six shots. Also shown in these Tigures,
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and to the some scale; is a typical series of aix framtng-vcomm pieturea
tsken at those tims during & _gi_:_lg]_:g ehat Ih orde:r that theea pictureu
could be taken, tbas smell scanning mnochmaator shown in Fig 8 wag ree
p).aeeﬂ by a fast Kerr=cell. :t‘ramng caern (me@tro«s()pbical Instrmmnte,
Ine-, Model Ho. ICFC-ﬁOO/B) -Tha exposure time was 1 usec. Thabo pictures

vere taken in total visible light; pictures taken in B, light with an

, . B
inteyference filter were very similar. The bright epots are the holes in
the screen. The dashed portions of the curves indico;be that the temperas

ture and density measuremms are unrelmble. in these caaas the radinl

¥

aistrivution curves were axtmpolataa mmoothly to zero at the tube wall,
with the best values of the temperature and denaity :!.n that region used

as guides ‘ : S - Y

M \

Y. CORCLUSIONS
A. Bpectroscopie Taéhml‘a__

The resulta described in this paper demomsmte that measummnt of
s;pact.ml 1ntensities can be uaed as 8 mliable tachnique rort tb.e ﬂeter-“'
mimtion af elee‘t;mn t«emperature and &enslty ina plamna, p!'av:lded the
folloving conaitians are fulfilled: | ‘ '

(a) The fplaam should o) tranaparent in the metral region etudied;
This 1s often easilv variried in retmepect, but it could or course be
checked Ly & separate tmnmission experimnt. As & comllary conditions
shauld be uniform along the linc of sight or at least have a dis’tri‘bution
for which correctians cauid be made. -

(v) The 5pactrum must be known: m the region studied. By this we
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mean that,all species involved in the emission must be teken into ﬁccount ’
i.e. no uncontrolled impurities may interfere. In this sense t&a H cons
tipuum suspected ix; the cool plasus regions of the pz'eéent' experiment'ﬁaa
treate(; like impurity rediation in this pa.pex;'. v .

(e) The amission process mast be Vell unﬂers‘taod, i.e. transition
probvabilities must be known. Therefore the method 1s beet suited for
hydrogen plasmas. '

(d) The population of the upper state orbound-bound transitions
must be in thermal equilibrium with the free electrons. It 1s presupposed,
of course, that the electrons have a Maxwellian energy ﬂistributi_on.» -

{e) The emission must be sufficiently intense and roproducible, and
the detectors must remain thoroughly calibrated, to permit the gathering
of meaningful qmntita.tive' data. These last statements seem trivial but
it appeared that any one of them may easlily be the limiting factor ina
given experiment.

Violation of any of these conditions will cause discrepancies between
paramcters inferred from different measurements. Conversely, we believe
that mutual agreement 'be.twen various measurements 15 8 ‘strcns indicaﬁion
that these conditions are satisfied and hence that tﬁe inferred values
are reliabia. For instance, it was not possible to arrive at an uname
biguous electron temperature before the fonizaticn fromt bhad reachod the
B end of the tube. We suspect that while strong currents sre flowing and
vwhile rapid ionization buildup is in progress, condition (¢) may not-be
Pulfilled. The uniformity mentioned under (a) is of course also & very

poor approximation here. ILikewise, viewing aslong & diameter yielded
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somevhat unreliabtle temperatures, preswnably becauce of ths radiel none
uniformities. The e}ecﬁmmﬁensity measurenents ‘wmd_ on Fig. 3 are

clearly mot as sensitive to temperatuve gradiemts in the region betwveen
10 000 and 30 000 °K and therefore yield an olmost .li.near. awr.a.g& along
the line of sight. On the other hamd, the generally close sgreement of
the values of the tempemtm as mgmxréd by the thme_mé‘tho&s. (sce Fig.
13) is evidence thaf, eﬁ;cited states of neutral hydrogen atame in the plasms
are in equilibrium with the free‘elecfmnﬁ down ;l:.o the n = 4 level at least,
and the consi%en;c. neasuysments of the ion density Yy abgolute intengit;y

neasurenents and by Stark broadening of H

s give confidents that the oniasion

procestes are understood.

B. P:he,m

Tﬁa resultn shcmﬁ in Pigs, 9 to 16 suggest & numbor of eancluqiéne
concerning the p].am under invectigation. As mfgnt‘iom.d wfore, the bes
bavior shown in Fig. 9 18 st least qualitatively in good agreement with
the model for thé propagating treakdown that had been omlled "ionizing
svitcheon wave."S? Algo, the relaxstion time for the lomgituSinal none
uniformities is coneistent with ths idea that pressure balance in this
direction io approached at & rate governed by the spsed of sound. On
the\a*bher.hand, Fig. 10 does not convey the imprescion iha.t t‘};e plaame
aecw 1o Gominated by streaming or diffusion toward the ends of the tube.
We must. conclude that undatected boundary lsyera exist at the end plates
vhich support large temperature gradients and through wh!.ch the PrBOoUTe
1s constent. Since thepe layers were not Qiscovered when viewsd through

the side ports they must be quite thin, f.e. lese than o fow centimrters.
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A erude model for such 8 thermal boundazry 1lnyer, based on estimates of
the thermal comductivity of Lot hydrogon, revealed that tho ghowth in
thicknese would indeed be small during the time of the experiﬁent,:s} The
existencae of & thin, poorly comducting layexr had a,lmaﬂ& baen inferved ¢
from the nature of the reflections of Alfvén waves, ’d

According to Figs. 14, 15, and 16 the radial discharge used here
produces & cylindrical plasme with o core of relatively low lon demsity. |
It is clear that the axial mugnetic fleld 4s spufficiently strong to pre-
vent the formmtion of & pinch on the axis of the 'tj;.be. Revertheless, the
lack of plasma in the "shadow” of the ancde ic a little surprising because
the resistivity of the plaems ie high enough to permit penotration of con-
siderable curremt to the tube axie during the diccharge pulse (= 15 psqc).
It 18, in fact, not .,justiﬁea to conclude that the plasma core hasa relae
tively low degree of dfonlzation. Bince in thies region the z.om oan eﬁr«
tainly not be disappearing bty diffusion, we can use the calculations made
by Pates et al»y‘ 235 for the neutrel densitice -:1# the ateandy s;l:-ate to
astirate an initisl Gegree bf jonization of at least 757 near the awis of
the tubs. It appears therefore thot ﬁhe central region of the tube suffers
al aubétantigl loss of material by soms form of pump om:,"euueed eltber by
centrifusal ectlon during thg rotating phase of the discharge or by dife
fusion of the noutral species into the hotter anmular region of the plasua,

At the inctant the propagating breakdowm has reached the far end of
the tubs, the main body of the gas most certainly is very highly iomized.
Since the neutral dansi‘ty was not determined direcctly, the cumct va.lue of

* the degree of ionization cannct be given. Howevar, the eircumstance that
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tho conditions asewmned by Bites et al.”” should be Fulfilled in this caco
ufmm indicate a paubral density at: a radlal pasi‘bicm halfm;f mmm the
axis and the tube wall of at most a fow percéntf ﬁ ‘

The most Lwportant 1nfamnce Grawn frcm Figa. 4, 15, a.nﬁ 16 is the
e.'baenm of mpid plasra diffusion across the mgmtic field m spite of
mbstantial density gmﬂients. If radial particle transport wers sig-»
nifié#mt, tbe‘ ion density on the axise would be rising rather than &acréan-
ing undar the existing conditions. Of course, nél ancmalons 'difrus:tom' ia
expected 1n this collinion-dominated placms after the atsobarge current
Yas dled down. A look at the temperatuve distribution, on the cther nan,
reveals that the p}amna cools primmly by mdial mrmwtmnspnrt o tha
eold tube wnlle. The decay of lonization must then be dud to mcambim»-
tion in the mlx#ne. /ﬂ thorough ﬁiecuesion of the state of the plasma nnd
the nature —61’ ites —ﬁ.ecay 1o ths eud; ject of & soparate pub.‘bigatmna ¥e mny
indicate here merely that the decay coefficlent y = - (cmi/m:)/za'i dmduced
from Plg. 12 or fran more complete data lien tetween 16™12 and 1072V en®/ec
apd increases rapidly as the temperature decreases, in good agrecment with
predictions frouw Ref. 35. | | -
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_ FIGURE CAPTIONS

Fig. 1  Schematic ﬁm.oi‘ the apparatus used 0 produce the plasmu.

Flg. 2  Hormalized Hg line inteneity W g(§8§l) a8 o ﬁmction.'of tempamthré.

Fig. 5 Hormalized continuum mtaneigty We(lﬁﬁﬁg) at 5320 R %) g functicn
of temperature. o

Fig. 4 Normalized continuum intensity we(f;ees,) et 3225 Rass Mction

.\ | of temperature. /';

mgf, 5 Ratio of the HB line intensity to thé continum int;ansity par
a.ngetfom et 5520 & as a function of temperature.

Fig. 6 Rat-io of the Hﬁ iine intensity to the continu\mrintensity per
angstrom at 3225 R 8s a function of tempemture;

Mg, 7 Ratio of the continuws intensity st ‘5505 2 to the continuum
intensity at 3225 R ac a function of temparature. o

Fig. 8 Schematic diagram of the equipment used ml-ima.king spectroscopic

| measurements. |

Pig. 9 Ion density (arbitrary wunits) as a function of a.xial position
at 20 usec (e); 40 psec (0); 60 usec (a); and 80 poec {1).

Plg. 10. ZIon density (arbitrary units) os a ﬁmétién of axiel position
at 100 psec (6); 120 usec (0); 140 pmec (A); 160 usec (r);

.‘ 180 usec (®); and 200 usec (o). |

Pig. 11 The Hﬁ line proﬂle at 150 usec 3 indicating, for thig particular
shot, an {on density of 2.4 x 3.0‘)'S

Pig. 12 Ion density as determined by measurcments of Stark broadening
(——) and absolute contiﬁumn intensity («--) on & single shot.

Entimated errors arc shovn. *
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Three tempemtm actemimtions from tm thme int.ensity
meafsxwements as & function of time at five radii; ling of eight
s porsllel to the axis of . the. tvcbe Ea.ch point mmsenta
an average of oix shots. The solid circles, trisngles, and
open circles rofer to the temperatures deduced from Flga. 5,.
Cand”(respectively 7 .‘ o o
Endeon fromingecamers pilctures of the plam at (a) 20 end

{v) 34 psec, vith the average Mﬂea of tempemtur«a and fom
denaity at thece times.

.
}.

End-omn framing-mm plctures and redisl profiles of temporsture

and density st (a) 60 and (b) 80 uspec.

Endeont framing-cemera pictures and vadisl mﬁles of texxpemture
and denswy at (a) 116 and (b} 164 peee.
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