
UCRL-11502 Rev 

University of California 

Ernest 0. 
Radiation 

Lawrence 
laboratory 

TWO-WEEK LOAN COPY 

This is a library Circulating Copy 
which may be borrowed for two weeks. 
For a personal retention copy, call 

Tech. Info. Diuision, Ext. 5545 

SPECTROSCOPIC STUDY OF A HIGHLY IONIZED HYDROGEN 

PLASMA 

Berkeley, California 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



1' 

.......... 

I \; ,.,. 

Submitted to Physics of Fluids UCRL-11502 Rev~ 

UNIVERSITY OF CALIFORNIA 

Lawrence Radiation Laboratory 
B~~rkeley, California 

AEC Contract No. W -7405-eng-48 

SPECTROSCOPIC ST'{JDY OF A HIGHLY IONIZED HYDROGEN PLASMA 

William S. Coop,:!r, III and Wulf B. Kunkel 

June 2 5, 1964 

i 
•I 

\ 



r 

·~· 

~~ ... ·· ' 

j: 

.• . 

'. . .. 

. ,• 

I .. ' • 

:; 

' ~ ~ , ... 

... · ... ·, . 

·, . 

..... . 
~ :' ... 

-1-
UC'RL-11502 - Rev. 

Spectroscopic Study of a. Highly Ionized Hydrogen P~~~ .:··: ; .. 
"' . ·. 
~ \. . ~ . ' .... ·. William S· Cooper., III. and Wulf· :a. Kunkel 

.,'': ' 

· La'Wrence Radiation Laboratory 
University·ot California 

:Berkeley 1 California 

June 25, l9G.l: · 

ABSTRACT 

. Experimental details are given for time• and space-resolved deter-

,·. 

,·. 

.. ·. ... 
... . . 

· .. 
"' ' .. 

minations of electron temperature and density in a highly ionized., decaying-· · : 

hydrogen plasma. The technique used involves absolute intensity measure-

menta of the HA. line and. of .two Videly separated portions of the continuum. ·' 
... . . ~lj. . 

· A carbon arc is used as a radiation standard. The interred ion density -~~.( 
=.: 

:.··· 

·, 

'. 

agrees satisfactorily vith 'that deduced from Stark broadening of the Hfl .. · 

line. Internal consistency among various methods of interring a tempera.- · . 
. ~ ~ 

.ture indicates. when and where the technique yields reliable results. It 
.. 15 3 4 . 

is show that the plasma (Ne A:f 4 x 10 ~- 1 Te A:f l to 2 x 10 °K) 1 vhich. 
.. 

is produced in a long cylinder in a strong axial magnetic field, de~s ·. · . 
'by volume recom~:;.ne.tion •. Diftusion losses appear to be negligible •. ·. · ·· 
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I •. INTRODUCTION 
'',_:~ 

• ' ~·: t • • •.• • 

. ~ . . . . . In recent years a. number of experiments have been reported in vhich ·:. : ·<;._,:S:::;::.::)-' 
.• •· 

· · .: · .. ··.· · ··:·. hlghly ionized plasmas 'With. elect~on densities petveen 1015 and 1016 cm·3 : ·.):_!·:~·::; 

·.,;:; :(·· •••. ::~: •. 1 :::~:::~-::e:~e:n:o2 i:t:::~ ::::ed t::r r:::::::n:~~ .... · )",~;_,1;,;' 
.• 1 •.. ·,. and to make meaningful comparisons With theory, it is necessary to have" . {'•\,:,).::)·'· 
:: .. :-..-: ,:" . reliable information concerning the plasma. density, temperature, ~d degree . . :·._: .. :,_ 

·, :· ;:· .. \ 

. " .of ionization. In particular, one is never justified in assuming that the .; .·. _,1· ., ', 

... 
•• • 1. ··' 

·.: ,_ -·.::· ·· ·· initial gas pressure controls ·the ultimate plasma. density. The high- ., ,.. . 
:-.. . • ~ . : ~ • • • ' • • ,i .:< 

_::: ;: . . . ::::: ::·::::: :::~:i:::::::::. t:r g::~~: :~o:::a::;a::. :t.,> . . o.·,}~1i; 
· .. ·;.··~: .. ·~:· :~ ~~ ·#· .. ,:· .. ·. 

·· ' : . . · ·.'·' or expelling an appreciable fraction of the gas from the region of interest~-·< <·-, .... i.;<~> 
: ·.i . ' ' - • ' ·.·. · .. · :·:·/:{;. 

:-:: ", :~ ·=· ·. ' In general, a. seJ:le.rate determination of the plasma. J:le.rameters is required, ·· . ~, :< "1' ·::· : 

·: .. ·· ·· · ··=· ···: :.:·:,. preferably as a.· function of position and tilne 1 bec·ause the existence of .·.·.·.~.-.d_:::.:_~:_· .. :·_:\.\._<.~._~_(_.;·_:··.·. 1 

'; .~ ... t': :_ ,', '.! . 

· :' .. ·' ·. nonuniformities and fluctuations may have to be taken into account as .well.- : : .. _:·: __ ' :<~:~::~. 

' ' ; ,: ·; sOme of 'the early worlt1• 2 included measurements . ot ion densities and ' ~::iy):•);;., 
• ,'.• I ' 

. _,.· : .· . .':. electron temperatures (a.) by means of Langmuir probes ~r (b) by Stark ·.: ··:.: > ::·' 

·.·; . :·-
-~ • ... • • 'lJ • .• ' 

'.' 

. :: ..... •,, 
broadening of ~er lines and determination of electrical r~sistivity. 9 · . ::·;'::;-/:.-::</:'·; 

In a. more recent study1 7 the electron density -was inferred from the plasma. .: .:.-:·.·: ·.·-:::!'::.: i 
. . ·1o · ._:. : ··. {. :·~.::: I 

• :. · . ·· refractive index, vhich wa.s measured 'With the help of a. He-Ne gas laser. ; · :·<·. ~::.! 

: ... : :~ . . . :::::::d ~h:::~:::.::: 0:::::::::::::::~~~::~ · -: ,/.(:·~!\ 1 

:1 ·. 

-: · .. 
' 

of the electron-proton plasma. used by rfilcox et a.l. 1
1 DeSil~,9 and · · .-::·· tV{'·· 

···':':<.<~\ ... SpiJ J man. 5 The method consisted prima.ri4" ·of absolute 1ntensi ty measurements 
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in the hydrogen emission s:pectrum as publicized by Griem. J4., 12 

It is :well known that a great deal can be learned about a plasma 

:from ita emission spectrum. These spectroscopic techniques have the 

additional advantage that, except for the necessity of windows, no per- . 

turbation of the plasma or interference with the experiment is involved. 

The various observables1 such as line shapes, line intensities, intensity 

ratios, and continuum emission, relate to different features of the plasma, .. . 

. and under nonequilibrium conditions it may be difficult to obtain a con•. 

, .· 'sistent picture from a set of such measurements. This situation is 'W'el.l . . . l' . 
'. · ·brought out in a recent spe~troscopic study of ·a cesium plasma. The 

work desc~ibed in the present paper represents a successtul·effort to 

delineate those :periods dUring the production and decay of a high.l.y 

ionized hydrogen plasma in 'W'hich spectroscopic measuring techniques may 
-. 

' 

· be ~:trusted, and within these limitations to obtain consistent and accurate . . ' .. 

.• 

measurements of the pro:perties of the plasma. 

II. APPARATUS FOR PLASMA PRODUCTION 

The apparatus used to produce the plasma has been described in 

several publications, and is ·revie'W'ed here only briefly.l,9,l4 A hydrogen 

· plasma is g_enera..ted by an electrical discharge in a cylindrical copper . 

· tube 14.6 em in diameter and 86.4 em in length (see Fig. l). The tube, 

' filled 'W'ith hydrogen gas at a pressure of a~ut 0.1 torr, is closed at 
I 
I 

both ends by quartz plates_and is located in a uniform de magnetic field 

of 16 kG. A lumped-constant pulse line charged initially to 10 kV is. 

connected by an .ignitron 'S'W'itch to a cylindrical molybdenum ele.ctrode 
.·."" ... 

1,. " .. ',' . ' 
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(anode) concentric With the copper cylinder (cathode) and+ocated in the 

center of one of the quartz plates. The gas breaks down ·about 1. 5 J.LSec · 

after application of the high voltage. In an additional. 3 J.LSec the cur- · 

rent rises to a consta~t value of 6.7 kA and generates a well-defined 

ionization front, which proceeds down the tube with a velocity (in this 

case) of 4.85 c:m/v.sec1 leaving behind it a rotating, higll.ly ionized plasma. 

Such a phenomenon has been .'called a "switch-on ionization w.ve"- or "hydro-· 

. . ::· :magnetic ionizing w.ve," and has been discussed theoretica.l.ly by Kunkel 

·:~ . .--.-.::.·::·,.:>arid qross15 and i~vestigated experiznentally by :Brennan et a1.16 

. •" 
T ,•; current is shorted ("'crowbarred") by an ignitron switch • 

-: .. , . •' 

... . . ·, 
.'• . . · .. 

; . : .. 
,·. ·. ···:·.·· 
· · ':.: ·the decay period that the spectroscopic measurements were made. . . . · .. ·: ~ . :' . 

To pre-· 

· · · ·, · ·.··vent the formation of hydromagnetic "swirls" .in the plasma after crowbar, ·.· 
. ·.. ·.· . . . ' .... 

. . .. , -:·: ·r_- all spectroscopic data were taken. With a perforated copper screen inside 
.·· .... '' 

;:· ::.: ·: ·:. ·_/··.the tube at the end away from the electrode. The swirls vould indicate . . .. ': ~' ·.; . : ~: ·.. . . 
.. :·. · .. 

., ... 

: ..... 

_.. 

:macroscopic motion of !!- nonuniform p:Le.sma _and are discussed in a ;previous 

.,...,,l>l1cation.17. \.··.. · ·.- ·, ... ·,~-· .· _·. __ .'._ .. :,:":;-,·.;·_ ... ·· · _;. · 
,kf'IA ;, •.· 
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III. THEORY OF SPECTROSCOPIC MEASUREMENTS 

As excellent summaries of spectroscopic diagnostic ~ethods suitable 

for use Vith plasmas a~e available in the literature,ll,l2,lS,l9 only the 

techniq~s pertinent to this ll9-per are discussed here. These are (a) tem- .· 

perature measurements made b,y determining the ratio of the intensity of 

a spectral line to the intensity of the continuum. radiation at some ~ve-. 

· length; (b) temperature measurements made by determining the ratio of the-.. ' 

- . . I 

intensities of t~ continuum radiation at two \tavelengths; (c) ion-density 

measurements made by determining the absolute intensity either 'of a 

:~· ; · .. 
·,.;J 

. '·~~ .... =·~·:~: :~_· 
: ' ... ~ ; ; ~I' 

. . ·. ':· . ·. ~- .' ·. 
. . : ;·~::·.: .. : 

~ ... : . 
.: . ' ' ~: . . .. :·::. ,-~ <~·. ··; ·, :: ~-: 

.:;.·-.. :· ; ."' .. :. 
• •. • ; I . '., • ~: ' . . . ... :- ~-.. ·.·_ . 

., . 
.. ··.· .. . 

· · · spectral line or of the con~inuum radiation at some ~velength; and 
II 

(d) ion-density meas~ements made by determining the profile of' a Stark• · \1 

. . . ..... · 
l "'r • • ~ • .. :. . . . .. 

'• 

' ~ ' 

' · .. : ' .. · 
.· 

... 

-~ ..... ~ .. :' 
. ' ~' .. : .. ,: . 
... ·. 

, .. 

··. '• ... '· :'. 
. ·. . .': .. : . 

.. ~!.. .. 
' l • • 'I'.· .' • ',1 • ~ ,. • . ! 

·, ..... "! ••• 

:-, ... 

'·,,. 
~ . . 

-.... ; . ' 

broadened emission line. Unless otherwise stated, ve assume ·LTE (local 
' ' ll 

thermal equilibrium) • 

The line chosen for observation ~s the H~ line of the Ealmer series. 

Fi~ 2 shows the normalized power radiated 1n the H~ line· 

lit 

(1) 

.'· ... :· 
r ,. ' 

,.:; · ... :· .. : ... ;~ ·. 
.· ... ·, '··· 

'. ! • ~· ••• : 

• j ... • ... 

' ' .... · ... ' .· . . ··.. -. 

.. : ·.· ... "". . ' . ; ,; : '.. ... ·: :~~-: 
. . ' . ·~." .. 
..;;:·: ·: .:· ... 

as a 1\mction of temperature, With the -plasma assumed to be opt~cally thin · - :.-·~. ··:, ·.: . 
. ' ... · · .. ::' ·. :. . _: -~; .. ·:·. 

to the line. Here U.t is the energy radiated in the line in ergs-cm~3-sec·1• _ .. ·::;· .·:._.:::: 

lie calcula-ted "the popul.a"tion densi"t;y of a "toms in the upper state of the ' .. : / •. ':·;:\-

• • • • • '~- . I • •: 

. ,,'::\:.:-.>~ /;. line from Saba's equation using the correction to tll.e ionization· potential 

20 21 ,_, tS'I. discussed by Griem and Ecker and Kr811. 

The continuum radiation trom the plasma ~a observed a~ -twb ~ve-

. lengths, one between Ha and H~ at abou~ 5,00 it, and the other on the other 

side ot the ~r-series limit e.t ~25 i. · The. precise ch~ice of vavelengths 

. -
.. 

:-:·. 
. ! .. ·.·.: 

'•' 
; I •' . ~- . 

' . 

.:·f ·' 
• ~ # . • • 

• 1' ••• 

-~ •. . 
I'' ' •,. 

• ", ~· • - j_ •• ,; 

• • # •• : 

. ~· . . 
. . . . ~ . 

. ~ . ' . ·.: ·:. ,•, • . 
'• 

. ..... .. ' .. 
: /· ·~ . 

....... 
·.; ;. "'. •:·:.-.:;· ...... 

• .... .. ; -~~- .t ~.\; 
·: .. ·'•' ·.: ·, 

. ':. 
. . ~-:.. . . ' . 

.·.:n> 
' ,, 

_,. . : .... ' -.~; 

~ .; . . .. : . 
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is dictated by ~e necessity of avoiding impurity lines in the spectrum. 
. . 

Figure 3 shows the normalized pover radiated in the ·continuum ;per unit 
.. . 

vavelength1 defined by 
.. 

(2) . 

for ~velengths of 5320 ~ and 3225 ~~ respectiv~ly1 calcUlated tor several 
. . 

The symbol U ("-) represents the continuum emiqsion c . electron ~ensities • 

per ~ at wvel~ngth A in ergs-em •} -sec -l .• 

Wc(A) w.s _calculated :f'rom Kircbhoft's La.v, Saba's equation, and the 
.- . 

following expression tor the absorpt!on coefficient per R atom in the. 

-ground state: 

•;l., 

.. ~" 
.;. 

. : :. .. . . 

·-· 

.. . ·. 

. · '. 

·; · .. 

'.,, . \,• 
.. · ... 

'' ~ - ' . 
•,··. 
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• l 
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• • f ~ 
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-.' 
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' . 

. . .Srr. 
k ·. . V .IX 

.:· .. 3'V3 

. • ! . 

.. 
ex:p(un) .,. 

n3 
... : .. 
.. ' ... 

: ' 

... 

(3) 

. Stimulated· emission w.s taken into account. This expression for kv is 
: , II 22 . . . 
·, : similar to one derived by Unsold. ·. Here n is the principal quantum num-
, ,. ··.·· 

.· .··: · .... 
', .... ·. 

'>· ··. 
, .. · . 

' : ~, .. ~ -.'··· 
. . : : '.· .. : 
. , •. • .", •,, ~ '~!·: :~ ~! •I 

. . ·. . . ·, :~· ;· . 
. . . :. ' ~. -~= · . 
. ' :'· !': ( . . I 

. . . ~ ... : 
.· :.·t,··: . 

.-': . ·' . ber; u • hv/kT; u = Xn/kT; X is. the ionization potential tram the nth 
. n n . 

. ·.·.: >{ .. :. 
. . ~ . ': 

, .. 
,· . 

.; 

.. ·. 
. ; ·. ' 

.. · ... 
. . . 

. '·.:.: · . 
.. .I 

',' r, ,'I 

..... . · .· 
' ..... :: .. 

~ . . . ; . . . •' 

... 

';· . -~ 

···: ·' ... ' ' 

. . 
; ..... 

• ·, I .' •. '': ~~ • .• .' 

.•· ·. · .... •. 

o\, '•o' 

' ·.·. ' 

·'. . . \: 

... 
.. ·· ..• 

. '. '• . : . . 

quantum level; and ~ is the princi:pe.l quantum number of the last bound l 
. I. 

'I 

state. 1'he n\lmber of bound states of a hydrogen atom located in a plasma. l 

• .. : i .•• !. ··-~ 

' . ' ... ·:: ;·.:.~: :.!~--
.. ·. ': .. ·: ·; .. · .. · .. · . . : : ·;:·· ._:; .. \ .. 

"', ;:· o I 

.t '::. ··\_./. . · .. · .. ~. : : ..... : . 
is finite 'Qecause Debye•sh1elding effects produce a non-Coulomb potential. · · .· ,·_. , , . 

Griem2Q shows that the assumption ·that the last bound state satisfies the · ... ·'· :·~-.::·· . 
~ I, . • . ~- ·, I • I 

equation 

Hi X = 6X nmax 

is consistent with the expression ~or the lowering of' the ionization 

potential iSX used in the Saba equation. The factors gf'f' and (gtb) e.re 
n . 

free-free and free-bound·Gaunt factors 1 respectively1 averaged over the 

various angular momentum states according to their statisti~e.l weights. 

The numerical values used in the calculation were taken from the tables 

of Ka.rzas and. Latter. 23 The factor {gtb) denotes an average value of the 

Gaunt factor1 averaged over all· quantum levels with principal quantum num

bers greater than~· .The sum in the ~ession for ·k_., ·represents the . 
.• . . .' . ,· 

. i ' ·,"' .• 

,·: .... ··.·; 
' .. ·, . .. ... 

... . ... 

.'; .,; .... 
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contribution to the continuum radiation from. :free-bound transitions (the : 

recombination continuum). The fi;rst expression in the square brackets. 

: . J ".' .. ' .. ·. is an integral approximation representing the contributi'on from tra.nsi- · ·:, . 
. . ~ ... ' . ') 

·, 

.. 
; 

tiona b.Y. free electrons to the remaining negativeeener~ states, and. the: 

· ··· ··last term'i iff' is the contribution from :free-free transitions (brems- . 

stra.hlung). · 

,. . Figures 4 and 5 show the ra~ios Wt(4861)/Wc(5320) 1 Wt(486l)/W
0

(3225) 1 :· · 

· .· . · · .. ::: ._: and W (5320)/W (~25). 
. :·. '.· ...... ·- c . c . 

All three ratios are functions only of the tem• 

· ~ra.ture, and are independent of'the electron density. All. three vere · 

,. . . ~ . 

! . • . . ·. . .. ', :~ .. 

. : '' .. 
..... . ; . 

. :·. ·.··' 

' •• f ••·• 

· .... reach a quasi~steady-state value, which may be different from the LTE 
. ·.· .. 

.. _ ,: .: · · :. value. The characteristic time for this to occur should be much less for 
. " : ' . · .. ,· .d . 

I . 

·' .. :.-: ; the highly excited states than for the first excited state (princi:pal 
. . 
# • ' -: ....... .. 

····. : .... ..... . . . . . . 
. . .... 

o ' ',I .. ·-

quantum number n = 2) 1 as ;the inelastic and superelastic collision rates 

increase rapidly with increasing princi:pal· quantum number. One can esti-

\ 

'•. · ..... 
. ·•"" 

. . . mate fromreference 35 that this relaxation time for the n a 2 level for 
. . . . . . . . . ~·~· .. _:::·.:_?1: ·~ 

the conditions ·observed in this plasma, assuming the plasma to be o:paque : _:, -~:- ·':·:/,;~!~. 
·· ... -

\ \ .. ' 

~ - . . 

to the lines of the L}'>nan series, is al""Y• l<.ss than lO-S sec. Since the ) ":J;:.t~ 
observed characteristic relaxation time Cif the electron density and ·tem- ... ··: ';':.\'.;:):~. 

~ra.ture during the decay peri'od is of the order· of 10·4 ~ec, we expect .· ·. · , .. _:.;: · 
··::··:·.-;;_:)(:: 

that ·the density of excited sta.tesVill be.given.by their quasi-stead

state values~ vhich have been. calculated by :Bates and Xiilgston. 
2~ :Frolu 
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their results one can show that during the entire observabl~ portion .of 
: :)~ :t 

•, .. 
the decay ~riod the density Qf states in the upper level' of the H~ line . 

(n = 4) is sufficiently close to the LTE value to permit tem~ra.ture 

measurements by determining the ratio of the line intensity to a continuum , 

intensity. 0~ ver,y late in the decay ~riod can the population density 

. in the n "" 4 level depart from the. equilibrium value by a.s much as 2CJ/,1 

· which would be reflected a.s a 5rfo error in the temperature measurement • .. 
Temperature and density measurements employing the continuum radia- '' 

tion involve o~ the assumptions of a. uniform transparent plasma1 the 

lack of other sources of continuum radiation (such as the H- ion), and the 
. lj 

assumption of a V.a.:x:wellia.n velocity distribution for the tree electrons. ,\ 
. . I 

The last assumption is certainly justified in the case of this plasma1 a.s 

the estimated electron energy relaxation time is less by a. factor of about 

107 than the observed plasma decay time, and we are again permi~ted to use 

. .·.·· .. 
• .. • •. !. 

.. _· •:. ·.· 
. '. .. . : ; ~ . ' .. ; 

· .... ', .: 

.. · .. ·:: • . .';,. 
.-·:·.' :' .. : ·:···:~:: 

.'• .. 
. ~ . ~ J ~:·:i · ... · .. 

·. , . ... ···. 
l . • • 

. ,,_ . •" 
I , ' ' ~ • 

; ....... . 
" 

I, ·~. "' • • •• 

I • ... , 

LTE calculations. 1 ·• ·,_ 

The hydrogen :Balmer lines in the spectrum of the plasma are broadened . · 

primarily b,y the Stark effect caused b,y electric microfields of nearby 

ions •. In this work we·ha.ve used.the H~ profiles calculated b,y Gri~m, 

Kolb1 and Shen.25 These H~ profiles are expected_to have an over-all 

accuracy of about 15r{o, and agree ver,y well with H~ line profiles recently . 

26 
determine~ exper~ntally .b.Y Wiese, Paquette, and Sola.rski. 
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IV. APPARATUS AND TECIIN1QUES FOR SPECTROSCOPIC MF..ASU'REMENTS 
power radiated in . 

Absolute measurements of the ~m;~ the Hf) line and in' the two . 

bands of continuum radiation were made b,y comparing the brightness of the 

plasma With the brightness of· a carbon arc used as a radiation standard. 

As numerous experimental difficulties rray be encm.L."1tcred in the course of 

such measurements, we describe the techniques used here 1n some detaU. 

Figure 6 'sh~ws the experimental arrangement. Radiation leaving the plasma · 

through a hole in the conducting co~r screen in the end of the ~ube is 

. reflected by the small mirror and focused by a quartz lens onto the 

. ·· .. 

· entrance slit of a 3·4-m plane-grating spectrograph (Jarrell-Ash Model 

JA-7102). There were five holes·in the screen at different radii; the 

small mirror could be moved on ways in the direction of the arrovs, so 

~~-
•· • 
• 

that light from any of these five holes could be imaged onto the entrance· 

slit of the spectrograph. 
. '•. ' .... ' ·: .'• 

Located in the focal plane of the spectrograph were three movable 

: .. 

'·· 
. .... . , .. 

···,··. 

. ·,. 

• t ·.·'I 

: ·, ... 

" • I ' ~·' 

.··' 
.. 

. : . .. ·': . ;·_ 

. '; . 
assemblies, each containing an adjustable exit slit and a photomultiplier 

(EMI 6255B). Filters placed in front of the photomultiplier~ cut out · -
.. 

·: 

··. · .. \: ... ·· .. 
·-~ .. . ' 
'. . -. scattered light. Interference filters were used for the Hf) line and the 

band of continuum in the visible, and a filter (Corning Ty:pe 4-76) was 
/ 

used With the photomultiplier observing the band of continuum radiation 

. ·in the ultraviolet. As the uv signal was observed in the second order 

,. 'of the diffracted spectrum, ,this filter e.iso elimina.ted the overlapping· 
,• .. •',• . 

. ' .. first-order spectrum • 

The gain· of the tubes was kept constant· during an experiment by 

monitoring the amplitude of light pulses from an AR-4 argon lamp mounted · 

. . . . 

. · 
... 

· ... 

' .. 
·.· .. 

.' >- ,· ~ 
',t ··' ' 

:·' .. : . .. 

.. 

'• .. _, 
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. magnetic field w.s turned on could be observed1 and w.s minimized by 

rotating the tubes in their mounts about their longitudinal axes. 

eth that of the .de~ time of a~ light signal observed from the plasma. 

A carbon arc1 operated as nearly as possible in the manner suggested 
28 29 . . . 

b,y Euler1 . 1 was used as a radiation standard. Carbon electrodes 

(Ringsdorff-Werke RW II) 6.35 mm in diameter were used as anodes1 and 

graphite electrodes (United Carbon. Products .co. grade U·l ·''Ult~ Purity") 
. '•, 

3.17 mm in. diameter vere used as cathodes.' ... ·A persistent tendency of the 
. ·': 

. .. .., 

~. : . 
... : ·, 

.. · ... " ... 
• ''I • ' 

.. 

,I 

·.; 
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cathode spot to ~nder1 introducing fluctuations in the luminance1 ~s 

. largely eliminated by lJEl.inting the cathode before use with a. dilute solu-· 

tion of sodium bicarbonate. The anode spot of the a.rc ~s focused by a · : 

second qua.rtz.lens onto one of the holes in the screen a.t the·end of the 

tube 1 and from there b,y the first quartz lens onto the entrance slit of 

.. ., . ' '/ ' 
. ' . ' ·~" 

. :: :_ : ~ :·-~ ... 

. ; . -~ ' ~; .. · .. 
~ ~ • J~ • 

• • f 

·• '·· .. · ··; 
'· :·, 

.. · .. . · ....... . 

the spectrograph. Before calibration the quartz plate supporting the 
' • ' I •'',~ / j ,·: 

electrode ~s removed. The brightness of the a.rc image on the hole in .. 
the screen could ~ calculated from the temperature a.nd emissivity of the 

carbon anode (taking losses in the lens into account) a.nd the brightness 

'I 

of the plasma could then be .determined in principle by a. direct comparison. 
. iL 

·When the arc was ~1ewed1 a. shutter having a.n open time ot 4 msec and ;' · 

a. rise time of 200 ~sec ~s used to simulate a.s nearly a.s possible the 

pulsed nature of the plasma 'signal. Neutral density filters were used 

when necessary to suarantee that the difference in intensity between the 

'• ... · 

.• ! :..:·.-·:·:· 

~:<:·.··::·.· 

.· . . -: ~ . . .. . .... 
·' ·.:.·: 

.· .. : 

.. '. -': . 

• ........... l 

' .. . 

''. > .. :.··.: .. 
. ~ . .' .. 
. : -~> :: 

. . . 
·· ........ ·>;:·.~· 

a.rc signal and the peak intensity of the plasma signal at a. given ~ve-
. ··I 

.. length was never more than a factor of 10.·· The linearity of the multipliers. 
.. 

~s checked in a. selJEl.ra.te experiment. With a.ll these ;preca.utions1 t'he 

photomultipliers could be trusted to give Valid comparisons of the bright- . · 

ness of the a.rc to that of the plasma with a. maximum error of about 5'/o· · 

The short- and long-term stability of the entire system could be 

determined by repeated measurements of the signals from the a.rc at the 

three wavelengths. A series of five or six consecutive measurements of 

the a.rc signal. showed an rm~ deviation of about ± 1~ at all Vavelengths. 

The long-term stability of the entire system ~s determined by repetition 

•.. 

. .· . .'~ 
·.. : . . . . .. ·;· 

.· .' 

..... 
. _; ,· .. : .. 
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of this tn>e of measurement six t:ilnes during 2 veeks. · ~e. average lit~SDali&mplitude : .. 
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\ 

(averaged each time over six consecutive shots) shwed e.n'rms deViation 

· during the 2 .. week :period of about % ?l/o at aJ.l three \n1.'V'elengths1 and showed 

' ' ' ~ . . . . . no indication a.t all of a. dri:f't. 

·. 

J ': • : 

. . .•.. 

.. "'' 

, . . .. .. 
·' .·· 

. . '·. ·. ~ .. : .. .. • ..... · 

. . 
The HI) profiles were determined as a. function of time by. a.n .18-

cha.nne~ "polychrome.tor," the predecessor of which has been described by 

. Spil.lman et a.l.3° The da.ta1 recorded on Polaroid filrn1 were from five 

dual-beam oscilloscopes (Tektronix Type 551) equippeu with dual-channel 

preamplifiers. ·:·:· ···:·:.·:', 
,.::(.·,.::1 

. . The small monochromator shown in Fig. 6 vas use•l to scan the spectral. . · '··'.·.··· ;;··~, 
·"-·:'.·' : . regions

1 

o~ interest to guarantee that no faint impurity lines (in the cas:1 ." ··.·-_:: :·,:.; .. \ 
, . · of the j;>le.sma) or mol~cular ba.nd radiation (in the c;a.se of the arc) were ~i. . .:,>::: :.i. 

1 

.. :.·:· .. •,• superimposed on the, continuous spectrum. Although,;:. number of very faint ........ ;.:·.:.:>~::·.;~: .... , 
',' ~·; •• 

1 ~·; I . • • 
1 ::.:,:~: .',~•";, ·~, • ~ 

... , .. and unidentified lines were found in the spectrum o:f' the plasma1 "windOW's" · ... · .':\·:'·.·: .. ~.::,';: ! 
<. ·. · : · · <: :. ·.· .. between them were of sufficient rtdth ( 5 to 10 .R) to make unhindered ·. . . .· ·_. · \;:):> ~:\:. ' ( 
: .: . . ... • ,; • . ·<· ·I 

. ;.-::··· .. ·. observatio~ -~~the co:~in::~tion possible. . ...•.. :;:tu~t\1 

, . , .... endA~:o:::::o::::;:::::o:::::::l::::~~:::;::~~::::he . :·>:'{;~.~ 
·:' .. >:'_:.I 

:· ':' .:·::(: <?:_. ''· .. ' . ,. . '.~ 

' .. ,·:· 

. . . . •. 

•' :, I 

"' 

. ~ 

ture averaged 1n some sense along the ~ine of sight. 
/ . It was :1.mperative1 

therefore1 to make some estimate of the longitudinal u.uformity of the 

plasma. • The longitudinal uniformity of this pa.rticula:::- plasma w.s a.l:ready', 

suspect, as Kunkel and Gross15 showed that a. hydroma.gzntic .iozlizing w.ve 

of the. type used to produce this plasma. is compressive and:. must necessarily 
.• ... 

• J, •• -~ : • • 
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·.:· 

. be followed by a rarefaction wave. 

· To investigate the longitudinal uniformity- of the· plasma, we drilled 

.five 1/2-in.-diameter holes in the side of the tube and sealed them Vith 

thin quartz windows. A mirror mounted at an agnle of 45 deg on a movable 

carriage allowed light from any of these five holes to be reflected along 

a line parallel to the axis of the tube to a detector consisting of a. 

photomultiplier (RCA 1P21) and an interference filter. . To make relative 

density- measurements as a function of axial position, an intereference .. 
:filter having a bandpass of 9 ~ centered at 5305 2 was used. The tempera

ture was alreadY known from preliminary- measurements to be about 10 000 °K. · 

From Fig. 3 w~ see that the power radiated per~ in the continuum :for this 
. ;, 

temperature and a wave.length of about 5300 2 should be vecy nearly pro:por-':f 

: .. ·,. .. 
. '• .·. . . ; : ~ 

J : · . 

', ',• I• 

. . 

... 
. ' ' 

. ... . 
.. ' ... ··· 

. . 
tional to the square of the ion density- (since Ni = Ne in a hydrogen plasma) 

and almost independent o:f' the temperature. At each window· five shots were· ·. ',I 
• •, •J •• 

taken, the signal amplitudes averaged at various times, and the square root 

of the average signal amplitude (corrected :for geometrical effects) was 
I . 

plotted against axial position. The resulting profiles, which should be 

proportional to the ion density- Ni averaged in some wa:r'over.the diameter 

.. of the tube, are shown in Figs. 7 a.nd 8. 

At 20 IJ.Sec the hydroma.gnetic ionizing wave is still proceeding down 

the tube. The. rarefa.cti.on wave following i:t is obvious. A sharp jump in 

···.:.: 

·, . 
J, '· • 

'· , .. > .. . . . 
' ' .. 

. · .. ,·. 

. .. 
·.' ' '•. . .... '"'' 

. •.,. . . ~ ·. .' ' ·• : ~· . . : '. . < .. :' .. ~ :, 
·'¥' ·.: 

': 

... ' ··. :. .. 
., ': 

· .. 

. ' . ' 

the ion density- occurs a.t the end o:f' the tube at 40 1J.Sec1 when the ioniz-
.. • . 

ing wave strikes the screen •. This perturbation disappears in about the 

time taken by an acoustic wave to travel the length of the tube (40 1J.Sec) 1 .. 

and at'ter 80 IJ.Sec the maximum nonuniformity- of the density- is .:1: 15%· 

Temperature determinations as a f'unction of axial :position and time 
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vere more ambiguous. Measurements similar to those described above vera 

a.lso made by observation of the. 11
13 

line. The temperature variation Yith 

· axial position -was estimated from the ratio of W .t(486l)/Wc(5305). The 

results indicate that the variation of temperature vith axial· position 

. ' ;• I'·,' ., .. . ,·_ 

···. ·I;·: . 
. , . ( 

;, ' :··_·_ ....... 

... ; .. - . 

. ,· . . ~ 

\. : 

'· .. 

I . • 

.,_._, .. · .... :· 
... · 

... ·,' -

':' . ' 

.,· . '. 

,'l. . . • -. 

. . . '•. · .. ·-. 

-.· · .... 
-··· ..... _' 

is probably less than ± 15% from 80 to a.t least 200 ~sec • 

· »· pom~rison ot.Ion Density as Measured Py Stark Broadening of 

~he_~~ and £l Absolute Intensity of the Continuum at 5320'R 

As a check of the· -ion-density measuring techniques, ve simultaneously 

measured the broadening of the n
13 

line vith the,'polych.roma.tor1 and made 

. ' 
'••.,: { I J 

-. . ~ 

. : : .. ·::~·.::.:-:: 
·_:. ·. ·.:.: .... 

. · ... ·-:. 

absolute measurements of the· power radiated in the n13 line in a 5-2 band 1\',.· .. :· ·,,·.·. :,.·~·.;:· 
· ot continuum centered 'at 5320 Jt We made these measurements· looking end- ~:. . . : ::· · ·, :_: .':·· 

.. '.: ~·/.':-~; 
on at a radius of 35 mm1 using the beam splitter shown in Fig. 6. The -~ · ; : ·:, ·._.;: ·' 

, ,·,.·· 
n

13 
profile :at 150 ~sec on a. typical shot is shown in Fig• ·9, and indicates·', · ·,·.:.<· .. /::~~.: 

a.n ion density of 2.4 x 1015 cm .. 3. The solid curve is a. noo's~ .. fit 11 the- .. : .. ::./::·,yi:: 
oretica.l profile of Griem, Kolb, and Shen. 25 The curves were fitted to . ,. . . ;_,.:·:.: .. >.<;· 

the experime~~l line :profiles by a computer by means of a. two dimensional ·· ~ ,y ... ~.\'i~-~ 
(in intensity and ~) least-square curve-fitting procedure 1 and With the 

0 assumption of a temperature of 20 000 K. 

Agreement between the experimental points and the best-fit theoretical 

:profile 'Was genera.l.J¥ very good. We never observed the dip tba.t occurs 

in the center of the theoretical-.ll'{3 line ~rofiles. It is likely that the 

dip was filled in by radiation f'rom low-density regions in the plasma. 

. · boundary. :Both Doppler broadening and instrumental broadening vera sma.ll 

com:pe.red With the Stark broadening, a.nd vere neglected .in this e.n.a.lysis. 
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; .. · .. :· ; . An est:!Jnat~ of reabsorption at this radius, ba.sed on a ·com:tarison of the 

•· 

. . ' . ', 

. ' .. 
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~. . . ~ . 

• '• ··;II 
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I •', 

•. 

' I. 

··.· 

·. . . 

intensit,y at the center of the H~ line to the intensity of a blackb~ 

radiating at the :plasma. temperature, indicated tha.t the intensity at the 

center of the line might be reduced as much as l~ b,y reabsorption at 200 

~sec, and less at earlier times.. This small amount of reabsorption, 

·affecting only the center of the line, vould ha.ve a negligible effect on 

the value of ion density deduced from the line profiles. The slight axial·· 

inhomogeneity present after 8o ~sec probably also vould have no Visible 

effect on the line profiles. 

The temperature as a :function of time for the same shot vas ca.lcu-

lated, Vith the help ~f Fig. 4, from the ratio W~(486l)/Wc(5320). · From 

these values of the tempe~ture and from the absolute continuum mea~ure-

help of Fig. 3· 

Figure 10 shovs the ion dens.i ty measured b,y the tvo methods as a 
•.' 

:function of time for this particular shot, Vith estimated experimental ·' 

errors. The val\ies of the ion densit,y.determined from the H~ line pro-
. 0 

files have been corrected forT I 20 000 K (about a 1\/f, correction). 

.. "'~ 

It .. t' .. 
• 

··.: ... ·:::."':··Although the values of the ion density as measured b,y line broadening 
' .... · .. 

.. 
'•'-,.: 

vere consistently somevhat higher than those determined from the con-

tinuum measurements, the tvo values agreed in each case vithin the estimated 

errors. On the basis of this generally satisfactory agreement of the tvo 

methods, apparent also in. other shots, it was decided to make all further 

ion-density meas~ments b,y ·absolute measurements of We(~), as this method 

required much less effort in the taking and reduction of data.. 
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C. Radial Distributions of Tem~ra.ture and Ion nehsi~ 

as Functions of Time 

The io.n density and temperature vere determined as :t"urictions of time 

.. ~ . ' . 
' ~ : . '.' • I • 

.. 

. ; 

:"' 
:'. ~ ·, · at five radii (corresponding to the locations of the holes in the co:pJ?er 

• ' ' ! • 

: . .. ,.··screen) from measurements of.w.£(4861) and of w0(~) at 5305 i and 3225 i. 
· ·: The ba.nd'W'idths vera 50 i, ll.5 i, and 4:o 2, ~es:pectively. The volume 

of ~sma. observed "Was approximately that of a long tapered truncated 
,• ... 

prism, );la.raJ.l.el to the axis of the tuoo.; ·and vith bases 1 by 10 mm and 

·. '.: '• 5 by 10 rom. 

. \ . . . : .· . .. ' 
. ., . . ~ .. 

;-· ... : .. 
' ~·. . : ~ 

.-···- ... · .. ·t./: 
. . '• : '. . .. ~ ..... 

At· each radius and time, three' values of the temperature vere calcu• :·· :'·:·~.· 
, .. ; :'• •. ' ~ ' ... ? .. : :. 

. ·I ··. ·.•.. ':; ·.;. I, 

··· .. ' .. ' ,,,•, .. \ 

lated trom the three ~ssible different ratios. At a given time a.nd radiu~1 ··: J,. ·.·.·/··;· 
,_:t· ,• '~-. 

these three values usually'agreed quite vell--vithin 2~-- except i~ tvo : .f-' .'>; .. ~ . ' 
'. 

' . :' •; circumstances: (a.) early i~ time (throughout the tube), while the current 

. .-.: ': .. 
wa.s still driving the ionizi~ front dawn the tube, and (b) late in time 

.. ·. ::. 

(near the outer wall of the tube)~ In the former case the reason for the 
'" ·, 

' .. '·. 
. ·, · .. 

discre);la.ncy i~ not known. The extreme nonuniformity along the line of 
' . ; . . ... ~·: . 

. ' I ' 
· ..••. ·.·.-.:• j',. 

'i. '•• 

. ·; . I: .. 

. ;, ... · '• ·. 
. . . . ~ . ' .. 

sight, or large deviations from thermal equilibrium existing during the 

,\ ',, ionizing phase, may be responsible. Fortuna.tely1 in this study the early .. ',' .·· ·;\ ·-.. 

.. · :~< / .. ·:~·.: :'? ::. 

. . . . 
'' .• history of the ;plasma. is not important. The discreJ;ancies near the 'Wall. 

• ~ I ~ • 0 :- • '·~·' • f, 

: "\" ·' •.1."' .• t•" 

· •. , •• l ·-· 

:: ·.\ .· \ ';:·:.'~· ~· ·· 'IJJSY be caused by three different·. effects. First, the temperature and ... · .> _;: :;:: :: 

.. ,.' -<.:.. . degree of ionization vera always sufficiently lev in these cases that ra.di- . · .. ·/:·.·::,.:·.~~.;::\~~ 
···- .... 

... . . .... .. :.: ·. ~~-~~ :··:~·7:: .. 
,:... ·. · · ation from the formation of the R- ion should become noticeable, con.. . , ·/··. ,, 
.. :~ . . . : . ~-.~ :; ': 

. ', ' 

.'.; ·· · tributing :pri'IJJSril.y to the. continuum in the visible spectrum. Second, it · . ·~·.:: ::_.. 
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. _-. 

: . ·, 

: .·· 

is :probably that th~ R~ line is. appreciably reabsorbed ~der the~e condi .. 

tiona. Calculations shov that both these effects are· likely and consistent 
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with the observed discrepancies.3l Finally1 it is also possible that 
. . 

some impurity :f'rom the tube w.ll :found its 'Way into the Plasma.1 producing 

line radiation that somehow had escape~ detection. If at a given radius 

and time one averages the temperatures obtained from a given method for .. 

six consecutive shots and compares this average Vith similar averages · 

:f'rom the other two methods1 ?ne finds the average temperatures usuall.y 

agree to within ± 5cfoi this agreement indicates 'small systematic en;ors1 

except in the two.regions discussed above. The results are summarized 

·in Fig. ll. In Fig. ll(c) 1 (d) 1 and (e) probabl~ values of the actual 

temperature near the tube wall are indicated by broken lines • 

At each radius and time the ion density was calculated from the 

measured value of Wc(5305) and the measured temperature. The rms devi

ation from shot to sho~ of both temperature and density -was a.lso about 

±5~· If the result~ of Null and Lozier'2 had been used rather ~han those 
. 28 29 of Euler 1 in the calculation of the luminance of the carbon arc used 

i\ . "\ . 
as a radiation standard1 systematic differences would be introduced in 

the temperatura and ion-density measurements. The ''best values" of tem-

. \ 
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:pera·ture and density would be changed by only about ~_and 5%1 res:pectively1 
' ... ·. 

however. 

The radial distributions of temperature and ion density at times of 

201 341 6o1 801 1161 and 164 ~sec are shown in Figs. l21 131 and 14. Each 

point represents a.n average of six shots •. Also ·shown in these figures1 
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'• . . "' . ' . and to the same scale, is a typical series of six framins~~amera pictures 
· .. · ;; -~ 

In order that$•these pictures . . ·-.·_.·:;_::_·:)L; :l 
could be taken, the small scanning ~onochroma.tor shown in ·Fig. 6 vas re- · :· --~---~>;\·:· !-

. ·... . : ~ . taken at these times during a single. shot. 

' ' • , c_: placed by a. 1'a.st Kerr-cell :f'raming camera .(Electro-optica.l. :::::::~. · · : ' /:·: ~ 

·' · ·.:: · :::• ~::
1

1:
0

~0=-:~:~: l:t:x:::.::-ak:

6
1: ::·::ght vith a.n ···. )':>I 

. . . • .. , .. ·.·.;I 

interference filter 'W'ere ve~ silnilar. The bright spots are the holes in .. · .:_ ... : _._.:::<:';,,_~::'~ ' .. 

the. screen. The dashed portions of the curves indicate that the tempera• .-:_ · .... , L~ ·: .. ':-;_ ~ 
·\·~ •• " ,J .. ~ '·:.· f 

,, ·,· ·ture and density measurements are unreliable. In these cases the radial·. 

,··· distribution curves vere extrapolated smoothly to zero at the tube 'W'all1 
' 'I 

·., 'With the best values of the 'temperature and density 1n that region ~sed-
'I . 

. ' . ' ~ ' •.' ':··' 
as guides~ .. , . . . 

. . . · .. , 
·: ',·' < ... ' ·; 

' ... . '• ... . . ' 
} .. ., . . . .. . . ~ .. \ 
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·, · .. ,·'.' 

•i : . .·. · ·. ·. VI. CONCLUSIONS .. i . . · · :. . i; 

.. " .. • . A· S~ctroscopic Tecbnique .\ ' ' :'t'?SA 
' ~ ' l 

... ·' :': . .,:': · · The re~ftt_s described in this :paper demonstrate· that measurement of -~ .:. : ._: .. :·;:_:~. /.~.:f 

, < · · .: -~:: · ... : . spectral intensities can be used as a reliable technique for the deter- . . 1 

·- ·' . :;>' '·. :. mination of electron temperature and den!=Jity in a. plasma., provided the . ·.. ! 
.. 

' . ! ': ·~ .. ·. f ' 

... · ·.·:. '• 

, ..... 
.• ... ·' 

. ' ... 
...... 

·, ..... 
·' . ' ... 

follo'W'ing conditions are fulfilled: 

(a.) ·The plasma. should be trans:pa.rent in the spectral region studied.· .. 
.. : ,·• .. ·. ·' 

:-: ,' : :. ~' : :: This is often easily verified in retrospect 1 but it could of course be · 
' • r ~ .... • • ·.' ' . 

· : .·.:.; • · ~-; .: · · · .. · .·checked by a se:r;e.rate transmission experiment. 
. ' ~ '.. . 

As a corollary, ·conditions 

should be uniform along the line of sight or at· least have. a-distribution 

· ... 
,·. i ' .• 

'·. :·.:·.· 
·:·. 

. ~ : . 

• ~ • ' j. ~· 

for vhich corrections could be made. · 

(b) The spectrum_ must be know ill the region studied •. :By this 'W'e 
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mean tb.a.t all species involved in the emission must 'be ~en into account., r.: 
-\O.>J -

! .. 

' i 

1 i.e • ., no uncontrolled il:l:ipurities may interfere. In thia.sense the H con- . :• 

tinuum suspected in the cool plasma regions of tbe present experiment vas 

treated like impurity radiation in this paper. 

(c) The emission ~cess must be vell understood., i.e • ., transition 

· :probe.bilities must be kn'own. Therefore the method is best suited :for 

hydrogen plasmas. 
' ' 

(d) The popu.lation of the upper state of bound-bound transitions must be 

in thermal equilibrium 'ldth the free electrons. If LTE is lacking., use:ful. 

information may still 'be gained :provided the excitation processes are known 
It 

vell enough that the popu.l.e.tion densities of excited states rNJ.Y be calcu- ii 
' . ' 

lated., It is :presupposed., •of course., tbat the electrons have a Ma.xvellie.n 

energy distribution. 

(e) Tbe emission must be sufficient~ intense and re:producible 1 and the 

detectors must remain thorougb:cy calibrated., to :permit·· tbe gathering of mean- . 

ing:t'Ul quantitative data. 
10\ 

These last statements seem trivial but it appeared· 

tban any one of them may easily be the limiting :factor in a given experiment. 

Violation of any of these conditions will cause discre:tancies between 

parameters inferred :from different measurements. Converse~., ve believe 

that. mutual agreement between various measurements is a strong indication · 

that these conditions are satisfied and hence that the inferred values 

are relia r: ~ . FOr instance., it was not possible to arrive at an une.m-

biguous electron temperature before the ionization front bad reached the 

end of the tube. We suspect that while strong currents are :flowing and 

vhile rapid ionization buildup is in progress., condition (d) may not be 

· :fulfilled. The uniformity mentioned under (a) is of course also a Yer:f . 

. poor. ap:pro.x:tmation here. Likewise, vieving along a diameter yielded 
. ~ . 
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i 1-t~~ 
. somewhat unreliable temperatures,·. because of tlie radial non-

-~i I 

tmifo:rmities. The electron .. density measlire~nts based o~·'·~Fig. 3 are j.· · ·i 
! 

'· ... 
~ . ·, . 

.. , .. :' . . -
'.~ 

. , 7· . .., 
.. ' 

•• i 

:' ·· ... clearly not as sensitive to temperature gradients :in the region between'· -~:, l 

. . 0 . ,' ' . 
10 000 and 30 000 K and therefore yield an almost linear average along i. 

. '·. . i ; . ' '' 
"- · •. ·• ! 

·. 
. . :' 

'·· 

~ ; i 

' I .... ~ 

'•' .... ,' . ' ... 

the line of sight • On the other hand, the generally close agreement of 

the values of the temperature as measured by the three methods (see Fig. 

~) is ·evidence ·that. excited states of neutral hydrogen atans in the· plasma 
,. 

are in eq\lilibrium with the '£ree electrons down to the n c: 4 ·level at least, 

and the consistent measurements of the ion density by · continuum · 

• < •• •• • • • ~ • ... i 
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'• ', '.·', •• ,: I 

~· . • .. ~ :~ i 
' . ·•.I .. •. 

·.; 
-. ·· .. ' 

.$ .,.,··.:_:_ '; 

.• l 

.. I 
. . . ·; ·.'·. ~ j 

· ... ·, · : . . ·measurements and by Stark b~oadening of H~ give .confidence that the emission 
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processes· are understood·. 

.. 
B· Plasma 

·'· •i 
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.• 

. ' , .. ~ ! 
·~"t 

; •. ·, :.'· . r ' ~ : .. .. ' . . . ; . ; 
' . .:~ ' . . •' .... ~. ,: ~ 

I . • . .. •,. <~· ·.~.· : 
shown in Figs. 7 to 14 suggest a number of conclusions f · ' ·. • . . :: .: ·: : : The res·;l.ts 

J 

concerning r.he plasma under investigation,- As mentioned before 1 the be.;, .' . . ' 

havior sh(:m in Fig. 7 is at least qualitatively in good agreement. with · 
~ ' 

the mode~. for the p1•ope.gating ·breakdown thB.t bad been called ''ionizing ... 
. ' 

15 . . ' 
switchw 1~1ll 'Wave." · A.lso1 the relaxation time for the longitudinal non-

uniforl,ities is consistent with the idea that pressure balance in this 

direct:lon is approachet>. at a rate governed by the' speed of sound. On 

·.the other hand'1 Fig. 8 does not convey the impression that the pla.sma 
i . 

decay :l.s dominated by streaming or diffusion to"Ward the ends of the tube • 

We must conclude that undetected boundar,y layers exist at the end plates . 

which support. large temperature gradients 'and through which the pressure . ' 

is cone:tant. Since these layers vere not discovered when viewed through· 
. :' ! 

the sicle ports they must be q~te 1 
thin, ~.e., less than a few centimeters. 
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A crude model for such a thermal boundary la;yer, based od..:~stima.tes of 
"j_: ~~ 

the thermal conductivity of hot hydrogen, revealed that the growth in . . 

thickness v.ould indeed be small during the time of the exper~nt )3 The 

existence of a thin, ·poorly conduct:i,ng ·layer had already' been inferred 

. · . from the nature of the reflections of Alf'v(n vaves.l,9 

According to Figs. 12, 131 and 14 the radial discharge used here 

produces a c,ylindrical plasma with a core of relatively lov ion density. 
. . .. 

It is clear that the axial magnetic field is sufficiently strong to pre- · ' 

·,. vent the formation of a pinch on the axis of the tube. Nevertheless, the 

·< laclt of plasma. in the "shadov'' of the anode is a little surprising because 

· · the resistivity of the plasma is high enough to permit penetration of con~~' • 

siderable current to the tube axis during the discharge pulse c~ 15 ~sec). 

It is, in fact, not justified to conclude that the plasma core has a rela-

tivel:y lov degree of ionization. Since in this region the ions can cer-

tainly not be disappearing b,y diffusion, we can use the calculations made 

by Eates.et al.34 1 35 for the neutral densities in the ~tea~ state to 

estimate an initial degree of ionization of at least 75~ near the axis of 

I 

the tube. It aiJ:Pears therefore that the central region of the tube suffers · 
. n 

a substantial loss of material by some form of pump out 1 caused either by 

.· 

. . """ .. ·. 

.s . • 

• j • •• . •'. ... 

' , I ,. 

· .... 

'I, 
' . 

centrifugal action during the rotating phase of t~e discharge or by dif- . ' .. '• 

fusion of the neutral species into the hotter annular region of the plasma • 

. At the instant the propagating breakdown has reached the far end of 

the tube, the main bo~ of the gas most certainly is very highly ionized. 
·~ , • ' e 

Since the neutral density vas not determined directly, the exact value of 

the degree of ionization cannot be given. ·. Hovever1 the circumstance that 

'· ... .. ',.' 

j. •' 
; • !. •• '., 

•. ·, ·.·· . , 
' . ,• . ; : 
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. •. 
I . 

... . !. ·, . ; ,, . .( ~ ' ~ ' . I '•. 
•' ' I •' ..... ~.:' ~": , . 

. <·<, the conditions assume~ b:f :Ba.tes et a1.'5 should be f'ulfill~d in this case '· '
1 

::.:. 
; " • . ·. . . ·. . ·.. ! ... j : i ~:.~ ~:~~.· 

\ ·:: ':': ·. ·::. would indicate a neutral density at a ra.dial :position half'wa.y between the'~'':·.;(, r.··::·< . 

. . . . . e.x1s and the tube vall o:r at most a t:"" percent; . ;" ::{''It,~:: . 
. ·:·' :·. The most important inference dra'Wll from Figs. 121 151 and 14 is the .. ··.·";. ~:~.'· .. 

\ . ~- .:.· ; . . ... ' . ·. ' . • "!·. -~: .... 
. • . • . ~ . . • • .·:: • •. ~ i ' " 

' : : : . ;: .. '[:::· .· .. : ;<: . absence of rapid plasma. diffusion across the magnetic field in spite of 
; . ' ! ~: . ·. ~. 1. 

.J. .·: ' 
• ' ! . . • . ~ • 

'· i .:- : ' 
) . ;. :' t a. ~ 

nificant, the ion density on the axis vould be rising rather than d:creas- .. . · .: }/ ·.·:·;· 
~ .. • -! :: .. : .. : :· 

: . ,_ . .: -·. . : I :· .. , . : . ~ 

,·_' 

substantial density gradients·. It radial particle transport vere sig-

; ... :.· 

ing under the existing conditions. Ot course, no anomalous diffusion is 
. ',. 

:' ~;- ~ . 
I', ,. e~cted in this collision-dominated plasma. after the discharge current 

··,.··· · ... / 
· ·. · ... has died down. A look at the temperature distribution, on the other hand, 

' ' ... h .. . 

... ·, .. '· 
>,' 

: .. ~- ~ 

reveals that the plasma cools primarily b:f radial energy-transport to the :' .. 

cold tube ~lls.· The decay·o:r ionization must then be due to recombina-
'\: •• • ; • - ~ ' ! • 

~·· .... :.,(· :,, 
~. 0 • ' ' • • l 

tion in the volume. A·thorough discussion of the state of the plasma. and 

the nature of its decay is the subject o~ a separate publication. · We may ;·, .. · . \. 

indicate .. here merely that the. decay coefficient 1 a - (dNi/dt)/Ni2 deduced, · ·t :::,. :·_.-·i~ ~_':: 
:from Fig. 10 br from more complete data lies between. 10-12 and 10-ll cm3 /sec.:·.~·::··:"':·: ..... ·:'~ 

. !··· :, _:.-· .. 
.; ' ~ . . '• . _... :"'" -~' :· 

and increases rapidly as the temperature decreases, 1n good agreement 'With.· ; · .··. · ·. · ·: .. <: '·: ... c<.~ .· 
· ~ predictions :from refQrence 35. I 
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.1 FIGURE CAPriONS 

Fig. l. Schematic diagram of the apparatus used to produce the plasma. 

Fig. 2 . Normalized power radiated in the H~ line W .t(486l) as a t'unction 

of temperature. 

Fig. 3 

Fig~ 4 

Fig • 5' .. 

Fig. 6 

Fig. 8 

Fig. 9 

Norma1ized power radiated in l 2 of the continuum at 3225 2 
and at 5320 .R as a function of' t.emperature •. 

Ratios W_eC486l)/Wc('5320) and Wi486J.)/Wc(3~5) as a function 

of temperature. . 

Ratio Wc(5320)/Wc(3225) as a function of' temperature • 
. I . 

Schematic diagram of' the equipnent used ill, making spectroscopic\ 1; 

measurements. 

Ion density (arbitrary units) as a function of axial position 

at 20 ~sec (o); 40 ~sec (o); 6o ~sec (A); and 80 ~sec (6). 

Ion density (arbitrary units) as a function of axial position 

. at 
1
100 ~sec ( o); 120 ~sec ( o); 140 ~sec (.6.); 16o ~sec (6); 

I 

180 ~~ec (m); and 200 ~sec (o). 

.. 
' • 

The H~ line profile at 150 ~sec, indicating, for this particular· 

.shot, an ion density of 2.4 x 1015 cm-3. 

. Fig! 10 · · Ion density as determined by measurements of Stark broadening 

(-) and continuum measurements ·at 5320 2 (--.-) on a single 
' . . 

. ,•' 

shot. Estimated errors are s.hown. : . . 
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Fig. ll Three different tem:perature determinations as a.· function of 

time at five radii; line of s;Lsht vas :parallel :to the axis· . . 

Fig~ l2 

o'£ the tube. Each point represents an aVerage ot: six shots. 

The solid circle~, triangles, and open circles ~fer to the 

tem:peratu:res deduced from W_e(486l)/Wc(5305) 1 W.t(486l)/Wc(3225) 1 

~_;d Wc(5305)/wc(3225) 1 respectively •. 

End-on framing-camera pictures of the pla~ at (a) 20 and ,. 
(b) 3,4 Jlsec1 'W'ith the average profiles of temperature and ion 

density at these times. 

Fig. 13 End-on framing-camera pictures and radial profiles of temperature 

and donsity ~t (a) 6o and (b) 8o ~sec. 
11 
~\ . 

Fig. J.4 End-on :t"raming-camera pictures and ra.dial profiles of temperature 

'c 

and densit~ at (a) 116 and (b) 164 ~sec. 
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mlSSlOn, nor any person acting on behalf of the Commission: 

Ao Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor

mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com
mission, or employee of such contractor, to the extent that 
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to, any information pursuant to his employment or contract 
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