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J •• 'j .'ABSTRACT : . ' .. , . -~ . 
' ; 

·:~ .. 

. ; ·. ~ 

... \U(;~.:, 

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

.•. Ioni~ed st~ontimn ls. studied by the method of resonant absorption'"':.)· .. :.<\'~: :_' 
~ .•. 

"•">··." of optical radiation., Because of an accidental frequency overlap, normal 
\:.: .;,. ~·.·I •' • ~ •. : l;- '.:' 

: ' •' . ' ~ ..... ·' . ' 
~ .•··.. . 

.' ., ·.·•'. 

r.;?:,/·;;:, 'rubidium c~n• be used in a lamp as the source of resonant light. Spectral 
' '\ '• 

' - ' 

profiles of abso~tion were ~e with a scanning Fabry-Perot inter• 
• < ' • ", \ '-~ ••• 
. i :: ... ; . ~) -

•' ...... . ·: .. ··~. 
'·, .· 

~ . . . .. ' . ' .. "'· ~ 

,, 
1> •••• 

ferometer. The 5s1;z·6pi/Z line of Rbi ~the 5ei/2.•5pt/Z line of Srll · ... ·., · .. : ~:. ,, 

are found to differ by 0.014 A. •. Optical.a.nd Langmuir probe measurements ·.:.~ ... ; .. 
. . ' -' . ~ .. 

of density compare favol."ably. Ion temperatures in a steady state and a 

decaying plasma were determined from the Doppler width. Two different 

\ sources. of ionized sirontium plasma are described. Negative results. were . · · 

';;··I Obtained in &n attempt tO OptiCally pump StrOntium iOn& in a plaSm&. 
< ' ' > 

,,, 
. ; // '<··------- .. 

* This research supported in part by the Ofilee of Naval Research and. ·. · 

S. Atomic Energy Commission. .- .: 
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)11 ,':;.,·;_::i-/ .·.~· ,. 'f} -\' ·~·t 

~ , , j ·r.: .. ·, ..... : . 
_._, ·: ,:: o.;·, '·T"' ·-'.·.:,.' . ··.:.: :'.'} , . " · 1. -_ INTRODUCTION .; ., , -

' • \ ' 'I \ I~ :' . : J • • ~- I •' 1.' •. :( '• ' ' •' . • . • I : ,'; I ' I' ' ' I • I ; ' 

~ \.} ' 
"'·: 

,_,_- __ ·.-- ~-r l: ._ :;'- ·\;- .. , ,_ , ... '. · .. - - , . . . . . . ·-- ''r•·•._: __ · .•• 

- ._ ~·-t .-<~ : :· , -.- · . The measurement' of neutral gas densities by the absorption of optical 
/ ~-~· :· <~- ·r.·_. -~-> _. . :';· . . . . . . . 1 . -- ·.·.· 

, \··_:.~- ;··:. ·.·. ~-__ :,·_~::. resonance radiation is a. well•known technique~ With the develop~ent of_--- _ : _-,:. ·:-::~;t: 

· ·. -~ _ 1'·-. · • · '' scanning Fabry-Perot interferometers and electronic detectors this method __ : . . _:.:.~\~J 

.. _,.:_ {'~::: -: ·'has become ueful for highly accurat~ density determinations.z We ~;e .· .. .;;;: .. ·7d:-~~~~ 
'1 '-·~- ',:~ 5 ~-~.; 

. applied the technique to measurements of density and temperature o£ an 

'• "I • ..: . 

S~me advantages of this method over. the conve~tional Langmuir probe ~-
, ' ... ~ 

·. and microwave techniques are that the plasma is not disturbed by the light 
- . 

· .. , ;· -~- · :>· probe. good spatial resolution is'possible, effects of the magnetic field on 

· · . -~-:i<t;, . ·, the probe. are well understood, only one•Jlevel of a particular ion species is · i't- . ,_., 
. ~:~,.\ .. r{: t .· ·-~ ··.: · · : · ·· · -· · . · · · · · .. _ .. ·-= ... ·*c _t_ _ >"i:· -~~ 
· -.. :·.,·. · measured, ion temperatures can be meas~ed, and density measurements · :.' .. 1 : .'· :: 

,, ... 

' .. · 
: ~ . 

:··· 
:· .. 

- J --

-,-
_! accurate to d:iO% are feasible •. The method is llmited to those elements that • _. , 

have a transition to the ground state at an. experimentally. convenient frequency, , 
:l' .. 

- ~ ' . 
gas density. Singly ionized alkaline earths have the same electronic eon• 

. figuration as the alkali metals·, and most of them have a strong:ns•np ex• '.· ··: ·. ·_::-: 
·~-··.{ . . . . . ·. '('' : 
<.·I 

I 

. . .~ ~ 

... :;;,.. .. 

--. 

citat:ton frequency lying in the visible ,orti~n of the electromagnetic spectrum •... 

Ionized strontium was chose~ for this study ~cause of 'an aceidental coin .. 

cidenee of its first principal line with the second principal line of normal 

rubidium. This means that light from an easUy constructed rubidium lamp 

can be used to probe the plasma. In general, light f~om a suitable arc d.is· :: ·_ 

''. :' 

- .· 
~ . '·• .. :· -.-

charge would be used. The ~s 1;z·Spi/Z transition inS':n and the 5s 1;z·6pi/Z_·~·_,.. 
tr~nsition in Rbl are reported to have the same ~avelength, 4Zi5.5Z4 A.. 3 - ~· -' 

·'· 

Additional information about the properties of the ions and their inte}'-

, actions with the plasma could be obtained by optically pumping the ions. . . ' .; ·~ . 
• - 11 .o:.· ... 

This is considerably more difficult than pumping neutral rubidium because ' · . .. -· · 
. .• ~· 

':· ' 
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. .. 

)' . . n. METHOD . 
'·· 

. ' :. ' 

. ' : : ;_' i ~ ;l-.. .,. 
When :reso~nce radiation of initial intensity 1

0 
(v) passes a distance 

.·. ~~~-:· '' 

' .. ''t 
x through an absorbing gas of density N(x), the intensity becomes 

. . . ~ 

· ...... ..... 

. ' ' ·;. 

. ; . l 

!~ ::.~;:ii:i~~ 
. •,-:.• 

•• ~: ~ l ~ • 

., 
. - ..... , 

.'t 
-:i·. 
I ';. 

>,· ,t •. !.~ ,_~.;-r: . I(v, x) = I'~ ('v, x.o )~xp [ • t ~(V, x)dx ], 
( 1,.!~; ... ·" ..• 

~ 'I' • ·.; .. ' 

,· 'J.I _:. -

~--~ -:~<t_·.· .. ~ :· ~;:· . .\.: . ' .. :": . 0 '· .. ~, 
...... • .... ,. ' 

:~--·, ;::> · .. This equation defines the absorption coefficient k(v,x), .which ia· related to. :~, 
··.'·:..... ..... t ,;~f-. 

. the gas density by means of tl,le equation .. 
. - . .' r. . . ' . ' ' ' . . ,~,::. ~ 

~ ''-• -~: ~·~ ;_ ~ ~ 

"... ~.· _ ·. Jk(v,~)dv ~:'f~r 0.crN(~).· (Z) .. ~:i 
1..:•'·"·, •.' 

. . ~ ' . ' " ., 

Here · r is the classic8.1 electron radius, . c .is· the ve~locity of light, and 
0 . . " . 

'· ' -'' . ~ 
. 1,; ~- t' ''{ .. / 

·· ' . f is the oscillator strength of theJnduced'·absorption. Tl'\e absorption 
' ·'. ~ ~- ·:. ~· • i, 

,.-. : ~ 
coefficient is determined experimentally. by measuring optical abso.rption 

;., _c;, 
... 

. - ~-:· 

{· ....... ;_ ' . 

' ~· 

·~· ' 
'· 
' 

. vs frequency, using a high-resolution Fabry-Perot interferometer. The . · · 
) ; :• I . ' ' ,· ~ .<.. •. '-

. quantity. J k(v, x)dv. is calculated by numerical integration. Tl;le density:·>.~ ·, :.:' .. 
'<"" ,· 

is computed from this and the known value of f. Kostkowski and Bass4 . ·.~ ,:.;~,;··' ,: :. 
. .... 

;, •• ll_· 

'. \ :' , . ,.,:.· ·have shown that the measured value for th~ integral J k(v)dv is not very : 
,; ~:. l : •. • . 5 . • . . . . . : . . . ": . 

·' ~>.:·.<: ;· ·;,. sensitive to instrument width. The oscillator strength of the 5s i/Z -5p i/Z . 
. ,_ ., . + . . 
· t.<: transition in Sr has been determined by the simultaneous measurement of .·,· _ 
. ·. . • . . 6 . : ' :·/ . 

· · "' ··" · total absorption and dispersion by'Ostrovski et al. to be f:: 0. 39. Because ~;·· · .. · ,. 
. • > .. : fj,' ·;/.;. ·,..·:~tq 

·~- ' their method does not requir~ knowledge of the concentration of absorbing . . . 

·.·'-
atoms, a probable .error of about 5 o/o is indicated in their measurement.' 

~ .• .' 
·. : _. ~' .·.I ' · The principal source of ionized strontium line width in our plasmas 

'. 

is the Doppler effect, and the absorpti.on coefficient may be written in the 
·I.-,.-.-: 

. 1: • 
"'. '. ,~. ' 

~ ~ ;.'' ...... 
• • .. , i>_ ~ :1 

Oaussian form, 
~ ,' :. '. 

·,.· 

<" -~>- .,...;: ( . .. . 
; . 

. . ,·' .. ·· .. 
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(3) - ~· . :· .. (.:~,-':·~-~ 
i·'.,"''· ,., .. 

'· :·r,.;· ~.<:· .··where· Av
0 

= Zv
0 

(ZRT ln Z/M~Z)i/Z is the line wldth·a~ ~aU intensity.··· ·"::. _ •. 

·:·~..·-~''·~<-' .. ;-,;;:_.Here R '·isthe,universal gas constant, T is the temperature,, and M ls .:··:·.~·..:.:: :.\> 
): ~ - • •· ""•. ~ ·. :' ~'/_:.I, 4. 

~.~:;::,~i>::·; · ... · 'the molecular weight. Neutral and ionized gas densities in these experi•' 
t . · .. ~. . '. ·,. ' .•. 

~:'.d:i::·:: ·.·::.:-'1 <:mente are too low to cause significant collision broadening or Stark 

·:': }/'' .. : ~·. ~. . broadeni'ng. 
. (·.· ._: 

. .. '' ··,, 

.' ' 
:- •·:,/; ::~ .,>:,.:-:.' 

·~·:·' -~::: ... :{,!;:') '·.' .' ·: ·: ' '' 
·y· , , .·.·. W. APPARATUS-. ., . 

''. ·. 

···~ ~:~:.:-;·\' :·<\ ~·~~··~_-.. ·. ·~wo stronti~ pla~ma devices were develope.d and studied. The first 

ie a disc~~ge using a he.ated tungsten filament as the cathode~ .. Argon or.· 

~ helium gas is circulated through the tube to sustain the discharge and to '·.· 

;~ ...... 
•. '> . ...... ,_ 

"' 

control the diffusion rate to the walls. Metallic strontium is evaporated 
' . ' 

·.·'·f. ····.'--.'~. 

. . ·~· 

into the column o£ the discharge from_an electrically isolated heated pan 
.. : ·-.; .~,. -.--. ·: .~-- ~ '_; .~;:. ; 

''· ,· ' . .: ," .. 

' < 

,,_ .. 
The observation windows are' mounted . 

•' .... 

10 em !rom the discharge region to prevent their being coated by condense~.· ... 
' . 

··; ,1 

~ ~· -··· . 
~. ' .-··: 

·, :· . 
' ' ··. ~ ' 

strontium vapor. Typical operating conditions are. in the range of neutral gas ... , 
~~ ·_, : ... ·;· 

.•. ;,(_ 

. ' ... ' . . 
small magnetic field used in the optical pumping attempt. 

The second plasma device, shown in Fig. Z, permi'ts investigation of 

the behavior of a strontium plasma in a well-defined geometry with a strong 
"~ .. 

.. 3 ~ 

... ; ;·r.:{ \·~ ·· axial magnetic field and low neutral-particle pressure (.,.10• torr). A 3-tnm· 
~·i -~·-of,;~-·:·.-· .. ·}~ 

·,~: 'c. diameter discharge, 10 to 40 A, from a hollow cathode (Fig. Z) is confined.'! 
. 

' .. . : , . to the axis of the cylinder by the magnetic field. Strontium can be introduced . .: ·· 
.~ .,. ·:,.. . <-:~\ :'r~:::: ~.? · .• ~ .. : .. " ,. 

• ·,<I' I ,. · .. ~ 

,. ·'; 
-- t,,. ~.::.. ' .. ' 

': '·. 
i 
I 
I 

.. i. 

. '" 
. ''I,: 
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through the.hollo~.cathode or can be evaporated into the discharge .from a 
. ' 

'·> ~-::. ~:~{\t·y·, ;, heated pan about 1 .em bel~w the ~is of the arc •... The plasma can be run . 

1 
',:\~.f£~:~" · · :de or it can be interrupted periodically either by electronic means or by 

i ... \·~ -;~i:i:::):.:~:. ; i ' . . ' ' '. 

I··· :;< .. L ·, .;~:<: ... : '-'"-?'.:.·" mechanically intercepting the beam from the hollow cathode. The latter 
r ···: J~~;:· .:.~I\ ;,~e:~ .· · 

method is preferable at low repetition frequencies because the temperature . 

of the hollow cathode source would drop appreciably if the arc were turned . 

off for periods of the order. of 1 second: 

. For the transmission attenuation measurements. a narrow beam of 

.. : -'·:::i;;~::.d~;;k:·:~electronically chopped (typic~y 70 cps) rubldiuni 4Z15. Alight, with a 
' .::··~:,.;·:.~~ .. -~::;:··> . ' . ' .. 

. ... ·s ·:·'·'. cross-sectional area determined by two aper~ures, is transmitt~d through 

-~ . - . · .. ' 

' :1~ 

' ' ' 
the plasma,· diffracted by the scanning .~Fabry·Perot interferometer, . and 

·. ' ,' . ~ . 
~. · focused onto the entrance slit of a monochromator. The output ~rom the ·. ·. 

iPZi photomultiplier tube of the monochromator is fed to a lock·i·n ampli• .~ 

fier that is phase-lockedto the lamp'at the modul~tion frequency. The 

i'· , .. _,., 
rectified output of the amplifier is recorded on a chart recorder. ·The lo.ck· . : .. :< 

-~J ~ ' • ... ~·- •• 

.::.~ 

..... ... 

. f' · . 

• .• .:. '1-' 
..... ~ . ~ ' · .. _ ... 

'· 

' . ~ , .... ; 

in amplifier is essential because it ave.rages to zero the signal fron1 r."ando~. /: .?. ':.'./ 
emission of Sr+ 4Z15 A radiation at the modulation frequency. The light' :":~~:i--:. \ ~· :: 

: -·"'~-~r~-. . ..,_ . 
at this wavelength that is emitted from the plasma may be an order of . -~~~ . ~~ . ' { 

' magnitude more intense than that from the rubidium source • 

Most of the present measurements were obtained with a mechanically '~~)\~- · ,. 
. '' . ·~ ~ . "' . ' 

driven scanning F~bry-Perot interferometer with which the interference rinse :. ~· ·_; :. 

were swept across the monochrpmator slit. Better sensitivity and resolution. ·,_~ :: _: 

' :, were obtained from a eentral-spot-type scanning interferometer into which , ... 

. gas from a high-pressure source was introduced at a constant rate through an 

adjustable needle valve. The plates are polished flat to within "/50, and -·~·' 

···the dielectric coating has a reflection coefficient of 0.87 at 4Z1.5 A.. All · ..... 

absorption measurements were performed with a i~cm spacer. for which 

the mean spectral range is 500 mK and the instrumental width is about 40 mK. -., ... -,.--,, ... ,~ .. , .. ,, 

I 
'' , .·. 
!. . 

I' . • •• • "!." .. ~ 

'· 
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'' :·. 

BQth systems were_ found to be quite linearJ however. in the mechanical · ...... 
• t• •· .• 

scanning method the fringe radii are propo~tional to n i/~, where n is 
--

. ...... ~ 

an ip.teger.- .. ·.' , .. ..,. .... ·, 
. ':~ . 

: .. · .. 
. ·~ ·~ 

:..·. : IV. OBSERVATIONS 
• :. '! . ' : .• • ~ 

:·. ~ ·j ' ! 

·.·•.·y:;' ;\ '., ~ ,. r'· ~: ·.. ,-' 

~ .. , •• • ;.::: •. ( , .. ~ .··~ '- ' t 
. The Hot_ Cathode Discharge 

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

;:· ::--~~~·:.;_.\ :. ; ·-: A typical transmission measurement .is shown in Fig. 3a. For ease. 
; ~~~~. (~<~:.·· ~.'. ~' . ·; .• . . . • . . . . . 

• ;~-,.11 ,. in reducing data, and to improve accuracy, we scanned both the full·· 
' . 

~~-·intensity transmitted beam and the partly abs-orbed beain within the same- _':~ :~_ ,; 

fringe by cyclically turning the discharge off ~nd on at the rate of about . 

one-half cps or less.··. The fringes were scanned at the rate of one every 
~ . . . i . . . 

. . ~-~:· .. , · 4 or 5 minutes. The upper envelope in the figure is the -transmitted ·;· 
, :• _,c __ -,~-- .. ·.. . . , ,. • , 

/.}_·'·---:~-rubidium radiationat4Zi5 A with the mass-85 and--87 hyperfine C:o~poncmts, .. · .. :: '. -· 
; ' ': ~ ; ·~ , ; • I '• • ' • •, • ·~ t; • :,---:;~I':< 

~ . r:, ;,J; .• '{ ' 

· · . ,,;, _ldentified by arrows. The lower envelope is the line shape after resonance ' ; :; , . 
' '.t.,. ~. • ~ ... ~. 

absorption by the plasma has occu.rred. Figure 3b is a plot of th~ absorption:- .. ·· .. ·· 
I ' • .· .:: .1' .·. •, ' ! .... _; 

; ~·.' ;!>' ~ •• • 

_ coefficient reduced from the curves of Fig. 3a. ·We see that the peak ab- · 
... • t • ' ~)- • ... · ... ·· + . "' ,· ") 11'.- • ' • 

. ."·--, sorption by Sr ions is displaced by about 80 mK (0".014 A) from the weighted·_- . ·, 
... ,, . • Ht, 

: ~"·/ .. ,··~· ,: ·_ mean frequency of rubidium.__ · 

-· 
.• . ! • 

. - . ..; . ',•• 
' 

, ...... 
\. 

. ·~ '.: Density Measurements 
,··'t 

The opticall~ measured strontium io.n density increases with neutral··-_.::'·::··. ~: '·- :< 

··,~.· . ' ' 

strontium vapor pressure reaching a maximum (for a given discharge 
I ·.;,.: ·• ~. ' 

--.- current) that is unaff~cted by a further increase in neutral density.· Because· ·.·';:·:. •~·:·; 

1-J- . : 

•' ' .... :· 

• .. . . . . . _. . "· J' ~:'~·~~< 
-~the ionization potential of strontium (6 eV) is considerably less than that of .::.('~~,:,~<:.>.:~:~;;;~ 
··J~ • · . • · · · ·: ·. • . ·4t • . • .<(;·: ~~j; :t:~:~~:f~l~~f};I£~~~; 

_ ·argon or helium, the discharge at saturation essentially runs on strontium.-·_,:-;,r-.'}H~:J::L; 

· '· · In order to obtain the absolute density at any point In the discharge, •. ;;i:'><,:.;Jif:;~j~ 
it is necessary to know the radial variation-of density~ In the column of the.· 

hot cathode discharge this is presumably given by the Bessel function 
' ' '-

''· 

. ' 
' 
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.· . .-...r {< ·.,_.~-~~;; 
. : .' j ~ ·•',. ~I ' '·: , , , ' • 
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: ··:~•:;\Wt,;.\;.\:)~. distribution J (Z.4 r/R),· which we verified with the movable Langmuir\.;, .. ··.: .. ·~·:::_·.':::_.··.·._:,._-::,;_~·;·:·4,:_e.~.;~_:'.~.·.:.~.' 
'.' .. .J'· ·i,'·..-.t_:.-~-.r.,~.;~t:\!.\';_, .. , ,·. , 0 ·~ ,, ;_·-

:_ , ·~:~,~~·L;:·;,:{,~~;);'((Jj.: 'probe. To ob~ain ·th·~ radial dist~ibuti~n b;·the optical absorption tech- · <: ··r ~:. ··/;.~>;:_,-:;o~f, 
:.· ''.:'' r\:;;;:,::~::t·::· ' ''.' ·' .. '.·.· :' ' . ' .. ·. ':.~--~c,.'":i'•i!~~~-·~-J' 

"' ·.,:... :"<~/:hi:/·:·.ni~ue the interferometer was. tuned to the frequency of maximum ab- ·.·.:~ .,_·_:·,····~·-·,·····.:.:.~.:~_ .•.. :;_;:]\_,_-.~ ..•. _;:· __ ._;_ .. -._-.·.····.~.:_ •..• _ •. _ •• :.,: .. ·.~--.·::,;·~.~.~:·.,:.·~.~.·-·-·:'.'.:···.:······::_:· 
,'\·~·~;:r:~>:'.'(;.(I.Jr·.·. sorption and the ·absorption at this fixed frequency was measured as a -. .. - ._ 
~• ' I . ' . ;t . .' ,; •. 

. . '\t;.:~:·.~~~I~~) . ' . \ . ' - . ·\~-- I ' 

. if:;\.:}./.~:-~· function of radius. .Assuming azimuthal symmetry the results were unfolded ... :.Y·;z.~ .. :: ~~! 
\'.t::;).&;;,l ~::t~:~:: . ' . . ' ' ' '. . . ' . ' . ;(;t·>'~J:·:~:,' 

·'?H .. ·.}.::· ;c,, n\unerically, arid the results fitted a Bessel function distribution quite well.· c:;; :,~~<-·:/.-~{ 

;:/;\~:J~tl;: ' with R = 3, 7 5 em, the effective radius ?f the discharge chamber In the , ::~iif.o~;~~ 
·.~ ·;.~;f:;:;:·}:;:;·O:;b'. region of observation. The absolute density at any r~dius could then be .-~ .. ;~ 
-~t.~.'.i;:~-···~-->-;~~-_:;;···./; . ,-·~:·~--·~ 

... " ·(~:~~-;';-inferred. These results were compared with Langmuir probe measurements 
··-· :;~~\\~·~~,·~·.f . : - -

__ :?!.('.': using the formula 

·.: ', ' .. /:.;:(~:: ~; ' ' . . . .,. : i •. 
:_ ·,·, 

: ,. '/'1:·· . 

, .. ·•·•, 

. : .•. ' t r;. 
: , ...... 

(4) 
,-.. : 

_:·.-.].'~i> ·':; where · J +. is the saturated ion current density, 
'· 

M · is the ion mas a·, k is . -· . ·~ ~- . . 
' .. ; ·' . ~ ' 

'·'. . ,. ~- .... 

r. ; .. Boltzmann's constant.·. T is the measured electron temperature, land e 
. . e . . . . 

· .,. . ~"· '· is the electronic charge. Optical and pro~e measurements of the ion 
.. -. . f. 

·._~· .... . t!·~·:~~~ . 
. ·,, ~· : ... fi·:· ·density .at the axis .of the discharge tube are compared. in Table I !or hyo .:;. ',~ .: ... ".'· :- ·: 

·' . . ; ~ .. 

differing argon pressures and for zero and saturated strontium ion den

sities •. · ·The appropriate ion masses are used in formula (4) for the two 

cases. . The optical and probe results are in somewhat better agreement 

than might be expected considering the uncertainties in the probe det~rmina·;·< . 
... ;(:' 

tion •. · 

The rate of decay of ground-state strontium ions after the discharge 

is pulsed of£ can be determined.by monitoring the transmitted llght inten- . 

sity. using a technique similar to that employed by Phelps and Pack !or· · 
. 7 ' " .. . . ' . 

, measuring the decay o£ metastable helium atoms. A gated photomultiplier 
' ' ' 

with variable gate width and a variable delay after the discharge is turned"· 

·" off samples the current over many discharge cycles. The· Fabry-Perot 

_ ~. is tuned to the peak absorption frequency, the lamp ls operated CW. and 

\ .. ' 

i 
•,! 

.; 

- ·.' 

- ·: ..- ... ~ 
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' • :
1
:,.'·,.:·: 1 •. \' ·.Table I. Typical axial density determinations in the positive column by ·. ·· 

- •. '{;;;·-\.'.~:.·,: .• ;·: ... ···~~"-=,;. . . ~ . ~ -.... . ~ : ·, . . - - . . . . ... ; ... ~~-.··.-::'?'. 

· · .: ;; ' : .. ". . .. optical ~bsorption and .L'angmuir probe measurements.- I ='0.4A, Te==t. 5 eV, ; 
:V ~--~--· ... 

. r "' ~ ," 
'~ .J• 

~. '. ' t ·• , : •.oi ., 
Q.. :; l,~."l': 

Nsr-~"- (absorption) 

(10
10

/cm3) ... 

.. '>, 0 

. - ., ,7 .• 4 ',. ' 

. ,·· ... : 
.'.· •' ·, 

9.5'' 
\ : .'' 

. ,,J ' .. 
•1, _., 

. ' · . 

N+ (Langmuir probe) 

·:... (1010 /~m3) 
' ; 

' + " 
.7 .7. (Sr ) . 

. ... 
.. 

p(argon) 

(torr) 

0.05 

0.0$ 

0.45 

0.45 

. the amplifier is .synchro~i~~d to ·.the gater. Our measurements were 

limited by noise to two order. of magnitude loss in ion density, from 

· .. 11 9 I 3 . . . · . 
about "0 to 10 ions em • .At low neutral gas pressures the decay 

' . 

,.'·," 
' ~ .:;· 

',· · ..• ,, 

\!/ \ 
,;'~\: .· ..... 

,;,.; 

. - .. ' • ·~f·f:~ .. • ... ·. ·, ' 

.... J,' ... •·• ··.: • 

~ ...... 
·,•,, 

. . 

.. ~ . r .,. . ' 

rate should be determined by diffusion to the walls and at high neutral .: 

gas pressures and large ion der .. sities the loss rate should be set by 
··.~.. - ,' ... ·,' .. ~ ' 

. ' '.• ' , 
:·~ < <: .,.·. 

... 
··' 

' 

i 
·' 

recombination processes. · Our results are reasonably· consistent with • . ' ;·\ '.:. ,· ~< ·., .. 
estimates of these two rates,· but as no eff~rt was made to d~termi~~ the · .,~,<\ . · ·.=. 

. \ . ' 

· ·'" · · ·: · . purity of the gas mixture it is not possible to obtain quantitatively useful . > :: ·. \ .. ..-
·. ~-~. '. --~·...... \ 

' " ' ·~ .' .1~ 

. numbers from the data~ ,. , .· /\· .. ;r 
... ,. : .~. t .i 

Temperature Measurements 
.... 

~,.r· '· :· -

~ ;,.~ ''•: .· ' .. , ~ / 
. >: c';. ~ .•.. '. 

::.· _., .\ ···>ff'..:;· 
, Ion temperatures were. estimated from· the Doppler•broadened ab• .: ;·"·;.'J• 

,·>.·. sorption line widths i~ both steady~state and decaying plasmaso . The cor.;,· ...... . . 

rection for instrum.'ent width is taken from the calculations of Minkowsld • ,, 

.. : · ~d Bl11ck, 8 who assumed a Dopple~ line and an Airy ins.trument f\mction~~ 

, ·:.> The observed strontium 4Zi5 A absorption.line is 85 mK in the steady-state 

· ·plasma, corresponding to a temperature of about 11 00• K after correction 

for instrumental function, and is about 10 mK sm~ller in the decaying 
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'.'\~· ;· ?f:· -<~<}.\:··:_...:.~. ~~ :·~·:: ·'/ . 
. ' ' .; I. plasmas, indicating a temperature of about 800° K. These measurements· 

"' ·:'.r' ,, .,· . (. 

. · .. , ' ·~-·· .. ',were made at a helium pre_saure o-f 1 torr and a discharge current of '.; ... ··.·. •: ... ~- .~ ·. 

't• ·. 
.'t. 

., 
'. 

·' .. 0.8 A.' As far as' we know they are the only direct' measurements <_:>f io.n .. 
.. · 

I• 'f 

temperature in the column of a low-current discharge, and are in agree- ·. ·: 

,;., .. ' : i . 
.• :'/. 

ment with the usual assumptions that are made about such discharges.-·-· 

: :. · ~ '. ' ' · · 9Ptical Pumping Attempt · : .:. ; .. : . · · · · .' ,, 

; ·· Attempts were made, by eonventl';,nal means, to Observe optical :·. >c:!~:~t~',-;; 
,. ' . '.·;~1"· . . . . . . . ' • . . • t • \·'\ • .•• >' . ' ... 

~- • • ,:: ::, 

1

• I pumping9 in the decaying strontium plasma, of the pulsed positive column. · .• :·:.'.'; . 
'· . . . . . .. . ' . ' ' ·~ . 

:· .... · 

· ·_.Circularly polarized resonance radiation fro~ a Rb elec~rodeless dis· . :: · .. ,_ . 
. . 

charge sou:r:ce was transmitted th'rough the positive colUmn in the direction 
. . . . ·. .. ... 

' . 
· .. ;: ., · "·.. of the constant magnetic field· ... and perpendicular to an applied rf field • 

. •. 

' ' 

... 

·' _·; 

. ' , .. ... 

. The discharge was pulsed on for 0.1 msec and off for about 1 msec. The 

photodetector was gated synchronously to observe transmitted light only 

during the off time. Modulation of the rf_ field coupled with phase-. . ; . 

sensitive detection.was used to enhance signal to noise. No resonance"' 

·'. 

·. ·.,. 
. ··-.' 

. . . . ~ ' 

~· ' . . 
induced optical absorption was detected, under conditions such that the 

ratio of lamp intensity_ to noise-was about. SX 105• Optical pumping of 

neutral rubidium vapor was easily observed in the same apparatus. 

... . -~ : ~ 

' ~ (> 

.·· 
. ·~·· 

• ' ·~ . . . 1 . 

Hollow-Cathode Arc Discharge ·:·,,\ 

~ < .• 1-

, . :-'. 
. . .. 

Experiments with the plasma diffusing across a magnetic field from,_·., • .i · · \~~ 
. . . . . · .... ~-./ .·~-~-· ..... _~ ·~.;~ 

the hollow-cathode source were1.imited mainly to temperature studies, and 

some radial measurements of density. A knowledge of the ion temperature 

. ~ . 
... ! . ~. 

. . ~ " .~ 
' ;~~--\ ·' .. ' .. ' 

. .. ·. '\ :, 

is important in comparing the axial and radial density di~tributions with .. -· /.::·;~::·,_;_ ·: _ 
10 . . ·'·: :' ,, ,·,. • ... 

classical diffusion models. · In the magnetic: field the 5s 1;z ... Spt/Z · ·' · .~ .. 

strontium transition is split into four components: v0 :1::6Z mK/kG and \···<.::~.< 
' · .. ·. ~~ ·. ·:1':_·~ -~;·~· 

. - · v0 ::1:3 i mK/kG. At 500 G, where nearly all of the measurements were made~·. · ·,, ·, . .- . .' 
. . : .~. ' ~· ; 

, .. ..~. 

·~ .· ') {. :• ' 
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these appear as a single broadened line. ~he temperature was determined 

by ·comparing the observed absorption profile with the resultant of the four_, 

Doppler-broadened, equally weighted Zeeman components. Typical meas-

urements are summarized in Table 11; the ion temperature is seen to be a . _ 

- '~ ~-' :· .· 
;. . ~ 

'' 

:''i!\ fraction of a vol_t, increasing with discharge current and decreasing neutral 
_,f-

. ~·· 
'f>o'"< 

: ~ .. 

- .. 
,' ' ' ' 

q: J· 

. ' 

' - . 
' ~. •j' 

-:,. 

. . 
gas pressure. It was not possible to make reliable temperature measure:-

· .. /. 

mentl!l at larger magnetic fields because the magnetic field broadening 

"·,• 

. :..,;. :-. :, 
·-t· .... 

1' 

• . ·.; ... 

·. ,. 

dominates at these temperatures. However, in the core of the discharge, 

where the ion temperature is higher~ it is in principle possible to go to /' 

considerably higher fields. In practice this could not be done because the -

intense radiation of the discharge core produced too much noise ii1 com• 

parison with the signal from the rubidium .lamp. (Self• broadened emission_ 

lines show that the ion temperature is less than about 1 eV at the axis.) 

1 ' 

V. CONCLUSIONS 

The resonance absorption of light has been applied to the measurements 

·of the density and temperature of a. specific ion species in two laboratory ,: 
. 11 

discharges. Further measurements of the disappearance rate· in decay• 

ing plasmas under controlled purity conditions appear to be worth while. · · 

The pumping time .in the optical pumping attempt was predicted to be about 

0. 3 sec, whereas the relaxation time due to ion-electron'spin-excha.nge c::ol

lieions was estimated to be of the order of 0.1 msec. With an optical ab• '· 

sorption of about 30J'a, it was thought that an effect with as much as 5 to i 

. '· .. 

:'. 

''I' 

' ,.__ ... 

signal to noise might be possible. We believe that an improvement in the.; .· .~-'->,; :., . 
. ' ·t. ~ • ' • .. . • • . !· -~· . '~~ ' 

light sourc~ might make the experiment feasible. ._:_. . ·~;' . 
'· . •' . ·-. 

' . ·! ' { . 

. I 
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' ·. Table n. Strontium. ion temperatures in the plasma di!!using from the 
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'l''i' 

.. ' 

·, ' :_~ ·' 

.. , ., 
-· ... ' . 
'•. 

,· ~ .. 

·, 

~ ! ' • 

: .. I 

i,..• 

···, 

,. 

' ! 
·._1 

. ·r: 

.f.' 

, ,' ;~ '; :• I ', 

·:~} ' ·. 
• 'f_ 

. r,' 

.··· 

.. ' 
~ ... · .. 

1 • . ~ 

,; 

•;,,, ·<#,, 

·,, ~-· ' 

., 
. ·' 

. ~ ' ' -:.·. 
·.,..}. 

,. 
~ ......... ' 

',-t ! . 

' ' 

. (, . . ' 

nollow~cathode line source. B = 500 G. ·.·. · .. :· 

Strontium 

io~· temperature 

(eV) 
i··· 

0.07 :1:0.07 

0.2 :1: 0.1 

o. 5 :1: 0.2 

0.5 :1:0.2 

·0.45 :I: 0.2 

-:· 

.~ •, 

. ~ . 
. . ·-~ 

·,. 

. " ~ . . 

,I'. 

··.: 

.: .. 

.-r 
•'' 

.. 
'' 

.:.· 

·,.,t·. 

# -~ ;, • 

. '-';• 

<~ .: ::- ';. 

', 
', 

',. 

;.·. 
·'.r',_-; 

.I,. 
._, 1 

'.t., 

',1.•. 
·:'······ 

~- . ' 
•.' 

,,·_; 

...... 

(·.-~·:· . 

• '. ! 

·.·. 

Argon pressure 
-3 ' ' 

(10. torr) 

·~-.t 

0.5 

0.5 

•.;. 

' ..... ' .. ~ 

.'·. 
~ ... 

• 

''I-', 

·.·· 

.... :; 

Arc current 

(A) 

12 

25 

40 

. ' 
25 

,\ 

.. ' ' 

.· . 

. ,, 
·: . .- '•' 

· ... 
·, ~ ...... 

., •, 
t,· •', . 

•'f· . .: 
·' 

,• 
l .. ·, 

! 

.· .. · 

'of 

' . ·~-~ . 

·.:; 

.. ;.-· 

,._ \ 

.•. 
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.,. '• l' 

•, 



;.:_ 

•'· 1 
,
1 

r 1 ~, 

' '' 

·- -

.;; :. ~ , 

l,·; } t' 

11H 1 ·, 
'. ' \ ,. ·.' ' ~- ~-

. ·.; ;( .' ~-; 

. ' 
•/ 

,'_•l 

j 

[' 

UCRL-1153Z 
·' ,, 

.... 
i-. •. · 

·'·:(· 

ACKNOWLEDGMENTS 

' ' . We wish to thank Dr. Alfred E. Glass gold- for his support and en• 
l 

couragement, and one of us (RVP) expresses his appreciation to Dr.· C. 

' '.,.. I·.~ ,. 
1' '·: 

· VanAtta for all~wing him to participate. Dr. Joseph Lipson participaied 

in the early phase of the experiment and Mr. Klaus Berkner, Mr. Vincen~ · 

J. Honey, and Mr. J. Warren Stearns tontributed at various times • 

··' 

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

·.· .. 

· .. _;.· 

'•'. 

·., 

~ ' .. 

!' 

';' .~; \ ,, 

·.,'• 

. ,.· 

' ' ' 
~ i ~. 

. ~ . 

· .... .,, 

•.' 

t,.' 

•\ 

'.1 ~ .. I o' o 'I I t • ::~~ 

"· .,· 1 ,-

• '•; I' ~~ o 

·:· 

.. 
··.· 

···.:...;.,· •• 1.' 

j' 

....-· 

·~ 

\, 

·. '.'. 

,·,'_ . 
··• 

' ...... · 

:.•' 

·! 

' 

·'· 

j:,· 

.. ,. 

_,·~· I I 

,:'·' 

• j. 

•.:· 
•.• ·• t 

·''l. 
.jt• 

,· .·"'•:' 
~- '. '."' 

,•,; 

···..; ... 

; ·~ . 



,.•t 
• i·. . . 
',,,,I ·;. , 

. ' 
'. '• 

·••',·: 

.. l,' 

' ' 

-1.2- UCRL-1.1532 
. . r ~ . 

; ' .. . ·, .... ;; 

REFERENCES~- . 
;;'. ·.·'.t:''t •' ,·. .>~.· ,.; . ... 

1•'>' • .. , . ·, ·, . 1. 
'' :( •·l ,. Allan C. G. Mitchell and Mark W. Zemansky, Resonance Radiation and 

3. 

., .. · 

Excited Atoms.(Macmillan Co., New York, 1934). ' ' 
. ( ~ '"·•. " 

S. M. Jarrett, Spin Exch~nge Cross Section for Rb85 ·Rb87 Collisions, • I ' • 

~·· . 

Phys. Rev.~· A111 (1964) • .. 
C. Moore, Atomic Energy Levels as Derived from' Analyses of Atomic· 

. Spectra, Vol. II, NBS Circular No. 467 (US Govt. Printing Office, . ,. · 

Washington D. C. 1948), 

... ~~~: ·· 4. • ·· Henry J. Kostkowski and Arnold M. Bass, J. Opt. Soc. Am.~ •.. 

' - -· 
'·, .... 

'·· '· I ' '; _,.., 

? ·• 

. 1060 (1956). "· . ' . ' 
I . ' ' '· \.: 

For exa.nlple,. if the instrument function and line profile are Gaussian · ·~·, .... 

and in the ratio 2:.1, the e~ror in fk(v)~v will be only Z.5o/o when .. the 
!:.·.:·, 

· measured line width is in error by 150% and the measured pe&k ab-
·~ "<: ~ 

. · sorption coefficient is in er.ror by SO%. In addition, these quantities . · · · .. 

are insensitive to the fraction of light absorbed •. 
··~ 

· 6. . Yu. I. Ostrovskii, and N. P. Penkin, Opt. Spectr. (U, s. S. R.) 

(English Transl.) .!.!.• 307 (1961). 

7. A. V. Phelps and J. L. Pack, Rev. Sci. Instr. ~· 45 (1945). 

8. 

9 • 

R. Minkow&ki and H •. BrUck, z. P:ttysik 95, Z99 (1935). 

A. Kastler; J. Opt. Soc. Am. ,!!, 460 (1957). 

•··. 

. ~ . . 

- ~ . : 

.• .. •. 
' :' ~ .. 

~ ./. 

. . ~ ~ , ·~ 

' '' 10. K. H. Berkner, R. V:.. Pyle; H. F. Rugge,. J. W ,, Stearns, and 
~ ' ... 

• 
I ~; 

,· ' 
',' in Proceedings of the VI International Conference on Ionization ....... : . .,. ' ' 

Phenomena in Gases~ (S. E. R. M.A., Paris, 1964). 

~·.. 11 • 
. -~·t .• : -_' J • •• 

_F. W. Hofmann, Phys. Fluids 7, 53Z (1964) has recently reported the - . 
·-. ~ 
, ... · - .: ·• ,1 

~ ~· . . measurement of ion density in a barium plasma using resonance 
. -,; 

'' ' 

~ > l • . 

. '·~ . ' 

·scattering of.light from a Hg arc. · 
. . ' ~' .· ' 

•·· ';' 

. '' 



'' ~ - ' '! ' ~ 
' ,. 

I . ~~,(. • 
' ' < I ~ : 

-13- . UCRL-11532 
)· 

J. 

r·. 
'~ -~ . 

,.· 
.. :.; 

. ·f·,· 

·' 

. ~·; 

l~ ,'· 

:<· . ' ,, 

. ~- . ·.~ , 

;· 

·: .. 

I, "'• 

.:• .; ~· .. ··~ ... 

_,J.(• 

. :; ... 

··.;/ 

J ' 

.... · 

Fig. 1,; 

'J 

I, .... : 
'J .... 

'I •' ~ '' 

FIGURE CAPTIONS 
' .' ' ' 'I . I • ' ~ 

The positive colmhn apparatus. 

.... ~ 
. -~ 

) .· 

Fig. 2. The hollow cathode apparatus. The lamp and opposite mirror are 

simultaneously motor driven ~o permit scanning along different 

chords. '" 

Fig. ~(a). Line shape of Rbl 421S ... A. light transmitted through the positive 
. . ·. ' . ' ' 

column apparatus. The upper and lower envelopes are respectively 

·. without and with abso~ption by strontium io~s. p= 0.8 torr, I = 0.6/~. 

Fig. 3(b). Curve of absorpti~n coefficient vs· wave!ength, obtained from 

Fig.· 3(a). 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com
mission, nor any person acting on behalf of the Commission: 

A. 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 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contra-ctor. 
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