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ABSTRACT

l

o Ionized strontium is etudied by the method of resonant absorption
of optica.l radiation. . Because of an accidental frequency overlap, normal »
rubidium can be usedina lamp as the source of resonant light, Spectra.l

profiles of absorption were made with a sca.nning Fabry-?erot inter-

: a.re found to differ by 0,014 A . Optical and Langmuir probe measuremente F

of density compa.re £a.vorab1y. Ion temperatures in a steady state and a
" decaying plasma were determined from the Doppler width, Two different
. sources of ionized strontium plasma are deecribeda Negative results were

- obtained in an attempt to opticauy pump atrontium ions ina plasma..

* This research supported in part by the Office of Nava.l R.eeearch and

the U. S. Atomic Energy Commission.
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* L. INTRODU CTION

- 1;

: The measurement o£ neutral gas densitlee by the absorption of opticaly
resonance ra.diation is a well known technique.i- With the development of
ecanning Fabry-Perot interferometers and electronic detectors this method
“ ham become useful for highly e.ccura.te density determinetions.z We have
;'{;_a.pplied the technique to measuremente of density and temperature of an
ionized gae. . | | _’ S =
Some advantagea of this method over the conventional La.ngmuir probe
and microwa.ve techniques are tha.t the plasma le not dieturbed by the light
probe. good spatia.l reeolution is’ pessible. eﬂeets ‘of the ma.gnetlc field on .
the probe are well understood. only one> level of a particular 1on species is

measured, ion temperatures can be meaeured. and denalty measurements _

have a transition to the ground etate at an experimentally convenient frequency.
e and an oscillator strength large enough to give large absoyption at the desired
o ',"f.:‘vl_? | gas density, Singly ionized alkaline earths have the same electronic cone

. flguration as the alkali metals, + and most of them have a strong:ns-np ex- _'
= 5 “citation frequency lying in the visible oertion of the electromagnetlc spectrum. ,
BT B Ionized strontium was chosen for this study because of an accidental coin~ e 'A"'.A
e “cidence of its first princlpal line with the .seconcl principal line of normal | .
o | rubidium. This means that light from an easily constructed rubidium hmp o '

- can be used to probe the pla.sma. In general, light from a euitable arc die. o

| charge would be used. The 551/2."591/2 transition in SrIl and the 551/2'61’1/2 '
transition in RbI are reported to have the same wavelength. 4215.524 A ‘
i Additional information about the properties of the ions and their inte‘r- __
actlena with the plasma could be obtained by optically pumplng the i°“°‘
This is considerably more difficult than pumping neutral rubidium beca.use’ ';' ?i
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of theu short relaxatxon times in the plasma and weaker lines of the available '

‘ light sources, Our attempt to optically pump Srt tons was unsuccessfu.l. and

'*-"‘ltv.'is mentioned only briefly. :

‘. METHOD S T

When resona,nce radiation of initial intensity 1 (v) passes a distance

-

e x through an absorbing gas of density N(x). the intensity becomes - |

L.
B

I'(v.._x)-g._;-o(V,x'o)exp[- f k(v,x)dx] S (1)

t'the gas densxty by means of the equation

*v.' .

fk(v,'x)dv "n{ ‘ch(x) T

Here ‘vro is the classical electron radius. c is the velocity oI light. and

f is the oscillator strength of the induced absorption. The absorption

o coefficient is determined experimentally‘by measuring optical absorptidon
- v8 frequency, using a high—fesolution Fabry-Perot interferometer. ‘ The | »
quantity, [ k(v, x)dv is calculated by. numerics.l integration. The density ‘
“'_ .";?. ;3] is cornputed from this and the known value of f. Kostkowski and Ba.ss4
“ have shown that the measured value for the integral fk(v)dv is not very

5

:{;,’ sensitive to instrument width. © The oscillator strength of the 581/2-5p1/2

‘transition in sr* has been detesmined by the simuitaneous measurement of
_;' total absorption and dispersion hy Ostrovski et al. to be f = 0. 39, 6 Because
their method does not require knowledge of the concentration of a}b'sorb’ingv ,;
atoms, a Probable error of about 5 % is indicated in thelr measurement.
. The principal source of ionized strontium line width in our plasmas

is the Doppler effect, and the absorption coefficient may be written in the -

" Gaussian form,

f
l
N
t
i
S
i
¥
!
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i k(v x) = k (x) exp {-4 ln z [(v-v )/Av ] } , s (3)

'ﬂl'\where Av, Zv (ZR.T ln Z/Mc )1/2 is the line wldth at ha.lf lntensity.. ‘
Here R ls the unlversal gas constant, T is the temperature, and M ls
H,v'the molecular weight. Neutral and ionized gas densities in these experl- N

:»'ments are too low to cause signiﬁcant colllslon broadening or Stark

P

broadening.

S g o APPARA TUS.
;I‘wo strontxum plasma devices were developed and studled. The ﬁrst i
-i‘ie a discharge uslng a heated tungsten filament as the cathode. Argon or
.helium gas is circulated through the tube to sustain the discharge and to e
"control the diffusion rate to the walls. Metallic strontium is -evaporated :
. into the column of the discharge from an electrlcally isolated heated pan '
. llying just above the anode (Fig. 1). The ohservation wi.ndows are’ mounted |
10 cm from the discharge region to prevent thelr being coated by condensed
~ strontium vapor. Typical operating conditions are in the range of neutral gas
pressures from 0. 05 to 10 torr, discharge currents between 0.1 and 4,0 A

= " and anode potentials of 50 to 100 volts. A Langmuir probe can be introduced

v‘:‘f-f Perpendicular to the axis lnto the same region that is scanned by the optlcal
. beam. The current can be operated dc or pulsed, in the latter case observa-g

ar tions can be made in adecaying plasma. The Helmholtz ‘coils provided the |

emall magnetlc field used in the optlcal pumping attempt.

A ‘ - The second plasma devlce. shown in Flg. 2, permits lnvestlgatlon of
‘ ‘:the behavior of a strontium plasma in a well-defined gedmetry with a strong
:’ i'-l-‘axlal magnetic field and low neutral-particle pressure (£10 -3 torr), A 3-mm.
diameter discharge, 10 to 40 A, from 2 hollow cathode (Fig. 2) is confined?

;_ " to the axis of the cylinder by the magnetic field. Strontium can be introduced”
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heated pan about i cm below the axis of the arc. . The plasma can be run -

dc or it can be interrupted periodically either by electronic means or by

: mechanically intercepting the beam from the hollow cathode. The latter '_ LV

method is preferable at low repetition frequencies because the temperature

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

3

off for 'periods of the oxder of 1 second,

For the transmission attenuation measuremente a narrow beam of

electronically chopped (typically 70 cps) rubidium 4215 Alight. with a

ri-cross-sectional area determined by two apertures. is transmitted through

, | the plasrna. diffracted by the scanning Fa.bry-Perot interferometer. ‘and

v focused onto the entrance slit of a monochromator. The output from the °

1P214 photomultiplier tube of the monochromator is fed to a lock~in ampli-

,' fier that is phase-locked'to the lamp at the modulation frequency. The
.""-1- rectified output of the amplifier is recorded on a chart .recorder. A ‘The lock=
“in amplifier is essential because it averages to zero the signal from randorn 7

.
‘ﬁ;{l

* . emission of Sr¥ 4215 A radiation at the modulation frequency. The light'”'
at this rvavelength that is emitted from the plasma may be an order of

.‘ magnitude more intense than that from the rubidium source. = B

Most of the present measurements were obtained with a mechanically d

: driven scanning Fabry-Perot interferometer with which the interference rin_gs o
' vwere swept across the monochromator slit. Better sensitivity and-resolution‘
were obtained from a central~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 X/ 50, and >
‘ "i.vthe dielectric coating has a reflection coefficient of 0,87 at 4215 A, Al

: _absorption measuremente were performed with a 1-cm spacer, for whieh

the mean spectral range is 500 mK and the instrurnental width is about 40 mK.
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Both systems were found to be quite linear; however. in the mechanical

gt

: ;‘iscanning method the £ringe radii a.reproportional to nil 2} where n is |

. an integer. ‘ o EEE e .

v. OBSERVATIONS

The Hot Cathode Discharge . = .

v A typical transmission measurernent is shown in Fig. 3a. For ease |
in reducing data. and to improve accuracy. we scarmed both the £ull-
intensity transmitted beam and the ,partly absorbed beam within the same"
fringe by cyclically turning the discharge off and on at the rate of about .

one-half cps or less. The fringes were ecanned at the rate of one every -
- 4 or 5 minutes. i The. upper envelope in the figure is the transmitted
rubidium radiation a.t 4215 .7\. with the masgsg«85 and -87 hyperfine eomponents
_: '.identified by arrows.‘ The lower envelope is the line shape after resonance gy
'absorption by the plasma has occurred. Figure 3b is a plot of the absorption
coeff:.cient reduced from the curves of Fig. 3a. We see that the peak ab- o
'..v_‘.'_sorption by Sr' tons is displaced by about 80 mK (0. 014 A) from the weighted

" mean frequency of rubidium o o

. o  ‘ ; | Density Measurements

B . ’I‘Ahe' optieallg_r measuredl strontium ion density inereases_w.ith neu‘tralf'- ";":
strontium vapor pressure reaching a maximum (for a given discharge ‘
»*.I‘..'current) that is unaffected by a further increase in neutral density, .Because;:._:'
v,lvthe ionization potential of strontium (6 eV) is considerabiy less than that of s
argon or helium. the discharge at saturation essentially runs on strontium. -
In order to obtain the absolute density at any point in the discharge. .
' 'y_:-'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

T
A :



dietribution .]’ (2 4 r/R). which we verified with the movable Langmuiru‘

probe. To obtain the radial distribution by the optical absorption tech-

function of radius.l Assuming azimuthal symmetry the resulte were unfolded
numerically. and the results fitted a Bess»el function distribution quitewell.-
with R = 3,75 cm, the effectiye radiue 9£ the discharge chamber in the
"f»region of obveerv'ati'on.. The abeolute density at any rad‘ius. could then be ;-'

- inferred.'..w'rhese results were compared with Langmuir probe measurements

N ';;V'J;(M/Zkreﬁ/z/'o.tle.' '_ I -v_"'f
, where J | is‘ the eaturated ion current density. M is the ion maee". k is -
| Boltzmann's constant Te is the measured electron temperature, ‘and e
is the electronic charge. Optical and probe meaeuremente of the ion

g density at the axis of the discharge tube are compared. in"l‘able I for two
- differing argon pressures and for zero and saturated etrontium ion den- i
’lsities.: -T-he appropriate ion masses are used in formula. (4) for the two
cases’i The optical and probe results are in somewhat better agreement .
3 than might be expected considering the uncertainties in the probe determina-
. tion,
| ’I‘he rate of decay of ground-state etrontiurn ions after the discharge ”
ie puleed off can be determined by monitoring the transrnitted light inten-
.sity. using a technique similar to that employed by Phelpe and Pack for :
meaeuring the decay of metaetable helium atome. 7 A gated photomultiplier _
with variable gate width and a variable delay after the diecharge is turned .
" off samples the current over many discharge cycles.v The’ Fabry-Perot

‘is tuned to the peak absorption frequency. the lamp is operated CW, and _"
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Taiblle I Typical axia.l density determinatione in the positive column by

,.-_'optvic"a.l-absorption and Langmuir probe measurements. 1=0.4A, Te =1, SeV. :

.NS £ (absorption) - N (Langmuir probe) | p(argon)‘;_
L s (10 /cm) -~ . (torr) o
s (Aarh)y 0.05
8.8 (55 L o0s
Csearh L oas
sy T s

f‘;the amplifier is synchronized to the gater. ‘O\‘xr 'meaeurements ‘Were :
:"limited by noise to two orders of magnitﬁde loea in ion density. from

: abou.t 10 to 109 iona/cm3.‘ At low neutral gas pressures the decay R
. rate should be determined by diffusion to the walls and at high neutra.l \
- gas preseures and large ion densities the loae rate should: be set by
| . recombination proceseee. -.Our results are reasonablfcoizsistent with . --

estimatee of these two rates, but a.e no effort was made to determine the -'

.purity of the gas mixture it is not poeeible to obtain quantitatively ueeful

l ~

_numbers irom the da.ta. -
Temperature Measurements ' e

. sorption line widths in both steady-etate and decaying plasmaao - ‘I'he cor-

'vrection for instrument width is taken from the ca.lculationa of Minkoweki
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plasznas. indicating a temperature of about 800° K. These measurements. - '._‘,':'*,"_fi_

5 ‘were made at a helium pressure of 1 torr and a discharge current of

AR .'-__f'O 8A. - As far as we know they are the only direct measurements of ion
. temperature in the column of a low-current discharge, and are in’ agree- o

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

5

B . Optical Pumping Attemét

i Attempts were made, by conventioual meanas, to observe optical
S : o

' pumping in the decaying strontium plasma of the pulsed positive column. Pigt

: Circularly polarized resonance radiation i’rom a2 Rb electrodeless dis- s

- charge source was transmitted through the positive column in the direction G

._;:3.» of the constant magnetic field, and perpendzcular to an applied rf field. - ""

o 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 aignal to noise. No resonance« |

~induced optical absorption was detected, under conditions such ths.t the

5

ratio of lamp intensity to noise was about  5X10°, Optical pumping of ' "_f& j';j‘

neutral rubidium vapor was easily observed in the same apparatus.

'~ Hollow-Cathode Arc Discharge

Experirnente with the ;ilasma diffusing across’. a magnetic field from o
g ( the hollow-cathode source were limited mainly to temperature studies. and .
o some radial measurements of density, A knowledge of the ion temperature ;
is important in comparing the axial and radial density: distributions with .

10

- classical diffusion models. -~ In the magnetic field the 5s 1/2 * 5py /2

' strontium transition is split into four components:' v, #62 mK/kG and F

. ‘¥ %31 mK/kG. At 500G, where nearly all of the measurements were made, -*

i
i
i
¥



;" urements are summarized in Table II; the ion temperature is seen to be a .

- fraction of a volt, increasing with discharge current and decreasing neutral

; dominates at these tem'?era.tures. However, in the core of the discharga‘ R

‘ ’_Ylisions was estimated to be of the order of 0 1 msec. With an optical a.b-

sorption of about 3%. it was thought that an effect with as much as 5 to 1

“9- . UCRL-11532

these appear as a single broadened line, The temperature was determined
by comparing the observed absorption profile with the resultant of the four A

- Doppler-broadened, equaily weighted Zeeman componente. Typical meas~ RN

© gas pressure, It was not possible to make reliable temperature meaeurey ;

ments at larger magnetic fields because the magnetic field broadening |

“where the ion temperature is higher, it iz in principle possible to go to
considerably higher fields. In practice this could not be done because the", L
" intense radiation of the discharge core produced too much noise in come« |

parison with the signal from the rubidium.lamp. (Seli-broadened emission

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

V. CONCLUSIONS -
_ The resonance absorp’tion of light has been applied to the measurements wE
- ‘of the density and temperature of a specific ion species in two iaborato-ry
diacha.rges.“ Furt.hei- meaeurements of the dieappea_;rance‘” rate in decaye |

ing plasmas under controlled purity conditions appear to be worth while,

~ The pumping time in the optical pumping atteinpf was predicted to be ebout o

"~ 0.3 sec, whereas the relaxation time duse to ion-electron’spin-exeha.nge col- ,.v' o

5 e

-

- signal to noise might be possibie We believe that an improvement in the .

‘ light source might make the experiment feasible. B . : S ~ |
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-’_V'-':'I‘ab)'.ej 1. Strontium lon tv'evx;npex"attilres in the ;Slasma diffusing from the

g 0 .. 7. Kollowscathode line source. B = 500G. ~ . ° R

B - Strontium .- ' R o

1;‘ .. iontemperature 'Argon pressure ) IR '1 ~Are current :
S L e o (10 ey : (A)

0.07£0.07 . . . -2 . . L 12
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. FIGURE CAPTIONS

- Fig. 4 " The posifiire, colurnn apparatus,

Fig. 2. The hollow ca.thode a.pparatus. The: la.mp and opposite mirror are -

: simulta.neously motor driven to perrmt scanning along different

_chords. . : E o S L 3 R ;

Fig 3(a) Line shape of RbI 4215«& light tra.nsmitted through the positive

a

column apparatus. The upper and lower envelopee are respectively

without and with abso,rptxon by strontium iona. p= 0.8 torr, I = O 6/A.,

«

Fig. 3(b) Curve of abso:ption coefﬁcient vs wavelength, obtained from

N

Fig. 3(a) B ST
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