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ABSTRACT

‘E];.ectro_n and ion‘ temperﬁtures and densities have been measured

, with’ Lapgmuif probes and 'by the absorptio.n of optical' radiation in a
stro__nfium-seéded argon plasma i)'rod_ucéd ‘by a 10- to 40-A discharg.e frpm

'aﬁ 6ven.~.with a'hoilow caf-:hod,e_intiov a 30-cm long, 20-cm diafneter coﬁducting
v..:ycy‘lAir_xdv‘er with cpnduct_ing end p‘latves. Rubidium light at 4215 .A,, ,coincidén}cf |

; . with a principa.l 1ine of singly ioniZed Sr, was transmitte& through the plééma,

"and the amphtude and’ }.me shape were measured w1th a. scanmng Fabry Perot

: 'mterfer@meter‘t@ obtain ien temperatures. 'I‘h@ @x;@l degg;t,y va t,yw,-- @s

: f"a,'pp foximately cosinusoidal.
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Klaus H. Berkner, Robert V. Pyle, Henry F. Rugge,
J. Warren Stearns, and Joseph Winocur

Lawrence Radiation Laboratory and Department of Physics
o University of California
Berkeley, California

June 20, 1963v
I. INTRODUCTION

The density distribution of a weakly ionized plasma diffusing along
and across a magnetic field from a source along the axis of a conductiri‘g

cylinder with conducting end plates can be written

n(r,‘z.) = cos "—f‘- [Alo(r/q) + BK, (r/q)] , .' g (1§)

!
‘

“

where IO -and- K0 are modified Bessel functions, L is the length of the:

v

|
cylinder, aLnd1 : - : 1
o | /2 .
q= : (2) -
TW, T. T.+T ‘
i'i i “e

2,3
or 7

W, T.
11

Q= 55— - - (3)
Expression (2) applies if the flow to the end walls is ambipolar, whereas
. expression (3) applies if the electron flow to the end walls is negligible.

If the radius of the cylinder is large compared with q, then for q £ r <R,

| n:nor"l/2 e-r/g cos % |
By'irllserting values of q obtained from either (2) or ’(’3), the ré,dial part
of equation {4) has been compa’red with experimental density me_asureme.nts‘
and fair agreement has been observed for intermediate values of radius, pro-
:vided tha;t certain asisumptions are made about parameters that a_r‘e not accu= ..

rately known. For example, the particle mean free paths are not well known nor
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are the ion temperatures easily determined. The situation is summarized

in recent review articles by Hoh,4 Golant,5 and Boeschoten.6 For roughly

similar experiments, the assumed ion temperatures vary from 0.1 to 2 eV, |

and consequently the value of q to be inserted in eq. (2) can be expected

i

to be uncertain by at least 4 to 5. Part of the present experiment is a

measurement of the ion temperature for several discharge parameters, by

'using an optical technique. Rubidium light at 4215 A is coincident with a

principal line of singly ionized Sr. From measurements of absorption and

line shape of a beam that has fraversed a Sr+ or Sr+-seeded plasrﬁa, it is
possible to infer avéragé ion temperatures and .density gradients.

We know of only one other attgmpt7 to measure the density variations
parallel to the axis for roughly similar c.:-oncvlitions. Although it was not .
pps’sibie to make measurements close to the end pla‘t}:es in that case, the 3

ion density appeared to be independent of z.

II. THE EXPERIMENT

- The experimenfal arrangement is shown in fig. 1. The hollow-cathode

. discharge, typically 10 to 40 A and 3 mm in diameter, was at the axis of a

30-cm long, 20-cm diameter conducting cylinder with cbnducting end plates.

- Each end plate had a hole at the axis 2 cm in diameter through which the arc

‘core passed; the cathode and anode each were normally 5 ¢cm outside of the

cylilh’drical equipotential chamber. An axial magnetic field of up to 4700 G

could be applied. Langmuir probes were introduced radially at the median

pla'ne_,‘-_ and the axial density variation at various radii could be determined with '_
an '"L-shaped'" probe which moved parallel to the axis, at the wall, and was |
benf through a right angle to reach toward the axis. fhe magnetic field coils

at ‘th.ev median plane vQ.ere> separated by 5-cm; 207cm—high vs)indows outside of

the ".coi.ls made it possible to transmit a light beam along chords at various



3- UCRL-10801

.’radii: Strontium ions could be injected either from the hollow cathode itself
or by evaporating Sr metal on the axis of the discharge, but off the median
plane.

:!The optical arrangement is.shown in fig. 2. A scanning Fabi‘y—Perot
interfé;ometer crossed with a monochromator was used to measure emission
and ab‘s‘orption line widths. The absorption_proﬁle was obtained By trans-
@itting a beam of 4215- A Rb light along chords through the plasma, and .

: rnea‘sﬁrihg the absorption coefficient as a function of optical frequency. The
'la?n‘p was modulated at 70 ¢ps; the output of the ménochromator wa.s‘f'ed into
a lo'qk-in-af‘npli_fier phase-locked to the lamp at the modulation frequency.
Thﬁs anyb 421 S-A light emitted by.the plasma appéared as raﬁdom noise.‘ | By |
intérrizpting the arc at regular intervals while the 4215—_.13; line was beinvg]l -
'scahﬁed', it was possible to obtain the abéorp.tion pro.file (fig.:.'3). Ion and
f"neut'r.al,.den_sities are sufficiently low so that collision and Starkbbrqadéhié_g- .
are small compared with Doppler broadening. ']_f‘.h.us ion_temperatu,res' rh_éy
~ be estimated from the absorption width, It was not possible to measure ’é'b""
»sorpti.on.at’ radii less than 2 cm, because of the intense Sr+ emiss_iqﬂ' frd’nﬁ
"_-the' arc core. _Ari- upper limit to the ‘te.rhperature ét-the‘ coré can be 'obtaine_d o
by"m'eﬁsuring the self-broadened emission line of Sr+,, o‘r‘, else one Qf.'fh‘e'Arf‘:f_z

‘liné_s .

‘ III. RESULTS
Exémplés of the:probe 41"esults obtained with argonAat pP= 2><1_O_3 "I.‘o‘r'xf‘,' v
]3-='_7OO G, and I=10 A are given in figs. 4 and 5. Figure 4 gives probe o
v fneés_uré_rnents of the radial variations of electron temperature, ion den's_'ivty,v .

- and floating potential. Figure 5 shows the axial density variation at two radii.

The electron temperature and floating potential were found to be indepefidént' 3 "'“:‘

of axial position. The s'paéé potential measurements (not shown) are "si_fnilar
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| to the floating potc;ntiais but larger by approximatély (2 to 3)T'e” Fo.r'vt.he
- ~same parameters, the optical rheasurementé give ion»tefnperatures at the *
‘core of less than 1 eV (emission), and at r=5 cm of 0,1 +0.1 er(absorption).
Large amplitude oscillations in the 2- to 200—kc/sec frequency fange |
are obseryed when the conducting end plates are not present; i.e., when there v
aIr‘-e"radial;: and.:  axial electric fields; In many cases these frequencies are |
found to be associated with asymmetric plasma distributions rotating about
the axis of the discharge. These observations have been correlated with
probe measurements where it was observed that the direction of rotation
vchanged at a radius of a few cm, depending upon the magnetic field streng-th,
and in agreement with the EXB directions obtained from th.e radial pot.ential
distribution.. With the end plates present, no oscillations of significant ampli-
tude are observed outside of the central hot core. |
The 4215-A Rb line absorpti’on experiment, howvever, may: show rotatidn
of the plasma as a whole. At low pressures the peéks of the absorption pro-
file shifted by as much as 50 millikaysers from the zero-field position when
the dir.e-ction of the magnetic field was reversed. Tlgie observations wer e made
at distances of 2 to 7 cm from th¢ axis. The shifts were small for the param-

'

‘eters of figs.4 and 5. |
»When the Sr was introduce_ad through the hollow cathode, the Sr+ deﬁsity
in the aiffusion chamber decreased very rapidly as the tip of the hollow cathode
was moved away from the hole in the end plate, indicating that the ions have
fairly large radial velocity'éomponents when they emergé from the cathode.

4 Torr, dnd with no gas intro-

At neutral pressures less than 3X10°
"duced through the anode, the '""Mode II'" type of a.rc8 was observed. The 'Sr.+
~ density, déetermined by optical absorption, fell off slowly with radius, con-

siderable electric noise was present, and the absorption width was too large

to permit an ion-temperature determination.
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IV. DISCUSSION

The general features of the experimental results are in agreement
with Simon!s model. 'The axial density distribution is roughly cosinusoidai
A and'symmeti’ical'about the median plane atva pressure of 2><10-3 Torr. At
FO.5><10'3 Torf the distribution is peaked toward the cathode side but symmetry -

can be restored by introducing gas into a hollow anode. As in neutral-particle

diffusion calculations, the length L. to be inserted in the cos(mz/L) term is not . . .

the actual length, 30 c¢cm, but rather an extrapolated length‘ L+ 2¢, where
_e~3/4 N for this geometry. Itis assumed that ions and electrons do not-
return from the walls. We make a rough estimate of ¢, starting with the

9 1.4)(10_]'4 crn2

v Ar+-Ar cross-section measuremenﬁs of Chanin and Biondi,

at 0.1 eV. This gives a mean free path ' = 1.2 cm at 2x1073 Torr. If we

_ assume an approximately ambipol-ar' field in the axial direction, the effecéive

mean free path is )\ ~ A1+ Te/T;) ~1.2(1+0.4/0.1)= 6 cm. ‘Thus € =4 cm.

This value is useci in fig. 5. The agreement is less good if the Zharinov or

Tonks model is used, in which the axial diffusion is not ambipolar. In order

to check the sensitivity of the distribution to the shape of the magnetic field,

we took measurements with the field at the rhedian plane aioproxifnately 10%

largér and smaller than at the ends; no significant variations were obseryed.

-An approximate fit to the radial density distribution can be obtained bj

using eq.(1) and a boundary condition n=0 at the wall (fig. 4). At ihterme}diate

radii the distribution is appro;cimately exponential, and in this region th_¢
".e-'.fo'lding lengthis'approximately inversely p’roporfional to B and proportional
vtovp, in agreement with other experiments. The measured Sr ipn temperatures
.increase with increasing I (to 0.5£0.2 eV at 40 A and 2)('10—-3 Torr) and de- i

. creasing p(to 0.45+0.2 eV at p= 5><v10_4 Torr and 10 A); they ma? a.ls:o_ -

change with the dischargé geometry. -Accurate tempeféture measgreme;itsl'

were .impbssible -at ‘higher maghetic fields due to. Zeeman ‘splbitting. - For th_'e‘ o
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densities and temperatures in these experiments it is reasonable to assume

that the ArJr and St ions have nearly the same temperature; thus the Ar -

bi = (910/B) (Tevv)l/2 cm. For the con-

ion cyclotron radius is given by r
‘ditions appropriate to fig. 4, Ti < 0.1 eV, these ion cyclotron radii are of
the order of one-tenth of the e-folding lengths obtained from the radial den-
sity distributions.

The raidal variation of ion density as determined from_Langrﬁuir—
probe measurements can be iﬁtegrated along chords for comparison with
the infégrated densities obtainéd from optical absorption as a function of
radius. The two types of measurements show the same dependence on ex-
perimen_tél parameters, but the probe densities fall off somewhat more
rap’idly with radius.

 The diffusion coefficients obtained from experimental g values taken

from the probe measurements are given in the table for the Simon model

/ Te\\wzz
Jo—— )

D . (Cl) = Do \l + - ——
_ | . | Li**$S i \ Ti / L
‘and for the Zharinov® or Tonks3'u:=0)nnode1
. 2q? _ _ o
— 0 .
Difdlg, 0=Dy —7 - (©)

Here, P:ZXIO_.3 Torr, Ti-—'- 0.1 eV., Te: 0.4 eV, A=1.2 cm. The clavss"i‘-'" 3
3 éally p‘redicted'vaiue. of the radial diffusion coefficient is DlizDio(l-Fw.iqu.iZ)_l
'wi'FhvbDio = 1/3 )\ivi. From the.table we see that the radial diffusion co'efﬁ—‘
'ficive‘nts. deduced from the experiment are several times larger thanv wouid

- be predicted frorn.vthe Simon tﬁeory, but in rather good ‘agreement with

Zharinov and Tonks. The measured floating potentials suggest that the -

'b latter theories should be appropriate. The axial density distribution appears

to be in slightly better agreement with the Simon 15:10de_1. The experi_mén't_is' B

L beirig_' extended to l_ai‘ger values of L.
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B Thi Qexp D, ;(a)g Dyildy D;
(G) ' (cm) (cm) (cmZ/sec) (cmz/sec) (cmZ/sec)
4 3 3
700 0.40 4.0  2.4X10 4.8X10 2.8X10
3200 0.09  0.65 6.6X10° 1.3X10% 1.8X10%

-
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FIGURE CAPTIONS

1 The plasmaachamber geometry. R.P. = radial probe; A.P. = Vax'i‘al

f‘-‘probe W w1ndow, D. P. =diffusion pump; H.C. = hoéllow cathode and .

oven; A =hollow anode; (Sr) = alternate positiens for introducing

- strontium.

Fig.

“Fig,

2. The optical arrangement.

3. (a) An example of a transmltted 4215-A line proflle The log of

‘the ratlo of the upper and. 1ower envelope is the absorptlon coeff1c1ent

(b) _Sr-+ absorption profile deduced from data shown in (a). After b»

: "b‘co‘rrectin'g for ihstrument width and Zeeman veffect, ‘an ion t‘er_npera"ture‘ .

-of (0.1 ﬂ:'O.l) eV was obtained; p= 2><10-'3 Torr, B=700 G, rminz-.z cm,

42154, 1 millikayser=1,78X10

.I=10 A. There were about 1011 Sr+ ions along the optical path. (Ne‘are

4A)

i 4. Redial probe measurements. p= 2><10—3 Torr, B=700G,

| 1210 A. The lines through the T_ and ¢, -points are: drawn to gulde

Fig..

the eye. The n, curve is normalized at r=3.4 ¢m, with

.A/B—-l 21X10 gln eq. (1)

5.- Axial probe measurements, p= 2)(10 -3 Torr, B= 700 G, 1= 10A.

. 9,2 cm; O, 5 em.
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