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ABSTRACT

An apparatus for the production and detection of a beam of mono-energetic
potassium atoms is described. By measuring the attenuation of this beam on its
passage through a plasma, electron densities may be evaluated. Since the beam
velocity exceeds 107 cm sec”™?t rapid changes in density may be observed. This
technique has been applied to the plasma produced by a plasma gun, and compared

with simultaneous microwave interferometer measurements.
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INTRODUCTION

There are relatively Tew techniques for the direct measurement of electron density in
plasmas of moderate density (ne < 10" em™®). At such densities laser scattering measure-
ments are extremely difficult and absolute intensity measurement of spectral line radiation
presupposes a knowledge of the composition of the plasma. Although Langmuir probes and
microwave interferometer methods are commonly used their application is not always suitable.
Thus Langmuir probes suller intense plasma bombardment*, and interferometer measurements are
difficult to interpret when the plasma exists in a sheared magnetic field (the plasma refrac-
tive index then becomes dependent on the magnetic field configuration as well as on the

electron density).

In the technique to be described clectron density in a plasma is measured by observing
the attenuation of a beam of potassium atoms passed through it. For electron temperatures
in excess of a few electron volts, ionization by electron impact is the dominant process
leading to attenuation so that the degree of attenuation is directly related to the electron
density. The potassium beam is unaffected by magnetic fields and since it is relatively
tenuous (the potassium atom density in the device to be described was less than 10°atoms an~%)

it has a negligible effect on the plasma.

Thermal potassium beams have already been used to evaluate electron density(1). Such
methods, in which the potassium atoms are produced by the evaporation of potassium in an
oven have a limited time response, typically 1 msec, due to the relatively low velocities
of the atoms, This defect may be overcome by the use of much faster atomic beams. In our
technique a potassium ion beam is accelerated by several kilo electron volts, neutralised

by charge exchange and the resultant fast neutral beam used as a probe.

PRINCIPLE

3 a beam of potassium atoms,

In passing through a plasma of electron density ng cm™
density ny em™?, is attenuated by ionization. Thus the beam density n(x) at a point

x in the plasma is related to its initial density ny (o) by the usual formula
-In, Flo; v, v,) dx
ne(x) = m(o) e " € € k vee (1)

where o; is the cross section for ionization of neutral potassium by electron impact and
F(ci Ve vk), is. in general a complicated function of the electron thermal speed Ve and

the potassium atom speed vi. For v, >» v, however F(oi % vk) reduces to the simple

oj Vv .
ratio ﬂ;_i;_g_ . Since in all cases of practical interest this inequality holds,equation (1)
gives, after integration
v n, (o)
k k
‘[“e dx = Zn ™ED .. (2)

‘<01 Ve >
n, (o)

Thus a measurement of the beam attenuation ratio E‘TET may be used to evaluate the

integral Ine dx in the line of sight of the beam provided < g; ve:> is known. Tabulated

: : 2,3
below are the values of oy and % ¥, for various electron energles( . ).

* For example a Langmuir probe of length 10 cm, diameter 0,5 cm immersed in a
50 eV hydrogen plasma of density 10*° cm~® would, as a consequence of the thermal
motion of the plasma, result in plasma being lost at the rate of = 4 x 10%cm® sec™?
with a corresponding energy loss rate of = 3 kW.



Electron

sheray (60) 11 | 20 | 3¢ |50 | 100 | 150 | 200 | 300 | 500

Ionization
Ccross

section 9.9 8.0 8.7 8.0 5.6 4,7 4,0 3.3 2.4

o3
(units 107*% cm?)

i Ve
cm® sec™ ™ 1.9 | 2.1 | 3.0 | 3.3 | 3.3 | 3.4 | 3.3 | 3.3 | 3.2
(units 1077)

It will be noted that the product o v, is relatively insensitive to electron
energy in the range 11 eV to 500 eV, Thus, in general it is not necessary to evaluate
the mean value of the product o ve over the electron velocity distribution. Below about
11 eV however o is a sensitive function of electron energy, falling to zero at the )
4

ionization potential 4.3 eV. This dependence of o©; on electron energy has been used

to estimate variations in electron temperature of a relatively cold plasma.

APPARATUS

The potassium beam source

The apparatus used to produce the potassium beam is shown in Fig.1. Potassium
vapour emitted by the cylindrical oven is ionized by surface ionization on the hot tung-
sten ribbon filament(s). This filament, which has an effective area of 1 cm® is maintained
at 4 KV positive with respect to an extraction electrode. This electrode, together with
the aperture of the oven and an intermediate cylindrical electrode form the three elements
of an einzel lens which serves to focus the potassium ion beam emitted by the filament.

The filament emission current (typically 500 pA) is controlled by varying the oven tempera-
ture (about 2500C). After acceleration and focussing, the potassium ions re-enter the
oven where they are neutralised by resonance charge exchange on the potassium vapour. The

resultant beam emerging from the oven consists almost entirely of atomic potassium.

Detection of the beam

After passing through the plasma the attenuated neutral beam is re-ionized in a gas
cell containing about 80 mtorr cms of air. The potassium ions thus formed are separated
from the background of particles and ultra-violet radiation emitted from the plasma by
means of electrostatic energy analysis(G). The gas cell and detector are identical with
the smaller of the two devices described in the above reference except that air, rather
than water vapour, is used in the gas cell. A permanent magnet is placed at the entrance
to the gas cell to remove any potassium ions produced by ionization of the beam en route

from the source*. Fig.2 shows the general arrangement of the source and detector.

*  Apart from ionization by plasma electrons, potassium atoms at the edge of the
beam are ionized by grazing incidence collisions with various apertures between
the source and the detector. By means of the permanent magnet these ions are
removed from the beam so that any further attenuation is due solely to ioniza-
tion produced by the plasma.

- 9=



TIME RESOLUTION

The time resolution t,. of the device is determined by the transit time of the potas-
sium atoms through the plasma. Hence if the plasma thickness is d cms in the line of
sight of the beam

o :1 PR (3)

For a 4 keV beam v, is 1.4 x 107 cms sec™ so for typical laboratory plasmas t,. is a

few usec.

DENSITY RANGE

The range of electron density, over which the device may be used, is determined by the
amplitude of the random fluctuations of the source output current and statistical fluctua-
tions in the detected signal level. Of these two effects the second is most important —
the source output current was in fact observed to be very free of random variations. In
this case, it may readily be shown that the possible error Aa in the measurements of the
beam attenuation ratio is given by
Js

zi-—-—g e (4)
(No'tc)

o |&

where Ny is the number of potassium atoms detected per second and’ te is the response

time of the detector circuit. The corresponding error & fng, dx is, from equations (2)

and (4)

AS n dx L
< =t - % sss (5)
J Nedx (Ng + te)? ¢na
Taking a typical value of Ny, obtained experimentally of ~ 6 x 10® atoms sec™* and using

a value of 0; v, equal to 3.3 x1077 cm® sec™ the following results are obtained from

equations (2) and (5)

n, e dx i
Elf;](‘:t?‘ons cm—? ! t. Hsec Afne.dx/fne.dx
' 1 0.45
4 x 1012 1.1
10 0.14
1 0.084
3 x 10*° 9
10 0.027
1 0.056
1x10% 10
10 0.018

From the above table it is apparent that in order to measure values of J“ne dx less than

about 4 x 10*® electrons cm™? it is necessary to increase the response time tg..

-3 =



COMPARISON WITH MICROWAVE MEASUREMENTS

Measurements with this potassium beam technique were compared with measurements made

(7)

with a microwave interferometer fitted to the M.T.S.E. apparatus in which plasma pro-
duced by a coaxial gun is guided into a central magnetic trap where these measurements

were made. Fig.3 shows the results of simultaneous measurements by these two méthods.

The delay of about 20 usec in the potassium beam signals is due to the distance from the
plasma to the detector. It will be noted that the potassium beam probe is better suited

to following rapid changes in electron density and the oscilloscope display is more readily
interpreted. A quantitative comparison of the two results is complicated by the fact that,
since the plasma refractive index does not depend linearly on electron density the value

of [ne dx deduced rom the microwave measurements depends on the assumed distribution of
electron density in the plasma column. However, the two methods gave results that agreed

to within a lactor of two.
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(a) Signal from potassium beam probe - 20 usec cm™!

(b) Upper trace: signal from potassium beam probe

Lower trace: microwave interferometer signal -
100 psec cm!
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