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A PLASMA BOX USING MAGNETIC MULTIPOLE
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P.J. Hirt and M.Q. Tran

Abstract

A plasma box using alternating magnetic multipole confinement is described.
With disk shaped magnets a good confinement 1is achieved, the plasma lifetime
being of the order of 200 us. Consequently, a very low electron emission cur-
rent (200 mA, heating power 250 VA) is required to maintain densities up to
2 x 109 cm_3 in Argon, with an electron temperature of 2,5 eV and an ion tem-

perature of 0,8 eV. The temperature ratio may be changed with a Maxwell demon

between 2.0 and 5. 3.
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1. INTRODUCTION

To study basic phenomena in plasma physics, large volumes of collisionless,
quiescent and uniform plasmas are needed. The plasma is normally produced by
an r.f. discharge (Hirshfield et al., 1971) or by collisional ionization with
electrons from heated filaments (Taylor et al., 1972). r.f. plasmas are quite
noisy, whereas the filament-created plasmas are quiescent but require enormous
heating powers to maintain densities of the order of 109 cm_3 without confine-
ment. However, the use of "magnetic walls" as described by Limpaecher and Mac-
Kenzie (1971, 1973) drastically reduces this power without introducing addi-
tional noise into the plasma. In this report we describe a plasma box based on

the magnetic multipole confinement principle.

2. APPARATUS

The device consists of a 183 1t vacuum chamber, in which a rectangular box of
.36 x 36 x 60 cm3 covered with 434 permanent magnets is inserted (figure 1).
There exist two types of magnets, metallic and ceramic ones. Metallic magnets
show a high remanent induction, whereas the ceramic material is specified by a
high coercive force (figure 2). In order to find the appropriate material, the
load line has to be found, i.e. the operating point on the demagnetization cur-

ve. Solving Maxwell's equations
> - - 2
§H"w"‘°; 8-dF =0 (1)

for an open magnetic circuit, the slope of the load line becomes

t%dz% QL . @)

2]
The indices i and o design values inside and outside the magnet, respectively.
Stray factors, taking into account that not all flux lines come out at the

pole faces, are neglected.
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Q
T B
as approximately constant, ol decreases with decreasing magnet length 11' If

Equation (2) depends only on geometric factors of the magnet. Considering

short magnets are to be used, the operating point on the B-H curve lies always
on the left of the intersection point of the two demagnetization curves;

therefore the attainable induction is higher with ceramic magnets.

Our multipole field is provided by cheap Ferroxdure disk magnets with a diame-
ter of 45 mm and a length of 9 mm. To avoid strong outgasing of the porous
ceramic material, each magnet is in its own small pillbox. The magnets are
arranged with alternating polarity in a closest-packed layer, creating a
confining field which drops off exponentially towards the interior of the vo-
lume. The rectangular magnet supporting box is made of mild steel on which the
magnets are held by their own magnetic attraction. By using mild steel, the
field lines are short-circuited on one side of the magnets and the field is

increased at the pole face from 500 Gauss to 900 Gauss.

The plasma is produced by electron emission from negatively biased filaments.
The magnetApole faces serve as anodes. The surface of the filament supports

is insulated with glass tubes. To determine the emission current, i.e., the
total filament surface necessary to obtain a certain ion density, a rate equa-
tion is employed where in a steady state the ion production rate must equal the

loss rate.

The production rate is given by

&

eV (3)

n_ is the neutral density, (© the ionization cross section, ;\ the effective
primary electron mean free path and V the volume of the box. The loss rate is

d«n;g n.v F

- i (4)

dt V ’




where Vt is the ion thermal velocity and F is the open surface of the cusps
through which the plasma is leaking out. Neglecting all electric effects
Berkowitz et al. (1958) and Grossmann (1966) found an open diameter of a cusp
of the order of the ion cyclotron radius and the total open surface for N

cusps becomes

2

- m, ¥
F=NT — (5)

From (3) and (4) the rate equation is

J,n( n: v F ROO’AIQ

.—.———-a._.__-——-—.'_

dt V eV
which admits as a steady state solution

AT -

YlL = ev
’t/is the time constant, defined by
2
eo V(B @
vt 3TN m;li (kT )3/1.

Inserting typical values into equation (8), V = 78 x 103 cm3, B = 900 Gauss,

(6)

N = 500, m, = 40 x mp, kTi = 0.5 eV, the time constant comes out to be of
the order of 200‘/13. To obtain an ion density n, = 109 cm_3 at a neutral

pressure of 10-.4 Torr, an emission current of Ief»f200 mA is necessary. The
ionization cross section used is given in figure 3 and ;\ is supposed to be

of the order of three to four times the box dimension (Limpaecher and Mac-

Kenzie, 1973).

Such ah emission current is easily produced by four tungstene filaments with

a total length of 16 cm and a diameter of 0.4 mm.



3. RESULTS

The electron temperature and density were measured with a flat movable
Langmuir probe of area 0.197 cmz. The characteristic was displayed on an
oscilloscope or plotted with an X, y recorder using a probe driver described
by Auvray (1972). The oscilloscope display of a typical Langmuir trace is

given in figure 4.

An electrostatic analyzer is employed in order to measure the ion temperature
and density (Ikezi and Taylor, 1970). It consists of three fine mesh grids

(78 lines/cm, 34 % transparency) and a collector. The separation between the
first two grids is 0.5 mm, between the second and third grid and the collector
1 mm. The first grid is at floating potential (a.c. grounded), the energy
selection sweep is applied to the second grid, while the negative third grid
acts as an electron suppressor for plasma electrons as well as for secondary
electrons emitted from the collector. An oscilloscope display is shown in

figure 5.

Two series of measurements were made: one with grids of 60 Z transparency at
zero potential around the negatively biased filaments in order to prevent a
direct contact of the plasma with the cathode and an other without any shiel-
ding. Electron densities for typical operating pressures, fixed electron
emission current and acceleration voltage are shown in figure 6. The shielding
reduces the plasma density roughly by a factor of two. In figure 7 a plot of
the electron temperature and the plasma potential versus neutral pressure is
given. The shielding grids collect electrons of the tail of the distribution
function and the temperature is lowered. The plasma potential with shielded

filaments is always positive and approximately constant.

The variation of Vp can be interpreted using cusp containment theory. Electrons
escape more rapidly through the cusps than the ions, due to their higher velo-
city. To conserve charge neutrality, an ambipolar electric field parallel to
the magnetic field will be established. The plasma potential becomes positive

and the ion loss is slightly increased, whereas the electron loss is reduced
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by exp ‘{-eVb/kTe . The shielding grids increase the open surface and the
plasma potential has to be more positive to conserve charge neutrality. The
negative potential for the low density conditions without shielding may be
caused by the negatively biased filaments. Increasing the plasma density
increases the electron and ion fluxes and decreases the temperature. In order

to keep the factorj;gxp {} eVp/kTe roughly constant, the plasma potential

must become more positive as may be seen from figure 7.

The behaviour of the electron density, the electron temperature and the plasma
potential as a function of the filament emission current are plotted in figures
8 and 9. For the unshielded filaments the electron temperature and the plasma
potential show a saturation, while the demsity is still increasing. In figures
10 and 11 we give plasma density, electron temperature and plasma potential

as a function of the primary electron acceleration voltage with constant neu-
tral pressure and emission current. From figure 10 a maximum of the ionization
cross section at 90 V is apparent, while from figure 11 the electron energy

remains approximately constant.

In all measurements the ion temperatures given by the electrostatic analyzer
are quite high, between 0.6 eV and 0.9 eV, a result which was confirmed by

launching ion acoustic waves.

The following table summarizes some characteristic values under typical oper-

ating conditions:



Shielded filaments Unshielded filaments

. -7 -7

Residual gas pressure 5 x 10 Torr 5 x 10 Torr
A -4

Argon pressure 2 x 10 Torr 2 x 10 Torr
Electron acceleration
voltage - 100 v - 100 V
Emission current 160 mA 160 mA
Filament heating power 200 vA 200 va
Plasma density 4.5 x 108 cm_3 2.1 x 109 cmn3
Electron temperature 1.5 ev 2.3 ev
Ion temperature - 0.7 - 0.8 ev
Plasma potential + 2V + 0.5V

Table: Characteristic plasma parameters for typical

operating conditions.

The homogeneity of the plasma was checked with the movable Langmuir probe and
seems to be better than 1 7 over a distance of 25 cm. The noise 1eve1<: '\h ;7
is of the order of 3 x 10—4 as indicated by a cylindrical Langmuir probe of

0.4 mm diameter.

To determine the plasma lifetime, an acceleration voltage step was created by
short-circuiting a series resistor in the path of the emission current (figure
12). The voltage step changes the ionization cross section from @ to O’~6(E)A¢;
where f,(f)is the unit step function. The jump of the cross section changes

the plasma density which is displayed as a function of time on the oscilloscope.
By imposing only a small step, the plasma potential is not changed as it would

be the case by turning off the whole acceleration voltage. Applying Laplace
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transform to equationm (6), the plasma density jump is given by

Y\OAAO"VIQ - t/'c'
oV (4-3

from which the lifetime may be deduced. A measured Langmuir trace is given
in figure 13, the upper curve showing the plasma density decay and the lower
curve the applied acceleration voltage step. The time constant found is

T A 200 /us.

To confirm this confinement time, we measured the loss rate by electrically
insulating one magnet from his neighbours. The collected current, with zero
bias at the magnet, was compared with the current drawn by a flat Langmuir
probe at zero potential immersed in the field free plasma. The radius of the
open surface of a cusp under the operating conditions given in the table above
is 2.33 m and is smaller than the ion cyclotron radius (6 mm for kTi = 0.7 eV).
Defining a mean escape velocity by

-~ I

2 e— 10

Y neF o
with the current I collected by the magnet and the cusp surface F, the time
constant may be determined from equation (8)..;'contains the effects of the
ambipolar electric field. The time constant obtained is 'r'\/180}ls, consistent
with the value found above. The plasma leaking out at the point of zero mag-
netic field between the magnets is smaller than the leakage through a cusp by

a factor of 103.

Using equation (7), the primary electron mean free path is of the order of
).’b 3.7 m, indicating that the primaries are partly confined and collide

about 10 times with the walls. By decreasing the neutral pressure to about

2 x 10_5 Torr, the discharge can no longer be maintained and the collected
emission current diminishes due to the fact that the plasma potential becomes
very negative. The potential drop between filament and plasma is thus decreased
and the primary electron energy is not sufficient any longer to ionize the

neutral gas.
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In order to increase the temperature ratio Te/Ti a Maxwell demon (MacKenzie

et al., 1971) was introduced into the plasma. Our demon consists of a grid

(2 lines/cm, wire 0.035 mm) covering an area of 14 x 28 cmz. Figure 14 shows
the efficiency of the demon with and without shielding of the filaments. The
efficiency is drastically reduced when the plasma is allowed to be in contact
with the cathode. In this case, the demon influences strongly the plasma po-
tential, because his active surface (34 cmz) is too large compared with the
total open surface (75 cmz) of all the cusps. However, shielding the filaments
with grids of a surface of 100 cmz, the plasma potential increases more slowly
(figure 15) and the demon is able to capture the cold electrons. Reducing the
demon surface by a factor of two no filament shielding is necessary, the plasma
potential now being determined by the cusp surfaces (figure 16). An estimate
of the collected current using cylindrical Langmuir probe theory agrees well
with the measured current given in figure 15. The demon changes the electron
temperature in about lOO‘Fs, consistent with the energy equipartition time

between the electrons.

4. CONCLUSIONS

The total open surface in our multipole device is approximately 80 cmz, while
the total box surface is 11200 cmz. Thus we have an improvement over an un-
confined plasma by a factor of 140 and very low electron emission currents
are necessary to obtain reasonable plasma densities. The location of the
electron emitting filaments is not critical, because the "magnetic walls" do

not allow density gradients to be established.
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FIGURE CAPTIONS

Figure 1:

Figure 2:

Figure 3:

Figure 4:

Figure 5
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Figure 6:

Figure 7:

Figure 8:

Figure 9:

Figure 10:
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Geometry of the plasma box with dimensions 36 x 36 x 60 cm3.
The disk shaped magnets are arranged in a closest-packed
layer. Four filaments are used to maintain densities of

nan ].09 cm~3.

Demagnetization curves of metallic (Ticonal) and ceramic

(Ferroxdure) magnets with load line.

Ionization cross sections for He, Ar and Xe (Lotz, 1967).
Oscilloscope display of a typical Langmuir curve.
Oscilloscope display of a typical ion energy analyzer curve.

Electron densities vs neutral Argon pressure. The residual
. -7 . .

gas pressure 1is 5 x 10 Torr, the filament emission cur-

rent Ie = 160 mA and the electron acceleration voltage

v = 100 V.
ace

Electron temperatures and plasma potential vs neutral Argon

pressure for I = 160 mA and V = 100 V.
e acc

Electron densities vs filament emission current for an Argon

pressure of 2 x 10—4 Torr and V = 100 V.
acc

Electron temperature and plasma potential vs filament emig-
. -4

sion current for an Argon pressure of 2 x 10 Torr and

v = 100 V.

acc

Electron density vs acceleration voltage for an Argon pres-

sure of 2 x 107 Torr and I_ = 160 mA.
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12:

13:

14:

15:

16:
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Electron temperature and plasma potential vs electron acce-
. -4
leration voltage for an Argon pressure of 2 x 10 ~ Torr and

I = 160 mA.
e

Circuit producing a small potential step on the acceleration

voltage.

Upper trace: current on a biased Langmuir probe

Lower trace: acceleration voltage step.

Electron temperature as a function of the demon voltage

(demon dimension 14 x 28 cmz).

Plasma potential and current collected by the demon as a

. . . . . 2
function of applied potential (demon dimension 14 x 28 cm ).

Electron temperature, plasma potential and collected current
as a function of the demon voltage (demon dimension

14 x 14 cmz).
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