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Abstract 

The diffusion of a cold plasma through multidipole fields of a magnetic picket 
fence is presented. The ion diffusion and trapping is determined by electric poten
tials inside the multidipole fields. The electron diffusion is regulated by an anoma
lous transport process driven by low frequency fluctuations inside the magnetic 
sheath. Particles drifting with velocities above the ion acoustic speed generates 
high amplitude turbulent waves responsible for an anomalous diffusion process. 

1 Introduction 

Particle diffusion through magnetic fields has been carried on since the beginning of 
the plasma confinement research [1]. In these past two decades the research on plasma 
sources, based on surface confinement [2], has increased the necessity to understand basic 
processes on plasma diffusion through multidipole magnetic fields. These volume pro
duced quiescent plasmas have been sucessfully used on basic plasma research [3] and on 
ion sources for neutral beam plasma heating, space propulsion, and for surface processes 
on solids [4]. More recently it has also been used for simulation of ionospheric processes 
in laboratory [5]. 

This work describes the measurement of the electron and ion diffusion coefficient 
through magnetic Melds of a picket fence with permanent magnets. Previous works on this 
subject were made by several authors. Wong, Mamas and Arnush [6] found a preferential 
diffusion for the colder electrons when the electron-ion collision rate is bigger than the 
electron cyclotron frequency. Hershkowitz and Intrator [7] in a similar work, came up to 
the conclusion that the electron drift due to the gradient of the magnetic picket fence field 
is the most important effect to explain the preferential diffusion of colder electrons. They 

1 



also point out that the mechanism tor coid plasma motion across the magnetic cage should 
not be described by classical diffusion. A high level of ion acoustic instability were found 
by Gauthereau and Matthieussent [8] in the magnetic sheath of a multidipoie discharge. 
They show that the diamagnetic drift motion of the electrons drives the instability. The 
trapping of primary electrons in the magnetic picket fence fields was also explained based 
on the electric field associated with the instability. In a more recent paper Ferreira, Ludwig 
and Montes [9] show a close connection between the coid plasma diffusion through the 
fence and anomalous processes occuring inside and outside the magnetic sheath. 

Concerning the ion diffusion through magnetic multidipoie fields, it was first investi
gated by Nakamura, Quon and Wong [10], who found an ion confinement by electrostatic 
potentials inside the magnetic sheath. In this work it will be shown that the most im
portant effect governing the diffusion of ions and electrons is an electric field inside the 
multidipoie magnetic fields, which appears as a result of a localized anomalous resistivity 
generated by density fluctuations. The turbulence is generated by the electron drift mo
tion in the magnetic sheath caused by diamagnetic effects and by the action of superposing 
electric and magnetic fields. 

2 Experimental Apparatus 

The experiment was performed at INPE in a double quiescent plasma device modified 
to perform the diffusion experiment. In this experiment the source plasma chamber is 
separated from a target chamber by an adjustable magnetic picket fence. The internal 
arrangement of the quiescent plasma machine is shown schematically on fig. 1. The 
adjustable fence is composed by 6 bars of permanent ferrite magnets inserted in ailuminum 
square shaped tubes. The magnets rows are uniformily moved by a truss-frame system 
connected to a vacuum leadthrough shaft. A proper calibration of the system, permits to 
change the magnetic picket fence field with precision from outside vacuum. The averaged 
magnetic Held between two rows can vary from 117.5 Gauss to 255 Gauss, as can be seen on 
Fig. 2. The plasma production in the source chamber is made by a thermionic discharge 
with tungsten filaments coated with barium oxide, to keep the electron emission high 
for a low cathode temperature (T = 900°H. The control of the plasma density in the 
source chamber is made by the adjustment of the discharge current and of the neutral gas 
pressure. Discharges are made by using argon gas at pressures around 6 x 10*"* mbar. and 
the typical plasma parameters are nt = i0 , ocm - J . Te — l.SeV and Te/Ti = 10. From 
these parameters it is possible to verify that the plasma is collisionless. the electron mean 
free path is bigger than the plasma size. 

The plasma diagnostics are made by several moving probes from the target chamber to 
the source plasma, as shown on Fig. 1 The magnetic picket fence field is measured using 
Hall probes. Plasma density and temperature were measured by a cylindrical Langmuir 
probe. The typical probe caracteristic curves of the plasma inside the source chamber 
and in the magnetic sheath are shown on Fig. 3 . The plasma potential is measured 
with a standard emissive probe calibrated with the inflection point method [11]. In 
order to decrease to a minimum the effect of the picket fence B field on the probes 
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coUected data, thin tungsten wires were used. Their diameters were chosen to make them 
smaller than the typicais electron and ion Larmor radius [12]. The frequency spectrum 
of the density fluctuations are measured with polarized Langmuir probes connected to a 
spectrum analyser model Tectronix 7L13. The drift velocity of the cold electrons diffusing 
through the fence is measured using two methods. One uses the difference between the 
current densities collected by back- and forward- facing disk Langmuir probes [13]. In 
the other method the shift of the electron energy distribution function detected by the 
double- faced probe was used to evaluate the electron drift velocity. The distribution 
function is measured by Langmuir probes connected to a second harmonic detector circuit. 
A directional grid energy analyser is also used to detect the cold electron stream, Fig. 4 
shows the electron distribution function of the diffusing electrons detected by this analyser. 
The ion temperature was measured inside and outside the magnetic sheath by a 5 mm 
diameter grid energy analyser. 

3 Electron Diffusion 

To determine experimentaly the diffusion coefficient for electrons, a modified form of 
the Fick's law can be used. When the diffusion process is due to density ne and plasma 
potential Vp gradients inside the magnetic sheath, the electron flux perpendicular to the 
multidipole magnetic field can be given by [14]: 

dVp dnt 

r«L • « * . - £ - - f l i - j p (D 

where the electron flux Te± is related to the current density by Tex = «/o«/e and the 
electron mobility to the diffusion coefficient by fi€ = (e/k0Tt)Dtx-

The classical diffusion coefficient for Maxweilian electrons across a magnetic field is 
given by: 

n _ kBT,meve 
L>ti.d<uê. = — ^ 5 — , (*) 

where ve is the electron collision frequency and B is the local magnetic field. 

In a previous work [9], it was shown that there is a preferential diffusion for the source 
plasma colder electrons. On Figs. 3 and 4 the Langmuir probe characteristic curves inside 
and outside the magnetic sheath, and the directional energy analyser electron distribution 
function confirm once more this result. A large difference between the measured and the 
classical electron diffusion coefficient was also noted in this experiment. In fact. Equation 2 
yields to the familiar result that the classical diffusion coefficient varies as B~%, and it can 
be applied in some specific conditions. However it has been found in many experiments 
[15] that a diffusion coefficient proportional to B~l gives better results when plasma 
instabilities are in progress. This diffusion coefficient was first proposed by [16]: 
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A relation between the Bohm diffusion coefficient and microscopic plasma effects such 
as iite kiueuc iusutüiüiie» was SUÚWÍÍ years later by several authors [17] [IS]. These 
instabilities are always responsible for anomalous transport phenomena in different types 
of plasma experiments. 

To determine experimentally the electron diffusion coefficient across the movable mag
netic picket fence we use Equation 1. A number of simplifications were necessary due to 
the variations of many plasma parameters at the same time in the magnetic sheath. The 
derivatives dVp/dz and dnt/dz were aproximated by calculating the slope of Vr and n, 
curves on the space profiles shown on Figs. 4 and 5, respectively. These figures show 
respectively the electron saturation current (/», ~ n,) and the emissive probe floating po
tential (V/« = Vf) as a function of the machine axis length (z); the magnetk picket fence 
geometric center is on z = 0 . The electron temperature space profiles (Fig. 7) shows a 
transition region with a two electron temperature plasma and decreasing T, values as the 
probe gets closer to the center of the magnetic sheath. Based on the measurements made 
with probes and energy analysers in the target chamber, only electrons with temperatures 
around 0.5 eV are crossing the magnetic barrier. Equation 1 can then be rewriten in the 
following fori.»: 

^"^M^AT-'ATJ ' (4) 

where JDe, **„,!„ are respectively the current density, particle density and temperature 
of the cold diffusing electrons. 

The measured electron diffusion coefficient as a function of the average magnetic picket 
fence field (Bav) is compared to the values obtained by using the Bohm diffusion formula 
on Fig. 8 . The measured coefficient is higher than the classical prediction {Dexü—. — 
50cm2/s) by a factor of 103, indicating that this is a non classical diffusion process. It 
is also important to observe the good agreement between the experimental data and the 
anomalous Bohm diffusion coefficient. The best fit for DB occurs for Te values between 
0.5 eV and 1.0 eV confirming observations made with probes and energy analysers. 

Nevertheless this method of obtaning the diffusion coefficient can give rise to several 
questions such as the influence of electron temperature gradients in the magnetic sheath 
as shown on Fig. 7. Besides, the magnetic picket fence field has also a gradient as shown 
on Fig. 2(b). To include these effects on the measurement of Deittp it is possible to 
rewrite the electron flux equation (Equation 1) as: 

Tex = £&« ''Df« , (5) 
1 - HeDx 
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and obtain the following relation for the diffusion coemaent: 

A»i,(x) dz h\l,{z) * dz 

In this expression both the density and potential gradients have to be measured locally. 
On Fig. 9 the plot of Ditxp is calculated from the data using Equation 6 and compared 
to DB- It can be seen that the experimentally determined values are of the same order 
of the ores calculated with Equation 4, but the agreement with Dg occurs only in the 
central region of the magnetic sheath where the B field is stronger. 

It is also important to observe from the experimental results that the diffusion process 
is associated with a double layer like potential structure formation in the contact region of 
plasmas with different electron temperatures (see fig. 7). It was shown experimenUly by 
Hatakeyama et al [19] and with a particle simulation code by Ishiguro and Kamimura [20] 
that a double layer appears in the interface region of a warm and cold electron plasmas 
Let's consider the case on fig. 5 of maximum diffusion {B„ = 117,5 Gauss). The potential 
height of the double layer is approximately given by Vs ~ Tewmrm/2e ~ 1.3 volts which 
is close to AVp ~ 1.1 volts measured with the emissive probe in fig. 5. The double layer 
formed in the two electron temperature plasma is accompanied by a negative potential 
dip on the low temperature and potential plasma side. The potential depth is of the order 
of Vá, ~ 2T'ewW/e ~ 0.8 volts also close to the results of fig. 5. 

4 Turbulence and Diffusion 

A strong level of electron density turbulence 6n/n > 0.1 is detected in the magnetic 
sheath region with a Langmuir probe polarized in the electron saturation current, the 
space profile of the density pertubations (fig. 10) shows a maximum turbulence level at 
z = —2.0 cm at the same location where we have the transition region between the coid 
and warm electron plasmas. This observation indicates a connection between the density 
fluctuations and the pontential humps observed in fig. 5. 

Drift velocities (vp) in the range of 10* m/s to 10*m/s were obtained where turbu
lence reaches its maximum. This confirms previous observations made by Gauthreau and 
Matthieussent [8]), in which the ion acoustic instability was generated in the multidipole 
fields by the diamagnetic drift velocity of the electrons in an inhomogeneous plasma. Nev
ertheless the observed electric field on this region is high enougth to also drive an E x B 
particle drift. Calculations shown that the electron drift velocity due to this drift exceds 
the threshould to excite the Kelvin- Hebnholtz instability [21]. Using the experimental 
conditions of this work, the calculated peak frequency for this instability is nearly 30KHz, 
indicating that ion acoustic aad Kelvin-Helmholtz instabilities are present in the magnetic 
sheath. Further calculations to detect the possible existence of other types of instabilities 
such as the ion-cyclotron and lower- hybrid [22] were not succefull because the magnetic 
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picket fence field was not big enougth to magnetize the argon ions. Besides, the calculated 
frequencies associated with these instabilities are below 5KHz indicating thai they must 
be heavily damped by ion-neutron collisions. 

To determine the influence of this localized plasma kinetic instability in the diffusion 
process, the behavior of the spectrum and the effective collision frequency dependence with 
the magnetic picket fence field were investigated. It is possible to evaluate quantitatively 
the effect of the turbulence on the diffusion process by comparing the clássica! electron 
collision frequency with an effective collision frequency ?„* which can be also seen as 
a reflection of an anomalous plasma resistivity n inside the magnetic sheath [23]. The 
relation between v„ and n is given by: 

me 

The calculated electron collision frequencies from the classical formulas are in the 
range between v^ ~ 10s - lQ*s~l, much smaller than the experimentaiy determined 
effective collision frequencies vtfj shown on fig. 12 . The curves shown on this figure are 
based on two experimental methods used to determine pe//- One use the above formula 
in which 7 = Jpt/E. is calculated from the streaming electron current density Jpe = 
n.evp measured with the back- and forward-facing disk probe and the electron energy 
distribution function detector. The magnetic sheath axial electric field Et = -dVvjdz is 
measured using the emissive probe [9]. In the other method i>e// is calculated directly 
from the relative amplitude of the turbulent waves {S/n) measured directly on fig. 11. 
v.f 1 is calculated from : 

-V* kD n I'D 

where it is the turbulent wave number and Jtp = 1/Ap. 

The experimental data on Fig. 12 shows that for most of the values of the average 
magnetic field /?,„, vefj is higher than vtc. The good agreement between v.iS values 
calculated with different methods is an indication of the good fitting between plasma 
turbulence theory and this experiment. Based on the turbulence frequency spectrum it 
is possible to see that as the magnetic picket fence field increase the level of the relative 
density pertubations decrease as shown on fig. 11. The electric field associated decreases. 
as shown on Fig. 5, as well as the effective collision frequency, indicating that less electrons 
are crossing the fence. The electron density space profile on Fig. 6 also shows a lower 
electron density in the target chamber for higher multidipole fields. These experimental 
evidences indicate once more that the anomalous diffusion process across the magnetic 
picket fence is related with plasma turbulence inside the magnetic sheath. 
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5 Ion Diffusion 

The determination of ion diffusion coefficient through the magnetic sheath can be 
made with the same method used for the electrons. Nevertheless it is necessary to consider 
the fact that the Argon ions nave a higher mass, and so the effect of the magnetic picket 
fence field is lower on the ions trajectory. The biggest effect on the ion diffusion is made 
by the electric held associated with the positive plasma potential hill in the magnetic 
sheath. To investigate this effect, a Langmuir probe polarized in the ion saturation region 
of the characteristic curve was used. It is possible to have an idea of the ion density space 
profile looking at the ion saturation current of the probe as shown on Fij.13. The curves 
are made with the same magnetic fence fields variations of Fig. 6, -nd a small increase is 
clearly seen on the ion density inside the magnetic sheath. This increment is higher for 
the largest plasma potential hill in Fig. 5. This is a good evidence that the electric field 
generated by drifting electrons in turbulent region affects the ion diffusion. 

The ion diffusion coefficient for B„ = i 17.5 Gauss was computed using an ion flux 
formula similar to Equation 1. The measured ion diffusion coefficient is Ax«» — 3>2 x 

102 nr/s. This value is greater than the calculated value using the free ion diffusion 
formula 1A = kBTilmiVci ~ 1.9 x 101m*/s), but smaller than the value calculated by 
using the ambipolar diffusion formula (Z). = &s(7>

e-i-ri)/(mei'ee-t-m,-t'ej) ~ 8.7x 102 m2/s). 
Usually, in the ambipoiar diffusion, the effect of a localized space charge electric field is to 
accelerate the ion diffusion and slow down the electrons. Our results are showing that this 
is not the case for the plasma diffusion through the magnetic picket fence. The diffusion 
of the electrons is ennhaced by the turbulence, and the ion diffusion is retarded by the 
positive potential hill in the magnetic sheath. 

6 Conclusion 

The plasma diffusion through the magnetic muitidipole field of a picket fence was 
investigated. The electron and ion diffusion coefficient perpendicular to the magnetic 
fence field were measured. The agreement between the measured electron diffusion coeffi
cient and an anomalous diffusion coefficient like DB shows the existence of an anomalous 
transport process for the cold electrons streaming through the muitidipole fields. The 
decrease of the effective collision frequency and the inhibition of the ion acoustic and 
Kelvin-Helmhltz turbulence for increasing magnetic picket fence field also corroborates 
this conclusion. The experimental results of the ion diffusion studies can not be com
pared to the existent classical theories. A model in which the positive potential of the 
magnetic sheath is included should be considered to explain the ion trapping and diffu
sion through the multidipoie fields. These results are relevant to the understanding of the 
basic physics of magnetic inuitidipole ion sources. 

The author would like to thank G.O. Ludwig and A. Montes for their suggestions. He 
also thanks VV.C. Damasio for his help on the computer. This work is partially supported 
by FINEP and FAPESP. 
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Figure Captions 

Fig. 1 Schematic of the multi-magnetic-dipole-piasma device. The inset shows a detail of 
the magnetic picket fence induction orientation. 

Fig. 2 Variation of the Bx component of the magnetic picket fence induction with the 
distance D between the magnetic bars (a). Spatial plot of Bx along the machine 
axis z(b). A Transversal Hall probe is used for the measurements. 

Fig. 3 Langmuir probe characteristics curves inside the source plasma at z = —8.0 cm 
(upper curve) and inside the magnetic sheath (lower curve). 

Fig. 4 Cold drifting electrons distribution function detected by the directional energy an
alyser on the target chamber. 

Fig. 5 Plasma potential Vp space profiles along the machine axis z for different magnetic 
picket fence fields. 

Fig. 6 Electron saturation current (IM ~ neo) space profiles for three different magnetic 
picket fence fields. 

Fig. 7 Space profiles of the electron temperature T. along the machine axis for two different 
magnetic picket fence fields. 

Fig. 8 Experimentally determined electron diffusion coefficient compared to the Bohm dif
fusion coefficient on the average picket fence B Meld. 

Fig. 9 Sp. re profile of the experimentally determined diffusion coefficient compared to the 
Bohm diffusion coefficient variation in the magnetic sheath. 

Fig. 10 Ion acoustic turbulence level space profile along the machine axis in the magnetic 
sheath. Sn/n is the relative electron density variation. 

Fig. 11 Frequency spectra of the ion acoustic turbulence, in the region where the diamag-
netic current flows inside the magnetic sheath, for several picket fence Bav fields. 

Fig. 12 Effective collision frequency (fe//) as a function of the magnetic picket fence field 
#,„. The values on the continous line are calculated using the measured Jot àad E:. 
On the dashed line the values are calculated using the measured relative amplitude 
of the density fluctuations à/n and the electron drift velocity vp. 

Fig. 13 Ion saturation current (/„ ~ n,0) for the same three different multidipole fence fields 
of Fig. 6. 
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ADJUSTABLE MAGNETIC PICKET ENCE 

TARGET CHAMUER OR 
OPTIONAL TARGET PLASMA 

0 EMISSIVE PROBE 
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0 BACK AND FORWARD FACING DISK LANGMUIR PROBES 

0 DIRECTIONAL ELECTRON ENERGY ANALYSER 

Fig. 1 



(a) 

-20 -15 

(b) 

Fig. 2 



em 

5 IWOlT» 

Fig. 3 



ARBITRARY UNITS 



A 0.4 Volts/DIV 

BAV S 2 5 5 GOUSS 

Fig. 5 



(O 



(ft 
in 
3 
< O 

(O 
«̂  CM 
II 

1 
4 

I» 
OB 
3 
4 
© 

m 
j£ 
^ 
•• 

ã 
• 

9» 



10 

8 -

Ê « o 
rO 
x 
C l 
X 

4 -

2 -

50 100 150 200 

BAV( Gauss) 
250 300 

Fig. 8 



oJio4«.?i) 

so . 

/ 

8(2.fl - 22-K)4em% 

-40 

Fig. 9 



0.20 

0.15 h 

An 0.10 | -

0.05 h 

0.00 

Fig. 10 



An/n( 0.02/OIV 

Busy8117,5 Gauss 

f (100 KHz/DlV) 
»* 

3,0 MHz T 
An/n(0.02/DIV) 

BAV=135 Gauss 

1(100 KHz/DIV) 

f l ." 2,7 MHz T 
Fig. 11 

An/n (0.02/OIV) 

B*/"181 Gauss 

1(100 KHz/DIV) 
f 

«•2,6 MHz T 
tn/n (0.02/DIV) 

Gkv*255 Gauss 

f i-2,3 MHz 

f(100KHz/OIV) 

1 — ' 



v^xioV1) 

8.0-

j BAV (GAUSS) 
300 

Fig. 12 




