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Application of Anomalous Diffusion
in Production of Negative lons*

Kouichi JimboT
Lawrence Berkeley Laboratory
University of California
Berkeley, CA 94720

ABSTRACT

The production of negative hydrogen ions is investigated in the
reflex-type negative ion sources. When anomalous diffusion in the
positive column was found by Lenhnert and Hoh (1960), it was pointed out
that the large particle loss produced by anomalous diffusion is
compensated by the large particle production inside the plasma.
Anomalous diffusion was artificially encouraged by changing the radial
electric field inside the reflex discharge. The apparent encouragement
of negative ion current by the increase of the density fluctuation
amplitude is observed. Twice as much negative ion current was obtained
with the artificial encouragement as without. On the other hand, the
larger extracted negative ion current was observed with a lower electron
temperature, which is calculated from the anomalous diffusion
coefficient derived from a simple nonlinear theory. This result is
consistant with the Wadehra's calculated results (1979).

PACS NUMBER: 29.25C--Ion sources: positive, neaative and polarized

* This work was supported by the Director, Office of Energy Research,
0ffice of Fusion Energy, Applied Plasma Physics Division, of the U. S.
Department of Energy under Contract No. DE-ACO3-75$F00098. )

t Current address: Institute of Atomic Energy, Kyoto University, Uji,
Kyoto-fu 611, Japan
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I. INTRODUCTION

In this work, we study productidn of negative ions in the
reflex-type negative ion source. Presently, the injection of fast
neutral hydrogen atoms appears to be a highly attractive method for
heating toroidal plasmas for bringing a fusion reactor to ignition.
For experiments in the near future, neutral beams of higher energy :
and of a single atomic component might be necessary to peﬁetrate to
- the center of large fusion plasma. Negative ions seeﬁ to be the |
only effective intefmediary for efficient production of such neutfa]_
beams. The "neutral beamﬁ sources currently used in controlled
~ fusion research cdnveft the_extracted positive hydrogen ions into
neutral atoms by electron capture in hydregen'gas. However, for
high energy beemslthe efficiency of neutralization falls off
rapidly. For a negative ion beam;'the neutralizer efficienty does
- not éuffef from the same unfortdnate ehergy deeendence-ae for a
_ positive ion beam. This makes. the high efficiency production of
neutral atom beams_possib]e, Therefore, the higher.energy one- -
.‘compohent beams (> 200 keV) can be produced most efficient]y by
_ sfripping an accelerated negative hydrogen ion beam. The
reflex-type ion sodfce produces negative ions through volume
production, and it is weli known that it gave the highest negative
hydrogen ion currenf density (40 mA/cmz) in the 1960's: Ehlers
(19657, |

In the late 1950's anomalous diffusion in the positive column
was found by Hoh and'L_ehnert2 (1960). They believed that the

increased particle loss by anomalous diffusion is reflected in the
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increased rate of ion-electron pair production. The large particle
loés produced by anomalous diffusion must be compensated by the
large particle production inside the plasma.

In our experiment when the magnetic fie]d increases, the
extracted positive and negative ion currents first increase, and
then, after reaching the maximum value, begin to decrease. The
investigations of ion diffusion in the reflex discharge have showﬁ
similar relations between the ion escape flux and the magnetic
fields; this is observed by Bonnal et a1.3 (1961), PaYlichenko et
a1.% (1964), and Thomassen® (1966); this is observed only in the
ref]exldisbharge. The order of the critical magnetic fields BM
are the same in all experiments {about 500 gauss). Therefore, in
the reflex-type ion sdurce, which operates in a magnetic field of
1500 gauss or stronger, we éssume that the'extracted charged
- particle currents across tﬁe magnétic fier are contro]]ed'by the
anomalous diffusion mechanism.

We have attempted to increase volume p;oduction of negative ions
by encouraging anomalous diffusion inside ion source. In section
I1, the basic concept of negative ion production through the
electron volume process in the ref1ex-£ype jon source will be
discussed. In section III, using quasilihéar theory, we will show
that the radial electric field destabilizes the plasma in this
source. The experimental results and discussion will follow.

Under ideal magnetohydrodynamics a fluid of infinite conduc-
tivity is considered, and the E X B qrift transforms the electric

field away and so does the fluid velocity. When resistivity
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exists, the fluid is detached from the magnetic field in a small
" region around the rational surface (singular surface on which the
phase of the perturbétioh is constant‘aiong the lines of force:
Newcomb® (1960)). Chafge separation arisés in that localized
region. Thé dissipative effect enables the system to attain states
of lower potential energy and]instabi]ity develops.

~ Instabilities in a weakly ionized plaéma under a uniform axial
' ﬁagnetic field were investigated by Kadomtsev and Nedospasovz
(1960) and Hoh® (1963). Kadomtsev and Nedospasov discussed the
growth of a screw-shaped disturbance in the positive column. (the
screw instability), which is observed by A]]en,‘Padlikas, and.Py1e
(1960)°. Hoh discussed the instability in the reflex discharge
(the three-fluid instability). In weakly ionized plasmas. the
Coulomb collision crossvséction is much smaller than the collision
cross section Qith neutral atoms. Any diésipétive effects-broduce
drag forces between particles; the drag forces with neutra] atom
beingvstronger'than those between the charged particles. When the
dissipative‘effect‘is-strong and slow, instabilities set;in,and |
produce strong turbulent states and‘the localization is over a very
nérrow range. These instabilities arise even in the case when idn
inertia 1; neglected. _The jon inertia, whith deterﬁines the
1ocalizatibn, cannot be neglected for drift instability. Therefore,
those instabilities in weakly ionized plasmas are not the resistive
drift instability. We may call them as "the resistive drag
instability" since-it is produced by the drag force. Inertialess

fﬁstabi]ity produces strong turbulence and leads to strong anomalous
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diffusion, whiéh is observed in the positive column and reflex
discharge; the cross field flux increases with magnetic field..

Anomalous diffusion can be divided into two classes which depend
on the character of the nonlinear effect. Kaufman!O (1972)
considered it from the standpoint of the kinetic gquation. The
diffusion arises from the resonant interaction of particles with
collective modes of electrostatic oscillation. In first order the’
fluctuating fields are sinusoidal énd produce no time average net
effect. If the resonant particle exists in the azimuthal direction.
under the axial magnetic field, they produce the second order

fluctuating fields which lead net flow of plasma across the magnetic'

- field.

Eyeh though resonaht particles are not considered, fluctuating
‘quantifies have nonlinear components. Yoéhikawa and Rose]] (1962)
considered it from the standpoint of a fluid equation. When the

vplasma is destébilized, thé electrostatic f1uctuations are produced.

The density and flux fluctuations are produced in response to the

‘electrostatic fluctuations. These fluctuating electrostatic fields
coupled with the density and f1ux'f1uctuations, in the presence of
the magnetic field, determine the motion in the direction of the
density gradient. The electrostatic fluctuation are correlated with
the density and flux fluctuations through the first order continuity
equation.

In section IV, based on the method of Yoshikawa, the anomalous
diffusion coefficient in the reflex-type ion source is derived

phenomenologically from a simple non-linear theory. It is assumed
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-fhat instabilities are already saturated. Important physical
quantities inside the ion source will be estimated'from the
diffusion coefficients. Summary and discussion is given in section

v.

II. EXPERIMENTAL APPARATUS AND ASSUMPTIONS

| This fnvestigation employed negative ijon production’ from a
reflex-type negative ion source in D.C. operation. The:reflex-type'
" jon source is a reflex discharge with an exit §lit so that the ibns
are extracted radially or normally to the}magnetic field (Fig. 1);
The ref]éx.discharge is a cylindrical gas discharge with the
electrode configuration of a Philips ionization gauge (dne-hdt .
}cathodezand.one cold cathode-]ocated‘oh'either side of the cylinder
at the éame potentia])IOperatéd in a strong axial mégnetic field.
The Faraday cup, which is located near the ethacting e]éctrode, fs
lafge enough to collect all particles with 100% efficiency. The
source structure is biased negatively in order to extract negative
ions, or biased posjtively in. order tovextraét'postive ions. For
operation with negative bias, we utilize a ﬁass filter in order to
measure the negative ion current separately from the electron
current. The electron drain current coming out through the exit
slit is measured as the ground current. The arc is generally
operated with current ofv3A, a voltage of 300 V, and an extracting
potential of 6 kV. The maghetic field is variable with a maximum
5000 gauss. To control the radial electric field inside the plasma,

the cylindrically-shaped anode is separated into two parts so that
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we can change the potential between the wall anode and top part of
the anode (Fig. 2). |

In addition the arc plasma column has been defined so as to be
recessed from the ion exit slit (the diameter of the arc-defining
hole is half of the diameter of the cylinder column). These
arrangements allow the incoming mo]ecuiar gas to surround the plasma
column completely in ;he'region where ions can be immediately ex-
tracted. It is expected that the strong magnetic fie]d'confines the
high energy primary electrons acce]érated at the cathode sheath to
the central part of the cylinder. To analyze the negative ion
production mechanism in the reflex-type ion source, we divide it
into two regions; the central region and the surrounding region
(Fig. 3).

Three methods for the formation of negative'ions are reviewed by
Hiskes]2 (1979):'doub1e charge-exchange-proceSses, surface
processes, and electron-volume processes. We assume that the
reflex-type ion source produces observable hydrogen atoms ohly
through the e]ectron-vo]ﬁme process: Ehlers (1965)]. According
to the production mechanism proposed by Wadehra!3 (1979) to
explain the high negative ion density'obsérved by Bacal and
Hamilton!4 (1979), we need both high energy e]ecfrons to produce
.the vibrationally excited molecules and low energy electrons to

produce the negativé jons by dissociative attachment to the
vibrationally excited molecules. The first process has the maximum
15

cross section at an electron energy of about 40 eV: Hiskes

(1980), and the latter reaction has the maximum cross section at an
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electron energy of order of 1 eV:‘wadehra and Bar‘ds]ey]6 (1978).

In ordinary discharge plasmas, mdst electrons are produced by
ionization and the electron energy is low. To get many negative
ions, we also need high energy electrons,to produce the |
vibrationally excited molecules; we need somethin§ to "hgaﬁ“ the
~plasma. In the reflex-type ion sourcé, both highiand low energy
'e1ectfohs exist. In the central region, the primary electrons-both
~ ionize neutral gas ahd eXcité neutral gas into vibratiohaf'states,
‘thus heating the plasma. In the surrounding region, where there are
not so many high energy'primary electrons, near]y all of the
electrons, produced in the central Eegion, come there by diffusion
with positiye ions. The average eléctron energy in the region is
expected to be much lower thén that in the ééntra] region. In the
surrounding kegion, the negative ion productidn through electron
»dissociative attachment to vibrationally excited molecules may be
very large since high dissociative attachment fate is expected for
Tow electron‘temperature.

in the reflex-type ion source, we have assumed that the two
fegions have different eiectron températures. The higher |
temperature electrons produce electrons that have a Tower
temperature, and also excite molecular vibrational states. vLower
temperathre electrons dissociately attach to the vibrationally
excited molecules and produce negative ions. By. this mechanism, the
reflex-type ion source can produce negative ions of high density:

Jimbo (1982)17.
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.

III. THEORETICAL PREDICTION AND EXPERIMENTAL RESULTS

In a weakly ionized plasma under a strong axial magnetié
field, where the ion inertia is neglected, there is no pure
resistive drift instability. However, if there is a constant zeroth
order electric field which exists only in a weakly ionized plasma,
the electric field with help of dissipative effects destabilizes the
dispersion relation. Here we are particularly concerned with weakly
ionized plasmas in the positive column and refiex discharge.

For weaky ionized plasmas, the fluid equations are shown below;
n. is the density of species "s", qg 1s the charge of species

S

“s", u is the pressure

S S

of species "s", vg

is the fluid velocity of species "s", P
is the collision frequency of species "s" with
neutrals, and Z is the production térm.

From the continuity equation,

ans

' | (3.1)
Tr + Vnsusv= Zns

From the equation of motion neglecting the effect of gravity, o

> > >
duS > uX B >
ngMg g f‘7ps = nsqs(§,+ ) - nmov.u (3.2)
From the equation of state,
VPs - Yv_ni (3.3)
Ps g

where y is the ratio of specific heats Cp/cv.

These equations can be solved by the procedure of linearization.
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The dependent variables are separated into two parts as follows:

> > >

Ug = Ugp * Ug Ng= Nso * N1
> > > > > >
E._.Eo«l»E.l B = BO*B~|

> > > ' .
where Ugps Ngps E], and B], are the first order term of species "s"

and are very'small. By this we mean that the amplitude of
oscillation is small, and terms sontaining higher powers of the
amp]iﬁude factor can be heg]ected. | | |

When only the low frequency instability (much less than ion
cyciotron frequency) is considered, we neéd to keep the time
derivative only in the continuity equation. . The tfme derivative in
thé equation of motion will be négligible siﬁée>the col1ision;
frequency with neutrals is large enough (inertiéless instability).
| We assume that the first order magnétic field §i_is very small and
that the first order electric field E} is static and produced by a
first order potential ¢. We also assume that zeroth order fluid
~ velocity u, is zero and that the zeroth order density no'is
uniform in both y and z direction; n, has a gradient only'in the x
direction. Since we considef only low frequency instabilities, the:
change caused by the instability is isothermal; that means y-= 1 in
Eq. (3.3). |

We shall omit subscripts “1" for the first order terms, and
substitute subscripts “s" for the Oth order terms. Then, we get the
following two 1inearized first order equations with

Ps = Tg Y7nS:
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—_—+tn(V-u)+u — =1In . (3.4)

E. -nmv.ou , (3.5)

Then, we Assume that there is a constant magnetfc field Bo
dn]y in the z direction. We also assume that there are constant
e1ecfric fields é; both in the x and z directions. We treat them
‘under periodic boundary conditions in Cartesian coordinates. We
shall omit the subscript "0" for the zeroth order quantities. From
the linearized equation of motion for electrons, we get the

following equations; n_ is the first order electron density, Va

e
is the collision frequency of electrons with neutrals and ug is

the first order fluid velocity vector of the electrons.

A ne

ex be (i nB (ky - aékx‘) Y (Ey - aeEx):I

e
[}

A n :
. e
uey = -becl TI-B— (kX + aeky) + HB- (EX + aeEy)] (3.6)
n k
e,., Z
Uaz = ~He F'“A E ¥ l':z)
where Q = eB and = =
e = mc He = mvg
v 1 n T
e e e
a = — , b = ,and A =——-n
e Qg e 1+a2 e p
e
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From the linearized equation of continuity for electrons,

. . L an -
.-1une + in (kxuex + kyuey+'kzuez) + Uay 3% = Zne (3.7)

We define that the perturbed electrostatic Qaves are traveling
along the z direction, which is the direction of the magnetic field,
and the y direction, which is the Hall direction. For prevailing
conditions, we can assume kx = 0 and Ey = 0._ Generally for
2 -

e]gctrons with ae << 1 and be = 1, we get

: cn' 2 :
n k. == * iK_ g
e - yBn zZ'e
s = - . 6 (3.8)
(w + ky VDe) + ky c E—_+ kzueEZ + 1(kzDe - 7)
T | T .
e e n ) an
_ where De‘= o vD = - 3§ ﬁ—,vand n' = 3%
e e - : :
In the same manner, we get an equation for ions assuming kZ <( Ki
i _ b .
= cE_ | (3.9) _
(w - kyb vDi) + kyb - kz”iEz +.1Y
: cn' .2 .2
Where X = - ky b Fﬁ -1 ky a bui

2 2 . 2 . n' '
Y = ky a bDi + 2 b“i Ex i Z

V. ' ct.
i 1 in
a=6-i-’ b=m ’ andvDi-.-- EE-T‘I-

T:

eB e i

Q] l';k: » W i M\)i ’ and Di = l“\).i
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If we assume charge neutrality, we get the following instability

criterion from the dispersion relation.

4 2 .
k ck n
52,2 ,n'.2, 2 z
20 - @2F - b FouZl g 4 ) ()
ky
2 2.2 202 2 4 pi2,2 KKy
+D(k2 + 2Py + aP0Z 2 4 bkz 21 2L (- ) (-E,)

+ [(a% Ky CRN2 0 (k2 g kf, a%ou;)21 1

> [azb(k.k )%+ (ab kzk g + (2% k§ g-%')zl D
+ [(a%b k?kzui)z + ap k§ g - (abk .- ) 23 0,
. (bzksksue + a2b2k4u ) T DZ
SRR,

Notice (n'/n) < 0.

In prevailing conditions for the positive column, vi »> 0y
(a; > 1, b; = 0, a% §=1) and

y
Dg >> D; and that (.n'_/n)2 is small. Then, we get the

Ez <0, E=E, > 0. Wecan also assume that k2 >> ki, ue‘>> “i?

following instability criterion for the positive column.
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"CcE :
3 n' z 2cn'\2 2 2 2
ky kz Hak§ (- rT-)(- —B—) + [(ky g-n—) + (kz he + ky ui) ]z

> a k;‘ﬁg (- :_)(_B_’i) + [(kikz ”1’)2 + (k‘y ki.)z ui“e] De
2 2 2, .2 2 cn
+ [(kykz“e) + (kykz) Mg * (k ) ]D

+ _(k4

e 2
ues ) V
Yy 1Te D

e

(3.10)

In the case of the positive column, E and Z terms cdntribute
to destabilize the plasma; E, = Eb ge’ D; and D,

terms contribute to stabilize the plasma. A similar relation is
derived by Kadomtsev and Nedospasov7 (1960), however, the physical
meaning of each term is less apparent.

When an instability sets in, many particles are lost by
anomalous diffusion. Then the perticle production has to be
increased to compensete the particle loss in order to keep the
plasma in the same state. Morevcharged partic]es (ions and |
electrons) are produced by the primary e]ectrons which are supp11ed
from the cathode by the steady axial electric f1e]d E The
increase of axial electric field |EZ| was observed in Lehnert's
experiment]8 (1958) when -instabilities set in. Therefore, the
production rate and axial electric field are increased by anomalous
diffusion. The relation between the electric field E, and the.

magnetic field in the anomalous region was theoretically explained

in cylindrical geometry by Kadomtsev and NedOSpasov7 (1960).
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Alternatively the anomalous diffusion is induced by the large
particle production to reduce the particle density and the large
production is provoked by the increase of the axial electric field.
On the other hand, the azimuthal E X B drift, the particle
diffusions, and electron diamagnetic drift try to eliminate the
charge separation which causes the instability, and stabilize the
plasma.

Since this method succeeded to explain the physical mechanism of
anomalous diffusion in the positive column, we try to apply it to
explain anomalous diffusion in the reflex discharge. In prevailing
conditions for the reflex discharge, it is satisfied that Qi :()i
(ai = 1,b; = 1/2); which will be exp]ainéd precisely later. It is
also satisfied that Ex =E. <0 and EZ = d. We can assume that
k§ > ki, He >> Hjs De >> Di and that (Qn'/n)2 is
large in the reflex discharge: Chen!? (1962). Then we got the

following instability criterion for the reflex discharge.

(M T L

> [tk ug? + 28wy + 3 (2 8120 0,

1,.2 2.1 .24 1 cn',2

¥ EI(kykz“i) ¥ 2’kykz Hi%e - 7 (kykz'ﬁﬁ )71 De
1 .2,2 1.4 e 2

+o K'kykz P I’ky“i) T;vDi
1.4 1,22 e .2
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In the case of the reflex discharge, Ex.: Ep and Z terms

gi and v%e_terms

contribute to stabilize the plasma. The contribution of the De

contribute to destabilize plasma. Di’ v

term must be examined in more detail.

is negative in the reflex discharge, the plasma
20

Since Ex = Er
will be unstable when (- n‘/n)E < 0, which is shown by Simon
(1963). A similar relation is also derived bvaoh8 (1963).
However, neglecting the effect of a sharp density gradient, Hoh 
concluded that the p1asm& is déstabilized when E . turns to be more

negative (dv/dr is'increased). Our conclusion is oppqsite: the
Ep]aSma is destabilized when E. turns to be less negative (dV/dr is
~ decreased).

Nhen an instability sets in, many particles are lost by

anomalous diffusion; Then, the number of electrons inside thé
"}Column, which keeps the radial electric fie]d.Ex = E,. negative
is Eeduced. The potential in the center of the cylinder turns to be
- less negative, and the vo]tage'drop in the cathode sheath (not axial
| electric field EZ)'is increased. That effect accompanies an
incréasing supply of the primary e]ectrons and an increasing
- particle production fate Z and compensates particle loss by
anomalous diffusion. On the other hand, the ion diffusion and the
diamagnetic drifts try to eliminate the charge separation which
causes the instability, and stabilize plasma;' The electron .
diffusion might encourage the instability since a large electron

- current increase is observed in our experiment. In prevailing
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condition for the reflex discharge, EZ = 0, so it contributes
nothing. | | |

According to Hoh8 (1963), the experimentally obtained critical
magnetic field of most of the reflex discharges is lower than 500
-gauss. In the reflex-type ion source, the magnetic field is
variable from 1500 gauss to 5000 gauss. Thus, the reflex type ion
source is completely in the andmd]ous region. If the diffusion
across the magnetic field is controlled by anomalous diffusion
mechanism, we may obtain more cross field flux by encouraging
instabiiities. From Eq. (3.11), it is seen that the less negative
radial electric field contributes to destabilize the plasma. Then,
anomalous diffusion may be encouraged. In hot cathode reflex
discharges, the variation of potential is affected more by variation
along the axial direction than by variation along the radial |
direction. The top part of the anode which faces tne central regibn
of the pldsma determines the potential of that region; and the wall
which faces the surrounding region of plasma determines the
potential there (Fig. 2).

In order.to change the radial electric field between the two
parts, the top part of the anode and the wall anode are electrically
separated in the reflex-type ion source (Fig. 2). Using another
power supply, the potential of the wall anode was biased either
positive or negative in respect fo the top part of the anode, which
acts as a main anode.

In our experiment with an exit slit area 9.7 x 10‘2 cmz, the

relations between the extracted negative ion current and the
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- magnetic field with changing biased potential are shown on Fig. 4.
The encouragement of anomalous diffusion with increasing negative
bias potential as predicted before is clear. The maximdm negative
ion current of 9.7 mA (100 mA/cmz) was obtained, which is as 1érge
as the maximum positive ion current under same operation condition.
The relations between the biased potential and both the extracted
negative ion current and its density fluctuation amplitude are shown
on Fig. 5. The_measured}fluctuation wés,on the order of 100 kHz.

For a given magnetic field of 2500 gauss, we aéhieve twice as
much negative ion current with a negative bias of 6 volts compared .
to unbiased operation. On the other hand, for a positive potential
of 6 volts, we get one-fourth as much negativevion current as
compared to unbiased operation. | |

From the relation of the electron d?ain current, the
encouragement of anomalous diffusion_with increase of negative bias A
is also clear. We have observed considerable increase of the .
electron drain current as the negative ion current increases or as
the instabilities are encouraged.

In Fig. 5 we observe increases in both the density fluctuation
amplitude and negative ion current when the wall anode is more
negative; fhe instability encourages the anomalous diffusion. wev
believe this experimental result supports our assumption that the
cross field diffusion is controlled by the anomalous diffusion
mechanism, |

We have observéd similar relations between the negative ion

§

current and the magnetic for deuterium gas DZ' Maximum deuterium
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negative ion current of 4.1 mA (42 mA/cmz) was obtained: Jimbo

(1982)17,

Iv. PHENOMENOLOGICAL ANALYSIS

We shall assume a macroscopically homogeneous plasma,
which is subject to a homogeneous turbulence. We can make use of
modified fluid equations to explain non-linear effects. We assume
that in§tabilities are already excited and saturated. All physical
quantities in the fluid equations are Fourier-expanded to include
non-1inear effects. The contribution by the ordinary diffusion
based on the classical cdl]ision theory is neg1ected.

In'a weakly ijonzed plasma, the continuity equation and the
equation of motion in steady state are given from Eq. (3.1) and
(3.2). We introduce the density gradient effect by replacing n by
n(1 + sx) and the particle flux ii = ﬁ;s. We introduce E, and
N,» which are defined as the average vaiue of E and n. Eo has

components in both x and z directions. Then we get for each species,

> > ' '
V'r = In v (4'])
> > _
> > Fxs >
nTs - gnE - q = = - ml (4.2)

The quantities, which change with the applied external field, are
defined as follows:

> > >
E = Eo +E

PAGE 19



[+- B 4
1}
[*~ I 4

o

> > >,
r=-r +r:
n=n_+n'

> > ’
where E', ', and n' are the responses to the external effects

assuming that the magnetic field B is given from outside. The effective-

electric field = is defined

where s is an uhit vector fn the x direction.
If there is an electrostatic fluctuation in the azimuthal
direction, flux fluctuation must be set up'in steady state because

of the continuity equation. From Eq. (4.1),

’r..=v0 - . (4.3)

~ We assume that the characteristic 1ehgth of thé~’fluctuations
exceeds the Debye length, but small compared to the dimensional
length. We proceed with the Fourief analysis, and ihpose periodic
boundary conditions. .Then,.the first order quantities are

Fourier-expanded as follows:

> > > >

E' = X'Ek exp(ik-r)

> > > >

L rk exp (ik-r)
> >

n' =

Z‘nk exp(ik-r)
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where X' indicates a summation over all k except k=0 since no electric
field remains in the uniform state besides ¢ (for a system of charged |
particles, this assumption corresponds to the quasineutrality in
background). By definition, E' averaged over a macroscopic plasma must
be zero. Furthermore, n, = “fk’ FL = Fik, and EL = Ei_k.
The zeroth order equation is obtained by putting the above quantities
~into Eq. (4.2). Multiplying Eq. (4.2) by n_k.exp(-ik‘r), integrating
with r, and summing over k'. Then, we get |
> >
> rb X B >

q z-nk E_k+ qno € + q ——c——-— = mvoro v (4.4)

Next we get the k-th order equation of Eq.}(4.2). We neglect the

cross terms. Then,

> >
> > Fk X B >

We define the following quantities.

1 qB
2 ]

v
0o
a=.__.’b=

From Eq. (4.3) and (4.5), we get the following equation.

ct cE cE
-KX -ky ' -1 TT-kz
b a kX - ky) + b—-B——(kx + a ky) + -a-—g——kz
n Ce n Ce .
+ b(n—k-) —B—)E(a kX - ky) + ;— (n—k) —B—Z- kZ =0 (4.6)
0 0
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From Eq. (4.4), and (4.5), we get the following equations:

" ven E cn, E : Ce v n, 2]
2b Z.__k__lg_q-ZabZ__k_B_ﬁ+ abno_B_x_(] +Z(H§))
> 1 cn E ' rcn B Ce
Fal-ap X X KXypapz KKV g ..B_(1+Z( )2) (4.7)
2 +'ME Lz
3 Tt 3 T“*z‘—”

We are interested in electrostatic fluctuations in the reflex
discharge, which have wave amplitudes in both y (azimuthal) and z

(axial) directions but not in x (radial) direction: k, = 0 and

E_xx = 0. The electrostatic fluctuations produce incoherent

density fluctuations. Then,

T -0, L€ ky = O

However ZAnk E-ky £ 0
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E should be calculated from Maxwell's equations. However,

-ky
this is a difficult task. Therefore we are going to use a
phenomenological method to estimate the saturation level of
electrostatic wave amplitude. The maximum fluctuating electric
field produced should be ba]ahced with the pressure in ]abqratbry
frame. If the effect of fluctuating electric fields is stronger

than the pressure, the plasma will be heated until the fluctuating

field is balanced with pressure. Then,
P = -quZnK_E_kydr
dn

! - s o0 | (4.8)
IngEhy g o |

—f

The similar relation i§ obtaiﬁed by Kadomtsey2] (1965). .Kadomtsev
argged that the upper limit on the density gradient is‘that Tevel at
which it cancels the inftia] density gradient. Considering very
strong anomalous diffusion in a weakly ionized plasma (the cross
field flux increases with the magnetic field), this assumption

appears quite reasonable.
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We are interested in the anomalous flux in x direction. Then,

_kky '  (4.9)

k
y v
~ - — (4.10)
_ E; 1+ s v '

For the ref]éx-type ions source with an exit slit area
7.26 x 1072 cmz,vthe radial flux increases with increasing‘
magnetic field. However, at a strong magnetic field, the radial
| flux decreases again monetonically: Fig. 6 and 7. The cross field
flux, which has the maximum_va]ue.with the increasing'megnetic
fie]d' was observed only in the reflex discharge. Therefore, the
mechanism which we have discussed will be app11ed.

In the case of the reflex-type ion source, the dlscharge co]umn
is recessed from the wall. Even though a strong negative potential
and electric field are expected in the central region, a relatively
uniform potential is expected in the outside region surrounding the
central region. No strong zeroth order eiectric field exists in the
surrounding regioh. Although the instabilities are produced in the
central region, the surrounding region is affected by the

instabilities. In fact, the surrounding region is diffusion
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dominant. The ions coming out from the cylinder are represented

with Eq. (4.8) and (4.9) as follows:

Mooz ) (4.11)
i~ ]+«)i/“i)2 iar *
o 'Ti
where Di = o=

i
For the first approximation in cylindrical geometry, we assume

the following:

3.

_ 8
ar R
~where g is the first zero of zeroth order Bessel function, g=2.42,
and R is the radius of the cylinder.v

‘For the ion flux, Eq. (4.11) we can define a function f(x)

X
f(X) = ——ﬁ-
1 +x
X = (Qi/vi)

= 1/2 at x = 1. Therefore, T,

f(x) has a maximum value f(x) i

max

has a maximum value for ()i = vi. With the maximum ion flux

i
~ being achieved when ()i = vy, OF

]
imax = R "% (4.12)
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Conversely at the max imum flux‘ Mmax s

Q; = v o | (4.13)

Eq. (4.11) represents cross field ion flux in the anomalous

region. It has a maximum point at ()i = ”i;

Considering its
- relatively low pressure compared to the positive column, an
assumption ()i = vy (ai = 1) for the reflex discharge seems
very reasonable. This results should be applied to the ref1exftype-
ion source. |

In our experiment, electron flux is inversely proportional to
- the magnetic field (Bohm like diffusion) at re]ativeiy high
pressures (Fig. 8). It is quite reasonable since Qg >> vq is
satisfied. At relatively.low}pressures, the cross field electron
flux has a maximum point with increasing magnetic field.v However,
we cannot assume that ()e = §e, as in the Casg of ion flux,
since the electron temperature should be on the order of keV- for -
‘this to be valid. ‘It is found that the Debye length relatively low -
pressures is close tovthe electron Larmor radius. In this case, an
electron is expected ﬁo spend a relatively long time afound one |
particular ion. Then, the electron will oscillate with the plasma
frequency. When ft oscillates in the plane perpendicular to the
magnetic field, the high frequency oscillation has same effectvas
the collisions with neutrals if the average distance between ions is
less than the Debye length. The increased effective collision
frequency encourages diffusion perpeﬁdicu]ar to the magnetic field.
We replace v, with w, in Eq. (4.11). Then, we can apply the

P

discussion of ion fluxes to electron fluxes: where up represents
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-plasma oscillation frequency. In this case Fér has a maximum

value for()e = g For the magnetic field which gives the

maximum electron flux, we get the following relations:

8
Fer = ¢ Nede (4.14)

Qp = u | | (4.15)

In the negative ion production experiment the size of the ion source
is very small, The source is in a strong magnetic field and it is at a
high electric potential for the extraction of fhe charged particles. No
direct measurement of any quantities inside the ion source is possible.
Diagnostics are limited to external measurements of voltage, currents
ahd electrical-noise signals. All importént quantities inside the ion
source must, therefore, be estimated phenomenologically from the
relation between the extracted charged particle currents and the
magnetic fields. |

The relations between the extracted ion current and the magnetic
fields are expressed by Eq. (4.11). The maximum extracted currents of
positive and negative ions, and the critical magnetic fields By of
each species are given from Fig. 6 and Fig. 7. Because, at the critical
magnetic field BM, the cyclotron frequehcy is equal to the collision
- frequency the ion temperature i§ obtained from Eq. (4.13).

The elastic collision frequencies between the chafged particles and
the hydrogen gas are given b,lerown22 (1966). No precise data exists
in the low ion-temperature region. Thus, we extrapolated the original

elastic cross section data by Simons et a1.23 (1943) and Muschlitz et
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a1.24 (1956) into the Tow temperature;region. Both the positive ion
temperature Ti=]'5 eV, and the negative iqn teﬁperaturé T;=1.5 eV
- are given for a]]lpressurés. Then ion densities are obtained from Eq.
(4.12). | o

- On the other hand, thé»maximum electron drain currentland the
critical magnetic field BM are given from ?ig. 8. Because at the
critical magnetic field BM, the cyclotron frequency is're]ated to the
p]asmaﬂfrequency'the electron density may be obtéined fromvK,v(4.15).
Then, the eiectfon temperature Te is obtained from Eq. (4.14).

The calculated temperature and dénsities for each specie according
..to gas,f1ow rate afe shown in Fig. 9 and‘Fig. 10. A‘compariéon of
important'physical'quantities with other'reflex discharge.éxperimenté'
| are shown in Table 1. considering the small sizé and re]ative]y large
‘arc curreht in the réflex-type'fon source, our calculated values look

reasonab]e. Actuaily thefe is an ambiguity infthé evaluation df the |
'co11isioh freduency with'neutral‘hydrogen gas. Héwever, the_¢a1¢u1atedf’
'resultsvenabie us to infer something about the conditions inside the fon
source. |

wadehra13_(1979) expected the largest negative ion production rate
“at an electron temperature of order of 1 eV. If‘hfs calculated
production rates are correct, the negative ion production should
increase as the plasma is cooled from high electron_tempefatures to Tow
electron temperatures (order of 1 eV), which is much lower than
previously believed; a sharp peak of the crbss section with a maximum at "
electron energy 14.2 eV is observed by Schul‘z28 (1959) and Rapp et

a1.29 (1965). However, the production of vibrationally excited
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molecules should not decrease in order to keep a high dissociative
attachment rate. In the reflex-type negative ion source, the primary
electrons ionize neutral gas and produce vibrationally excited molecules
in the central region. Their production is constant since the arc
current and the voltage are kept constant. The calculated electron
temperature, T, = 4 ~ 44 eV, and ion temperature, T; = 1.5 eV, are
obtained. Qualitatively our result is in agreement with wadehra‘s13
result (Fig. 10); the higher negative ion density is observed when the
plasma is cooled from high electron temperature to low electron u
temperature. The maximum negative jon density is estimated to be

n = 8x10'1 #/cm3.

We assumed that the anomalous diffusion mechanism presented by the
author is valid only in the diffusion dominant region, which is the
surrounding region in the reflex-type ion source. Therefore all

calculated physical quantities are valid only in the surrounding region.
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V. SUMMARY AND DISCUSSION

A hot cathode ref]ex-type negative ion source waé investigated.
When the magnetic field is increased, the éxtracte& positi?e-and
negative ion currents initially incréaée; Then, after reaching the
maximum value, the currents begin to decrease. This observation led
us to look for an anomalous diffusion mechanism. The exiracted
chargéd particle currents in the reflex-type jon sourée'arg assumed
- to be cqntro]led by the anomalous diffusion mechanism.

Negative ions cannot surine very long inside of a dense
plasma. Instabilities which increase the radial diffusion, as
described earlier, cah increase the external H™ current. However,
the increased radial diffusionvdoes not havevto be followed by
decreased density. The plasma trys to compensate what has been lost
with increasing particle production. o B |

_ To investigate the correlationvbetweeh the instabilities and the
' negative ion current, the reflex-type ion source was modified in
order to change the radial electric field. As shown in Eq. (3.11),
the resistivé drag instability should grow faster if the -
inward]y-d{fected radial electric field is reduced. 1In order to
change the radial electric'field, the wall anode waé biased
negatively with respect to the top part of the anode.‘ Twice as much
negative ion current was observed with a negative potential és with
zero potential. Simultaneousiy, an increasg of negative ion density
fluctuation amplitude, which is in the order of 100 kHz, was
observed. Consequently, we can say that our model is

self-consistent.
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The anomalous diffusion coefficients in the anomalous regime of
the reflex-type ion source were also obtained. Using the
experimentally obtained critical magnetic fields for maximum H~
currénts, the phenomenological anomalous diffusion model was used to
estimate plasma properties. The highest negative ion density is
obtained when the plasma is cooled from high electron temperature to
Tow electron temperature (Fig. 10). The phenomenologically obtained
results are consistent with the production mechanism of negative
ions through the electron volume production process prOpoéed by
Wadehral3 (]979); However, it was not possible to make |
experimental measurements of densities and temperatures for
comparison.

It is also pointed out in Eq. (4.10) that no anomalous effect
happens if the fluctuation in the axial direction is neglected. The
anomalous diffusion is_inifiated by the net azimuthal electric
'fie1d, which arises as the second order effect from charge

separation; However, anomalous diffusion is not a two-dimensional
(radial-azimuthal) prob]em.-'05c111ating waves should exist in the
_axial‘direction as well as‘in the azimuthal direct{on. When charge
separation.arises, it should not be neutralized by electron flow in
the axial directfon. If trave]]ing waves exist in the axial
direction, many electrons are trapped by the wave through the
resonant interaction.” This process increases the effective
resistivity and prevents perfect neutralization of the charge
separation. The incfease of impedance when an instability develops

is observed in our experiments.
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Experimentally, we succeeded in increasing volume production of
negative ions by encouraging anomalous diffusion inside the ion
source. A maximum D. C. negative ion current of 9.7 mA(lOOmA/cmZ)
for H™ and of 4.1 mA (42mA/cm2) for D™ were obtained. This is
‘the largest negative hydrogen and deuterium current density ever
obtained continuously from a volume-production source within the‘.-
author's knowledge. In the history of plasma physics, anomalous
diffusion'has been somethihg_which has distressed scientists. The
author believes tﬁis experiment is the first edep]e'in which

successful advantage has been made of it.
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Table 1. Comparison of important physfcal quantities of the reflex discharges.

negative fon
source

Arc . Electron Ion - Plasma
Pressure Current Length Radius Temperature Temperature Density
Author P{ torr] - 1[A] R cm) R{cm] Telev] Tilev] n(#/cm3]
Chen et al.d 1.5 x 102 0.4 55 0.65 3 0.4 3 x 101
(1962
Brifford et al.b 1.4 x10-2 0.2 14 0.75 . 3.0 0.4 4.5 x 101
(1963) 5.7 x 10-3 0.1 85 1.50 2.5 0.4 1.0 x 1011
Pabichenko et a1.¢ 5§ x 10-3 0.3 70 2.20 20 -- 5 x 1011
(1964, 1966) 1 x 10-3 1.0 100 1.75 50 0.5 1 x 1012
Thomassend 3x10-3° 0.3 66 2.05 —- --- 1011
(1966, 1968) 1 x 10-2 0.3 130 1.50 5 —-- 101
Reflex-type 1 x 102 3 6 0.24 4 1.5 2 x 1012

2Reference 19
bReference 25
CReference 4 and 26

dReference 5 and 27



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

~Fig.

Fig.

Fig.

Fig.

Figure Captions

Experimental geometry of the reflex-type negative ion
source.

Experimental arrangement for the modified reflex-type
negative ions source.

Conceptual view of the central part and surrounding part
of the reflex-type negative ion source.

Relations between the extracted negative ion current and
the magnetic field with changing the bias potential.
Relation between the bias potential and the extracted
negative ion current (1eft), and relation between the
bias potenfia] and the density fluctuation amplitude
(right).

Relations between the extracted positive ion current and
the magnetic field for various of gas flow rate.
Re]ations between the extrécted negative ion current and

the magnetic field for various values of gas flow rate.

_Relations between the electron drain current and the

'magnetic field for various values of gas flow rate.

Relations between the calculated density of each species
and the gaslflow rate.

Relation between the calculated electron temperature and
the gas flow rate (left), and relation between the
calculated negative ion density and the gas flow rate

(right).
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