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Summary

This work describes a study of the
Duoplasmatron ion source for the
purpose of investigating the condit-
ions necessary to improve its per-—
formance. First a general review is
made of theoretical considerations
involved in the sourcds plasma mechan-
ism and the geometry of the extraction
system. Then the experimental work
deals with the arc discharge charact-
eristics as well as the sourceés per-
formance when the beam is extracted
with a simple Pierce extracting elec-
trode. Through an invar anode insert
a 70 mA was obtained at 35 kV. The
main improvement was then due to
beam extraction from an expansion cup
which rendered a 300 mA beam at a low-
er voltage of 18 kV.

The use of different anode materials
has indicated the influence of mag-
netic field penetration on plasma foc-
using within the expansion cup. A
beam current reaching 1 ampere was
noticed when a non-magnetic anode was
used.

1. Introduction

Recent developments on high current
accelerators for nuclear disintegrat-
ion, ion injectors for thermonuclear
research and ionic propellers for
space vehicles have stimulated deep
interest in the study of high current
ion sources. Among the different types
of intense ion sources in use to-
day, the Duoplasmatron is featured with
its high iocnization efficiency, high
current density and the possibility of
yielding a beam with a reasonably good
quality due to the focusing proper-
ties of its extraction system.

Since the first type of Duoplasma-
tron was introduced by von Ardenne
many subsequent developments have been
wainly concentrated on its extraction
system which is certainly the most
critical in ion source design. However,
for the extracted beam to contain a
high current demsijy it is also

essential that the sources plasma has
to be sufficiently rich with ioniza-

tion densities so that it could supply

the ion emitting surface with the
required current density. The mecha-
nism by which intense ionizatim is
produced within the arc chamber of
the Duoplasmatron makes it unique in
satisfying such requirements.

Consequently a review is first
made of the theoretical considerations
connected with the two main problems
of the source, i.e. the plasma theory
and the theory of ion beam extraction.
This is followed by an experimental
investigation of the sourcebs perfor-
mance, also on the two main problems.
Thus, the arc discharge and ion-beam
extraction characteristics are obtain-
ed experimentally under different con-
ditions. Interpretation and analysis
of these results is based on the the-
oretical studies presented here.

2. Theory of the Duoplasmatron Ion
Source.

In the basic Duoplasmatron config-
urationl a low pressure arc is pro-
duced between a cathode and an anode.
A conical intermediate electrode
causes mechanical constriction, while
a strong magnetic mirror between the
intermediate electrode and the anode
causes magnetic coanstriction., Thus
a very dense plasma is created in the
vicinity of the extraction aperture.
Plasma penetration through the anode
aperture permits a large area plasma
boundary to emit an ion beam on the
application of a highly negative
potential to the extractor. In the
following both problems are treated,
namely the plasma theory and that of
ion beam extraction.

2.1 Plasma Theory of the
Duoplasmatron.

The normal ar¢ discharge (one with-
out constrictions) consists of three
regions2: the cathode drop with a
voltage drop approximately equal to
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the first ionization potential of the
gas. It includes a strong posifive
charge near the cathode. The positive
column, or plasma, exists at a short
distance from the anode and is chara-
cterized by a small potential grad-
ient and charge neutrality. The third
region is the anocde drop, near the
anode, with a strong negative charge.
The cathode electrons acquire enough
energy to produce ionization in ‘the
positive column, After different
collisions they are scatbtered at ran-
dom, but due to their higher mobility
the electron temperature is higher
than the ion temperature. Thus there
is no thermal equilibrium between
electrons and ions. The electron
drift current represents the arc
current whiclh is given by?2

2 2
h  e“ a no)\E

(m, k Teﬂé

Ia= 2-58 (l)

where a = discharge radius, n_=selectr-
on concentration at the axis, N =
electron mean free path, E = voltag
gradient, T¢ = electron temperature,

e and mg are electronic charge and
mass resp., K = Boltzman's constant,
and h, is a series that corresponds to
a current density.

Ion Sheath Formation: By considering

the Langmuir plasma it was found that
with a Maxwellian distribution among
plasma electrons a stable ion sheath
could be formed only when ions reach
the sheath with an energy at least
equal to half the electron temperature3

+ +2 e
hov© =e vo?’ (2)
where m' = mass of the positive ion,
v+ = its velocity. The ion density
at the sheath is then

/ kT
JFF=n"evi =ntey ———%— (3
m
The sheath thickness’t’is regarded as
being equal to the Debye length%
Te o
t = 6.9 é__g_g
Be

4)

indicating that plasma homogeneity, is
observed only over regions large
compared with 't. The ion sheath pro-
tects the plasma from the walls or
electrodes. Thus the electric gradient
due to the extraction potential is
supported by the sheath and not by the
plasma.

Effect of Magnetic Field and Double
Layer Formation: With the presence of

a strong magnetic field B, the plasma
will be confined by a magnetic pre-
ssure

1 2
P:—-é—_‘?B (5)

Such confinement will naturally reduce
the diffusion losses of ions and ele-

ctrons. In a magnetic field the 4diff-
usion coefficient is given by
D
D ° (6);

I+ (W T)

where D = ordinary diffusion coeffici-
ent, 7 = mean free time of parficles,
and wW¢ = cyclotron frequency.

In addition, the mechanical constrict-
ion causes magnetic field shaping as to
force electrons to the central part.
Frequent collisions with ions occur and
the ion temperature will approach the
electron temperature. Also, the for-
mation of a hot dense plasma in the
anode baffle space causes thermal ioni-
zation of any neutral gas particles
which tend to escape from the source.
This increases the gas ionization ef-
ficiency to high values. With this

mechanism, we actually have a clear
luminuous spherical surface, similar
to a fire ball, on the cathode side of
the constriction®. Instead of the
sheath -~ or wonolayer - there will be
an electrostatic double layer in the
midst of the plasma. Two space charge
limited flows exist; one for ions in
the cathode direction, and one for
electrons in the opposite direction
(fig.1). The double layer acts as a
quasi cathode to supply the necessary
extra electrons to produce the anode
arc current. A potential jump exists in
the double layer rendering an ioniza-
tion mechanism in the cathode plasma

due both to Townsend ionization and
thermal ionization. Electrons will
also oscillate up and down this poten-—
tial hill. The ermergy required for
such plasma oscillations is absorbed
from cathode fast electrons. The beam—
plasma interaction® could yield elec-
trons with up to 1000 eV energy and
positive potentials > 100 V. It could
be shown’/ that the discharge pressure

p and potential Jjump V over the double
layer are related by the equation

V% P = constant 7

Thus, the heating effect of the "fire
ball” gets better for lower pressures
until we reach a liwit (g 10-2torr)
when the size of the "fire ball"
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increases to touch the wall causing

sharp reduction of plasma temperature.
This loss could be compensated by in-
creasing the filament current, but the
efficiency in this case will be lower.

2.2. Extraction of Ion Beams from
the Source's Plasma

It is known that the extraction
problem is the most critical problem
in ion source design. In other types
o sources the current extracted from
the inside of the source to the exter-
nal region is monopolar so that space
cnarge effects in the exit aperture are
severe. However, in the Duoplasmatron
this effect is greatly reduced since a
bipolar current, i.e. a plasma, folows
out from the anode aperature to a
swall cup as shown in fig.2. The
magnetic mirror enhances plasma
penetration to the exit cup. A Pierce
type extractor could then be used to
extract ions from the expanded plasma
boundary possibly in a parallel beam.
The beam diameter and angle of diverg-
ence depend on the field shape, beam
intens ity and extraction field strength.
The field shape depends on elec-
trode geometry and geometry of plasma
boundary. The latter behaves like an
elastic membrane balanced on one side
by the plasma pressure and on the
other by electric field pressure.

When maximum current is extracted
from the plasma boundary the beam sho-
uld be space charge limited given by
the Langmuir equationB8 corrected by a
factor ¥-considering the fringing
field for a finite electrode?

-8 v 2
. 5.45 x 1078, éé: ¥ @)
(amp) v M d

where Vex = extraction voltage (volts),
M = molecular weight of ions, A=
emission area(cm?), and‘d ‘is the ex~
traction gap (em) wiich was found to
depend on the extraction geometry if

we consider plasma penetration as a
cone (fig.3)

a__ /I - (-4 2
A D - ( ¢)e:| (9)
(D, 4& ¢ as shown in fig.3)
From 8 and 9 we get1

. 5.7x1072D y® VA 1%

(10)
1+3.7%1072( D—¢)e—l~5%V§xI-%
where Vex is in kV. Thus 4 increases

with the extraction voltage.

The minimum ion density required to

supply ions to the beam is obtained

by comparing eq.3 of the ion density
in the plasma boundary with eq.8 to
get

vz 1 3
roo= = (X
“min 9‘tf|'(ek);g a@ (Te) ¥

If the available density is{n’. the
plasma boundary is pushed backWiBd. In
the Duoplasmatron where the ion density
could be > n*. the plasma flows out of
the aperature™ (fig.2).

(11)

Ion Beam Extraction Using an Expansion
Cups If a metallic cylinder is used at

the anode exit (fig.4) , a region is
produced in which the extraction elec-
tric field is weak. The plasma bound-
ary becomes stable along an equipoten-—
tial surface and ilon emission is space
charge limited as its current density
will be equivalent to that at plasma
boundary. It should be possiblell by a
suitable choice of all parameters to
obtain a plane or even a concave
plasma boundary, emitting a parallel
or even slightly convergent beam.
Magnetic field penetration in the ex-
pansion cup confines the expanded
plasma, reduces its losses to the wall
and requires a higher value of V to
estahlish an ion emitting surfac&¥
(fig.4b).

3. Experimental Work

A Duoplasmatron ion source of the
von Ardenne typel with : modifications;
as introduced by otherst? was used
here. Different filament materials were
tested, the oxide-coated ones had a lon-
ger life. A stainless steel anode with
a tungsten insert was used at first.Af-
ter the extraction of high beam currents
the tungsten insert was melted, so it
was replaced by an invar insert. Later
on a completely steel anode, then a cop-
per anode were used. This was done to
study the effect of anode material on
magnetic field penetration is the extrac-
tion region.

The arrangement of electrical circuits
is shown in fig.5. A high voltage platf-
orm isolated from ground carries these
circuits which are fed through a 150 kV
isolation transformer.

The Arc-Discharge Characteristics: A

semple 1s shown in Tig.6 indIcating the
current voltage characteristics corres-
ponding to d.c¢c. operation of the arc at
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different hydrogen pressures and using
a bifilar tungsten filement. The curves
start with a positive slope, then come
tc a saturation region which decreases
with reduced pressure until a maximum
is obtained. The current-impedance
cu:ves (fig.6') d~duced from fig.6

show a peax that corresponds to the
saturation region which identifies the
existance of a resonance, a phenomena
similar to the Ramsauer effect? Much of
the arc properties could be explained
by referring to eq.l.Thus , with other
parameters fixed, Ig increases with the
arc voltage. Also, it increases with A,
i.e. with reduced pressure. This is
confirmed by eq.6 where diffusion losses
in a magnetic field decrease with red-
uced pressure, i.e. with increased T.
It is also seen that when V, is gradu-

ally decreased the I;-Vg curves (dotted

lines in fig.6) lie above those when Vg
is increased. This is due to the ioniz-
ation inertia caused by the residual
ionization frowm the previocus higher
voltage dischurge.

The Extraction Characteristics : A 304
delay line pulse generator was used to
deliver 200 us current pulses at a fre-
quency of 1 pps. ghe Pierce type extrac-
for was designedl? to yield a parallel
beam. The baffle canal of the intermed-
iate anode was 10 mm long, C.5mm diameter
and 2mm far from the anode whose aper-
ture was 0.5mm diameter. With an extraction
gap of 4mm the extraction characteristic
vas obtained at different filament and
magnet currents, the magnetic field being
optimized in each case. Due to bad alig-
nment the current was very small((?OmA%.
After aligning the baffle canal with the
anode and the extractor the beam per-
veance was increased, as the beam current
went up to 70mA at the same voltage of
35kV(£ig.8).

The effect of arc current on the extrac-
ted beam current is shown in fig.9.This
is explained by eg.3 indicating the dir-
ect proportionality between current and
ion densities, and by eq.l showing dir-
ect proportionality between arc current
and particle density.

The source’s performance was then exami-
ned using an expansion cup 6 cm long &
6cm in diameter(fig.4a).Beam extraction
was effected by a 90% transparent tung-—
sten grid.The improvement thus obtained
is clear from fig.1l0 where a 300 mA was
extracted by less than 20 kV. The volt-
age breakdown troubles observed earlier
were almost eliminated.

When a copper anode was used so that the
magnetic field was allowed to diffuse in
the extraction chamber a sudden increase
of the beam current to 1A corresponding
to 25kV was noticed. As exvlained in
sec.2.2 and fig.4b plasma confinement &
reduction of ion losses in the expans-—
ion chamber must be the cause for this
significant improvement. A further,more
detailed study of this point is needed.

References

l. M.Von Ardenne,Tabellen Electronen-
physik,Berlin 1956,

2. J.D.Cobine,Gaseous Conductors,
McGrow Hill,1957.

3+ D.Bohm,The Characteristics of Elec-
tric discharges in Magnetic Fields,
McGraw Hill,1949.

4. Langmuir etal.,Electrostatic Propul-
sion,Vol.5,4P,1961,P2.

5. L.Spitzer,Physics of Fully Ionized
gases, Interscience Publications,l1949.

6. L.Langmuir and Mott-Smith,Gen.Elect.
Rev.27,1924,P440 & 810.

7. J.Kistemaker,etal.,Nuclear Instruments
& Methods,38,1965,1.

8. J.Langmuir,Phys.Rev.,2,1912,450.

9. S.Popov,Soviet Physics~Technical
Physics,6,N0.12,1962,1047.

10. M.Gabovich and L.Pasechnik,Soviet
Physics-Technical Physics,6,N0l,1961,61.

11. F.Septier,et al.,Nuclear Instruments
& Methods,38,1965,41.

12. R.Allison,et al.,Rev.Sci.Ins.,32,191,
1331.

13. J.,R.Pierce,Theory and Design of Elect-
ron Beams,ﬁ.van ostrand Co.,1954.

PAC 1967



50 IEEE TRANSACTIONS ON NUCLEAR SCIENCE, JUNE 1967

i &

Intermediste Ancde Anode Side Plasma. Anode Insert B uttea.
’

C athode.

\
CathodeSide
Plasma. __ "
—=,

lonBeam
|
' ) \'\\ Plasma Anode Extractor
L J, i Iy i lon Emitting Suretace Extractor Eiectrode.
Y. -3- ni is low, -b-  niis high.
Fig. 1. Arrangement of duoplasmatron electrodes and Fig. 2. The plasma boundary formation.

the cathode side electrostatic double layer.

Expansion. Charmber. TJungsten. Grid.

Plasma.

{onBeam

Area of emitting
Surtace:= a

xtractor.
Ty, Extra /
/
Plasma. Anode. Expanding. Plasma.
Fig. 3. Arrangement of parallel plane extraction Fig. 4. The extraction system with expanding plasma.
electrodes.
Pulse Generztor L
n Extract)
17 Powar ~—High valtage Platform.
Supply.
0.001
o 8 Bur
1KQ 1KD
CR.O
4 I\ H
D s
§
Filament. Intermediate Anode Ancde Extractor Collecting Cup,

Fig. 5. Schematic diagram of the electrical arrange~
ment.

PAC 1967



ABDELAZIZ AND GHANDER: DUOPLASMATRON ION SOURCE WITH AN EXPANSION CUP 51

L I:39a
(amp.
(Tungsten Wive)
Va
presure 1, Vame)
r 2800
§ Microns
2600
24001
z . / \
;\\, . 2200t p. gy,
R Pz 60y
. 2000}
- ™ 30
. 1800}
rs | \_ ¢
1600 |-
1400}
45
DL 1200} /7
1000 [
800 | P-45u
0.5 Gm b
400 L
FIG( 6 ) Characteristics of the Arc pischarge 200 L
of the Duoplasmatron
It 1 1 1 1 1 1 1 I i 1 i 1 1 1 1 1 1 1 1 1 1 N
0 520 {volts. )
[ w0 B 120 150 200 240 280 320 360 400 440 480 520 550 Vi 113 0 ‘2 .L ,G _8 1 “2 ‘.‘ 15 18 laamp
Fig. 6. Characteristics of the arc discharge of the Fig. 6'. Impedance of the arc discharge deduced from
duoplasmatron. Fig. 6.
28
26 | I Le
(1) ] 50
44 12y ] 52
(3) 12 55
22 1 t4) 15 63
20 |
18
3
st v 2
2 7 -
e 14 L - 3
z 7
€ 12 -
s z -
3 WL ]
4
ct 8 |
fa T
S
4 I L ! o]
10 20 £l 40 80 7 7t
i)

Fig. 7. Extraction characteristics at different arc
currents, before electrode alignment.

PAC 1967



52

tom Current(MA)

collected

o
o
T

20

1 13

I, 7204

Extraction gap*2 mm

Pressure

IEEE TRANSACTIONS ON NUCLEAR SCIENCE, JUNE 1967

Fig. 8. Extraction characteristic after alignment of
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