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ABSTRACT 

We, describe an extractor design suitable for use in 

multiple-aperture ion sources. Tests with a 19-hole array, 

1.4 cm in diameter, produced a 16-keV deuterium beam of 

260 rnA (equivalent current) with a Gaussian width of 1.31 

deg, in good agreement with the computed performance. 

,The production and heating of plasmas in many controlled thermo-

nuclear fusion experiments requires the development of sources of ion 

beams to create intense beams of neutral hydrogen atoms by charge 

exchange. The geometry of these experiments and the required equilib-

rium plasma densities place a high premium on beams with high current 

densities and low divergence--Le., with high brightness. The devel-

opment of suitable beams, usually involving magnetic focusing,:1s 

proceeding in several fusion laboratories around the world. l It may 

be advantageous from the point of view of plasma stability to acceler-

ate beams of mixed composition (D+ and D
2

+, for example) to broaden 

the velocity ,distribution in the plasma. Tp maximize the current of 

all species delivered into the experiment, one should,avoid magnetic 

focusing if possible, and should try to achieve the required beam 

divergences qy electrostatic fields only, since in thatcBase the ion 

trajectories are independent of the charge-to-mass ratio. 
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In conjunction with the development of a 20-A 20-keV pulsed ion 

source for injection of a beam of neutral deuterium atoms into the 
- 2 

2X II experiment, we have built and tested single- and multiple-

aperture extractors based on computed designs that produce beams of 

high current density with divergences low enough that additional mag-

netic focusing is noi; required. 

Since the ion species of interest in controlled fusion research 

cannot be produced by surface ionization, they must be extracted from 

a plasma, which is free to move Under the influence of ,the electric 

fields used to extract the beam. The shapes of the electrodes of the 

extractor, must therefore be determined so tliat they not onlyacceler-

ate and focus the ion beam, but also optimally position and shape the 

emitting plasma surface. The extractor design consists of the usual 

ttreeelectrodes in an "accel-decel" configuration, with as close a 

spacing as is reasonable to avoid electrical breakdown. We based the 

design of, the shapes of the apertures in the electrodes on the results 

of extensive numerical calculations of the ion trajectories through 

the extractor; for this purpose we used a computer code originally 

written by Kirstein and Hornsby3 and modified by Bate. 4 This code 

uses as input data the boundaries and potentials of the accelerating 

electrodes and the shape of the emitting surface~ and calculates the 

trajectories of ions originating at different points on the emitting 

surface. A charge density is assigned to each point on the trajectory 

and the procedure is iterated until the solutions are consistent with 

space-charge-limited flow; output consists of details of the trajec-

tories and the ion current denSity at the'emitter (j ) as a fUnction 
+ 

of position. 

We assumed in the calculations, as have others,4,5 that the 
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emitting plasma surface positions·itself in such a way that j+ is 

simultaneously emission":limIted and space~charge'-limited at every 

point on the surface. In addition, we have assUmed that j+ is inde

penderlt of position, an assumption which mayor may not be satisfied 

in practice. We then modified the shapes of the electrodes and .ofthe 

emittirlg surface and made new calculations repeatedly until solutions 

were found in which j+ varied by less than ±5'10 over the emitting sur-

face, and ion trajectories at the exit aperture were parallel to the 

axis to within:!: 1 deg .As the electrode geometry was intended to be a 

unit of a multiple-aperture system, no effort was made to achieve-high 

perveance by using large aperture dimensions (in a multiple-aperture 

system, the average current density depends only on the potentials 

applied and the separation and transparency of the electrodes). On 

the contrary, deliberate choice of the smallest aperture size con-

sistent with acceptable'machining tolerances greatly facilitated the 

6 design by minimizing the "anode-hole problem". 

A typical electrode geometry for a single-hole extractor is shown 

in Figo 1; relative electrode potentials and equipotential contours 

are indicated. This design, a conv~nient one for use in a multiple-

aperture array, consists of three flat plates, two with uniform-

diameter circular holes in them, apd a third (the beam-fOrniing elec-

trode) with a counterbored hole. The diameters and shapes of the 

apertures in the electrodes are the result of 'the computer-aided 

optimization procedure described above. The combination of the 

counterbored aperture in the beam-forming electrode and the spherical 

emitting plasma surface gives a beam which initially converges uni-

,formly. The combined effects of the space charge of the beam and of 

the diverging-'lens effect of the hole in the acceleratir.ig'electrode 
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produce a nearly parallel beam at the exit aperture. 

We constructed four single-aperture extractors of copper based 

on this computed design; they differed from one another only in the 

diameter of the counterbored hole in the beam-forming electrode, 

which ranged in dj.ameter from 2.73 mm '(the optimum of' the computed 

design) to 2.09 mm (a straight-sided hole). We chose to vary this 

parameter because it affects the divergence and current density at 

the periphery of the beam; by a suitable choice one should be able to 

minimize the importance of nonuniformities at the edge of the emitting 

plasma surface. To evaluate the extractors we used them to extract 

ions from a deuterium plasma produced by a hollow-cathode arc dis-

charge. We measured the power delivered to three concentric calorim-

eters subtending half-angles of 0.95, 1.90, ,and 3·45 deg, located' 79 

cm downstream. The beam line was filled with D2 at a pressure of 

about 5 mtorr, so the beam at the calorimeter consisted largely of 

neutral particles. No magnetic focusing was used. Of the four 

extractors, the one which produced the best 20-keV beam (judged'by 

the beam power in ±Oo95 deg) was extremely close in shape to the com-

puter-optimized design, differing by only 4% in the counterbore 

diameter 0 

We also constructed and tested a multiple-aperture extractor 

which used this same shape for the apertures in the beam-forming 

electrode; there were 19 holes, 3 mm center to center, in a hexagonal 

array. The beam-forming electrode was 40% 'transparent; the trans-

parency of the other two was 23%. Probe measurements in the plasma 

indicated that the plasma density across the 19-hole array varied b~ 

less than ±lO%. 

The performance of this extractor and of the single-aperture 

.-" 
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version in producing 16-keV deuterium beams is summarized in Table I 
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TABLE I FOOTNOTES 

(a) The calorimetrically measured current was used in calculating 

the perveance. 

(b) In evaluating the expression for the effective brightness 

(Ref .7),we used for d
l 

for the single-aperture extractor 

the diameter of the hole in the decel electrodeifor the m].lltiple~ 

aperture extractor, the diameter of a circle enclosing all 19 

holes. 
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FIGURE LEGEND 

/ rJJ, Fig. 1. Electrode geomet rj for a single !.hole extractor, showing 

relative electrode potentials, e'luipotential contours, and 

ion trajectories. 
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