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MULTIPLE-APERTURE EXTRACTOR DESIGN FOR PRODUCING
INTENSE ION AND NEUTRAL EEAMS
William S. Cooﬁer, Klaﬁs H. Berkner, and Robért V. Pyle
Lawrence Radiation Laboratory
University of California -
__Berkeley, California 94720
8 June 1971 .
ABSTRACT
We. describe an extractor design_éﬁit&ble for»hse in
mulfipie—apertu:e'ion soﬁrcesq. Tests with a 19-hole array,
1.4 Fm_ip diameter, produéed»a 16—kevvdeuterium beam of
266 mA (equivaleht current) with a Gaussian width of I;Bl‘

aeg, in good agreement with the computed performance.

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

nuclear fusion experiments requires the devélopmént of sourcés 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 déensities place alhigh premium on beams with high current

densities and 1ow-divérgence--i.e., with high brightness. The devel-

. opment of suitable‘béams;Ausually involving magnetic focusing,ids

_proceeding in several fusion laboratories around the wbrld.l It may

bevadvantageous from the pdint of view of piasmavstability to acceler-

ate beams of mixed composition (D+ and D +, for example) to broaden

the Veiocity,distribution in the Plasma. To 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 by électrostatic fields only, since in thetésase the ion

. trajectories are independent of the charge-to-mass ratio.

-

In conjunction with the developmént of a 20-A 20-keV pulsed ion
source for injection of a beam of neutral deuterium atoms into.the
2X II éxperim_ent,2 we have built and teéted single- and multiple- |
aperture exfractors based.on computed deéigns that produce beams of .
high gurreﬁf dgnsity with divergences low enough that additional mag-
netiq_focusing i; not, reqﬁired. .

' Since the ion spgéiés of ipﬁérestvin éont;qlléd fusion research
cannot be'prcdﬁced by surfaée ionization, they must be extracted from
a plasma, which is freé to move under the influence bf_the electric
fields used to extract thé'beam;.‘The shapes.of‘the electrodes of the
exfractor,mﬁét therefore be determined so that they not only acceler-
ate and focus_th§ ion beam, Yut alSO'optimally'poéition andvshgpe the
emitting piasma-éurface. The -extractor desigh consists of the usual
thrée-éléctrodeévin an "accel-decel" configuration, withvas close g'
spacing as is reasonable to avold electrical brgakdown. We based the
design of:the shapes of the aﬁertures_in the electrodes on.the results
of extensiﬁé ﬁumerical‘calculations of the ion trajectpries through
the_extractor;'fér this'fu;pose ﬁevused a coﬁﬁﬁter che originally'
written by Kirstein and Hornsby5 and-modified'by Bate.u 4Tpis‘code
uses as infut data the boﬁn&aries and potentials of the acceleréting
electrodes- and thé shape of the emitting surfacei‘and calculates‘the
trajectories of ions originating at different pointé on the emitting
surface. A charge density is assigned to each point on the trajectory
and the procedure is iteratea until the solutions ére consistent with ﬁ
space-charge-limited flow; output consists ofvdetails of the trajec-
tories and the ion curfent density at the emitter (j+)'as a function
of position.

We assumed in the calculations, as have others,h’_5 that the
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emitting plasma su-rfa,ce poéi'tions";'i.t::s'élfin such a way that j+is
simultaneously emission-1imited énd'sﬁaceJChargé—limited at every
point on the surface. In addition, we have asstmed that j+ is inde-
‘pendent df position, an assumption which may or may ﬁot be satisfied
in practice. We then modified the shapes of the electrodes and,of’the
emitting surface and made new calculations reﬁeatedly until solutions
wefe found in which j+ véried by less than QS% over the emitting sur-
face; and ion trajectories at the exit aperture were parallel to the
axis to within-# 1 deg .As the electrodevgeometry.Was intended to be a
unit of a multiple-aperture system, no effort was made to achieve -high
perveancé'bj using large aperture dimensions (in a multiple-apéerture
system, the average cufrent density depends only on the potentials
applied and the'separation and transparency of the electrodes). On
the contrary, deliberéte choice of the smallest aperture size con-
sistént'ﬁith aéceptable'machining tolerances greatly'facilitafed the
design by minimizing the "anode-hole problem”.6

A typical‘électrode.geoméfry for a single-hole extractor is shoﬁn
in Fig. 1; relative electrode potentials and equipotential contours
are indicated. This design, a convenient one for use in a multiple-
aperture array; consists of three flat plates, two with uniform-
diameter circular holes in thém{ and a third (the beam-forming elec-
trode) with a counterbored hole.b The diaméters and shapes:bf the
apertures in the electrodes afe'therresult bftthe computer-aided
optimization prdéedure described above. The combination of the
counterbored aperture in the beam-forming eiectrode 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 accelerating>électrode

“on this computed design; they differed from one another oniy in the P

“he

A
produce a nearly parallel beam at the exit aperture.

- — .,
We constructed four single-aperture extractors of copper based — [N

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

which rangéd in diameter from 2.73 mm!(the optimum dfithe‘computed
design) to 2.09 mm (a straight-sided héle).' 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 tq
minimize the importance of nonuniformities at the edge of the emitting
plasma surface. To éﬁaluate the extractors we used them to extract
ions from a deutgrium plasma prodﬁced by a hollow—cathddé arc disf
charge. We measﬁred the power delivered to three concentric calofim-

eters subtending half-angles of 0.95, 1.90, .and 3.45 deg, located 79

‘o

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 fodusing was used. Of the four - g

extractors, the one which produced the best 20-keV beam (judgédiby
the beam power in 30,95 deg) was extremely close in shape to the com-
puter-optimized design, differing by only 4% in the counterbore 7
diameter.
We also constructed and tested a multiple-aperture extractér
which used this same shape for the apertures in the beam—fofming
eléctrode; there were 19 holes, 3 mm center to center, in a hexégonal ] ,’

array. The beam-forming electrode was 40%‘transParent; the trans-

parency of the other two was 25%. Probe measurements in the plasma \”

indicated that the plasma density across the 19-hole array varied by

less than *10%.

The performancé:of this extractbr and of the single-aperture
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version in producing 16-kev deuterinm beams is summerized in Table T
and is compared, when possible, with the results of the computer cal-
culations; we have used Kelley's definition of effective brightness.7

Since we have'not yet measured the molecular composition of the beamn, .

we snow,results evaluated for both D and D2, the most probable species.

It is clear from the table that there is generally good agreement

between the measured and calculated beam propertles, than an array: of

19 apertures performs as well as 19 1solated apertures without adverse

1nteract10ns among ‘the beams,'and that these extractors are capable of .

produc1ng beams of very hlgh effective br1ghtness.7‘ These results,'
nlus the close agreement between’ the computer-optlmlzed shape of the

beam-formlng electrode and the experlmentally optimized one, indicatei

the valldlty and usefulness of the computer-alded de51gn procedure

Ve thank Vincent J. Honey and George M. ("Greg“)&ﬁheederfdnr

their help w1th the experiment.

Calculated and measured extractor performence of a 16-keV deuterium beam.

Calculated value

Table I.

Measured value for

Measured value for

Quantity

19-aperture

single-aperture

extractor

extractor

Current to calorime-

11.9 + 0.L

260 + 7

ter (mA equivalent)

8 + L4q

CERS

Maximum beam loss in

a "halo" or by elec-

trode interception

Geussian; 1/e
width = 1.31
0.0k deg

-6-

Beam width

Gaussian; 1/e

width

100% power in
~ * 1 deg

1.23 ¢

0.04 deg

1.1 x 10—7;(a) or
5.9 x 1077 per hole

6.5 x. 1072 (%)

Perveance (A/Vj/e)

5.1 x 1072 (&)

4.6 x 1072 (D2+)

~l50

=390

at. emitting plasma

i

2)

surface (mA/cm

5.6 x 10° (D)
1.1 x 10* (p,)

5.4 x 1000 (D)

Effective brightness(b)

‘% 0.95 deg)

2
(mA/MeV cm rad”)

(for 6

4.8 x lolo'(ng)




(a)

. the'diameter of the hole in the decel. electrods;for the multiple-

-

TABLE I FOOTNOTES

~

- The calorimetrically measured current was used in calculating

the perveance.

..In_levvaluat'i'hg ‘the expression for the effective brightness

(Réf’. 1), we uéecl for dl for the single-aperture extractor

: ape'rture"eXt:'racto'r, the . di!a.meter of & circle enclbsingal"l 19

holes. .

* : .
Work performed under the auspices of the U. S. Atomic Energy Commission.
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FIGURE LEGEND -

-Electrode geometry for a singlelhole extractor, showing

relative electrode potentials, equipotential contours, and

ion trajectories.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, -or represents
that its use would not infringe privately owned rights.
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