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ABSTRACT 

The design of an accelerating column for proton beams of 200-400 rnA 

requires special attention to space charge forces if distortions of beam 

emittance due to aberrations are to be avoided. A high gra.dient column 

des,ignJo.a,ccelerate a large,diameter beam in a converging,.spherica1 field 

is presented. The re-entrant structure of titanium and stainless steel 

electrodes has good. ion source accessibility and is designed to operate at 

750 kV with a 30-cm accelerating gap. The ceramic column of 21-inch 

length, r,esides in a pressurized atmosphere, which is contained by a 

filament-wound fiberglass vessel 3-1/2 feet in diameter and seven feet in 

length. 

*AEC ReSearch and Development Report. Supported by the U. S. Atomic 
r"- Energy Commission through ANL by Subcontract 31-109-38-1707. 
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1.� Preinjector Intensity 

The recent increases in existing and projected beam. current 

capabilities of linacs require corresponding.impr.overoents in preinjector 

performance. Low emittance beams from ion sources in the intensity range 

of 200-400 mA are now considered nece.Bsary to match linac performance. 

A variety of sources1 appear capable of giving the re.quired beam. The duo

plasmatronin particular has been tested with a plasma. expansion cup 

geometry at several laboratories including.Leningrad. Brookhaven. CERN•. 

Argonne. and Oak Ridge. Measurernents have shown that emittances of 5= 101'1" 

mrad=cm for a 400mA .beamat750 keVare possible. 

The 200 MeV Argonne.1:I11a.c..has.a bea.mcurrent design.value of 

100 rnA. If one assum,esa proton percentage. of the preinjector beam of 800/0 

and a buncher system which enables capture of 600/0 of the beam into linac 

synchrotron phase space•. the. minimum total beam current required from 

the source is approximately 200 rnA. The linac acceptance is .calculated to 

be 20tr mrad-cm.From the above emittance figures currents greatly in 

excess of 200 rnA will fit well within the acceptance. 

II. Requirements 

There are three principal requirerre nts that we should like to meet 

in the design of a high current accelerating system. The first of these is that 

the undesirable effects on beam emittance by space-charge forces within the 

beam be removed or rendered very small. One approach to accomplish this 

is to use a Pierce-type field geometry to balance out the self-forces during 
r" 

acceleration of the beam. This balance can be achieved for a particular value 
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of beam current. Another approach is to provide a beam from the .source which 

is initially large in diameter to reduce the self-forces and which can be accel~ 

erated very quickly to reduce the time for the forces to act. Both approaches 

lead to a high fieldgradilfnt intheaccelerating..gap or column. 

A second requirement is for reliability of operation without voltage .... 

breakdown. Because of the premium placed ana high field .strength capability 

within the column, we wish, if possible, to design the. oyer-all system so that 

the chance of breakdown due to conditions external to the accelerating gap,.i$ 

small. When we are successful in this, our principal concern will be limited 

to the voltage-holding.,properties within the Column. 

The third requirement is for good ion source accessibility. Under 

the assumption.that servicing of the ion. source is a major cause of downtime 

on a preaccelerator, it is important to provide for fast access and change 

capability. In particular, on an experimental facility where changes may he 

needed frequently, this is important. In the case of accelerator operation, the 

USe of two preinjectors with one on standby should give increased reliability. 

ill. Electrode Design. 

To provide for a large diameter beam we have chosen to use the 

scheme of a plasma expansion cup attached to a conventional duoplasmatron 

source, following the example of Solnyshkoy2 and others. We propose that 

the extraction grid be the first electrode of the high gradient acceleration 

region as shown in Fig. L The beam, thus. will be accelerated quickly 

without the delay required in passing first through a focusing lens. The plan 

is to control the focal properties of the beam to some extent for any given 
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current. inten.sity. by simultaneous adjustment of the.plasmadensity,and the 

extraction voltage .. A prope,rlyconcave plasmasuriace will render the beam 

initially conver.ging.Use of ,a fine.mes.h.gr,id to,shape"the,bo.undarywould, be a 

welcome addition" if successful. The source position is shown in Fig. L 

The exact configuration of the source cup and extraction, grid are subject to 

experimentalchange.Althoughther~is shown a duoplasmatron, which is at 

present undergoing te$ts~other sources could be adapted to the column. 

Unle$s one uses an accelerating. field, of the appropriate "shape to, - . 

counteract the space-charge forces there will be ,somedivrergence,.of the beam. 

One can see the dependence of the divergence on beam size and field gradient 

by assuming,a.uniform .accelerating,field. lfonefurther assumes a cylindrical 

beam of rad~usR and of uniform char.ge,.de.naity,.which remains uniform 

across the beam diameter, one ,can derive an.,expression for the divergence 

of the ion beam after.acceleration through some difference in potential. This 

is given approximately for a particle at the. edge ofa long beam with neglect 

of end efiects by 

1 
9 ::: ER ./- 2ev 1n..f

o 

The beam here is assumed parallel as it crosses the surface of potential V 
o 

relative to the source. For a given final potential V one notes the divergence 

angle to be proportional to beam current 1 and inversely proportional to beam 

radius and to field strength E. For constant gradient and variable V there is 
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a maximum 9 for In: = 2. As an example we may.consider.a beam of . 
o 

4 em radius accelerated through a column or gap. of SO-cmleng:th.Jf.theWtial 

potential of the parallel be~m is Va = - 50 kV ,and the final potential V is 

-500 kV, the angle 9 becomes 6 x 10- 3 radians. If V is changed. to -1.000 kV, 

9 becomes 2. 6 x 10-3 radians. This divergence is comparable with the 

spreading which results from thermaLmotion. of the ions at the source but does 

not play the same role. in determining beam emittanc.e... 

Aninitially.hom.ogeneous..beamdoes.not remain. so in a uniform 

accelerating. field. The potential hill in the center of the bearoleads to a non= 

uniform charge distribution and consequently to a spherical aberration of the 

space-charge. equivalent lens. 3 The emittance phase space of the beam.becomes 

distorted as a re$ult so that the effective emittance for the total beam becomes 

increased. In such a case, at least a portion of the angular divergence due to 

space-cha:rgecontributes tathe effective emittance. It is important therefore 

either to eliminate this aberration or to keep it small. 

When considering. a.short high. gradient accelerating column, one 

is attracted to the idea of a aingle7gap two-electrode accelerator. If the field 

in such a gap were converging, it would tend to offset the beam divergence 

due both to space-charge. forces and to the diverging aperture lens at the gap 

exit. An example of a simple converging field geometry, not of the Pierce 

type, is given by concentric spherical electrodes as shown in Fig. 2. The 

optics of thesY'atem is given by the formulas in the figure... where f is the 

focal length of the exit aperture lens and F is the distance of focus from 

this aperture for a beam which, starting from rest, is accelerated radially 
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between the sphere$. The drawing. isior the special case of the sphere radii 

having;.t.he.ratio.oi4!3, which renderstbe .beam..pa.r.a.llel beyond the exit.. 

Aside, from the question of adequatevoltage. ..ins.1,1lation between the 

electrodes in vacuum, there is the problem of insulation at the boundary between 

vacuum. and external pressure. One approach is to ta.ke the beam out through 

agr.oundedtnbe which.pas.sea through a .. high.. v.oltage.bushing..$.upp.ort for the. 

high.potep.,tiaLsphere. Another approa.ch is to distort the electrode shapes to 

give a spherical field in the. beam region wnen.the grounded electrode is bent 

back to ,surround the high.voltageelectrode as shown in Fig.... 2.. , .The electrodes 

in th,is figUr~ were determined in .aJi electrolytic tank and give closely the 

required field shape. A siIp;Uar.geoID.etry except for cylindrical electrodes is 

uS.ed successfully as an electron gun4 on theMtmA .. 50 MeV accelerator. In 

this gun the source leads enter through a high. voltage bushing,. which supports 

the highsoltage ,electrode. 

Of prime concern in such a two~electrode system for the 500 to 

1000 kV range.is.the large area of the electrodes in vacuum. Through the 

"areaeffectlf , one can expect to hold. less voltag.e for large than for small area. 

For small gaps .between stai.nless steelelectrodea withstanding of the order of 

100 kV, the breakdOwn voltage va.ries with area5 approximately as 

;,- 'f~,) 0.15 

One way to reduce the electrode area required to gain a desired 

field distribution i$the usual practice of a multi-electrode design to aid in 

distributions of the potential across the gap. The electrode area exposed to 
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the total voltage.diffe+ence can now be..greatly reduced.. The !'total voltage: 

eftectll whereby the breakdown voltage~bove 100 kV isappro:dmately pro

porti.onal. to square root of electrode separation is not now so severe. A further 

benefit resulting. from use of the intermediate electrodes should be a reduction 

in x-ray intensity. 

In the interest of a.chieving ahigh.gradient column.with go-ad .. 

accessibility to the ion source as well as to the exit beam. we considered it 

prudent for the present to use a multi-electrode design ..with a .conventional 

arra.ngexnent-of.the,ceramicinsula.torS. ThJs is the design.of.Fig.. ..1•.which 

still retains a converging...fieldhaving.:the. optics of Fig.. 2.. The accelerating 

gap .is 30 em long,., The thin..sphericalelectrodes have supports Which flare 

out to a longer.c~ramic colwnnof 21-inchlengtb..having...14se.ctions. 

A va;dable extraction v.oltage is applied acrQss the first two sections while 

the other sections divide the remaining "voltage drop equally.. 

If the exit aperture in the last electrode. is covered by a grid, the 

beam optics will. of course. be changed. The exit lens action is then removed 

and an otherwise parallel beam will converge. except for space~eharge effects, 

toward a minimum at the center of the spheres. 

Each intermediate electrode consists .of a thin portion of spherical 

shape connected to a z-shapedportion which in turn is connected to a conical 

support. The required field was achieved in an electrolytic tank by John Spooner 

with only the top and bottom spherical electrodes in place together with the 

z-shaped portions at the other eleven electrodes. This means that one can 
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r· operate, either without the sphericalelectrQde portions or with these spherical 

parts placed along. already existing. eq,uipotential surfaces. In the latter case, 

one can thereby hope tl1at.with accurate placement. the thin electrode edge,s.. 

will not be prone to volta,ge..breakdown and wilL offer only a small perturbation 

in the field distribution due to finite electrode thickness. The thickness of 

electrodes which have been constructed is 1/16 inch. In the event of voltage. 

breakdown problems. edge. thickening..ringacan be added. 

The electrode materiaLhaving.. the best Yoltage.~holdi.ng..properties 

in the 100 kV.range.thaLbas come to our attention is a titanium-alloy. 

Ti-7 Al-4 Mo~ 5 Furthermore. since it has a thermal coefficient of expansion 

which closely matche$ that of the ceramic rings. it becomes a good ring. 

spacer material. Certain Yolta.ge te.sts which we have carried out on 304 

stainless steel and on Ti-4 Al-3 Mo-1 V indicate that stainless also may be 

suitable althOUgh not.s good as the titanium alloy. These included tests of 

gap.s up to O. 9 cm betwee-n a plane and the end of a thin-walled right circular 

cylinder of 10-inch diameter. A cylinder of 1/16-inch wall held de voltages 

well beyond 100 kV without breakdown at a. pressure of 10- 5 Torr when the gap 

was paralleled with a 0.02 fLf capacitor. In the column a voltage gradient of 

75 kV per gap. where the minimum spacing is 1 em. would give over 900 kV 

for the total accelerating volta.geand a voltage gradient of 30 kV/ cm. The 

tests also showed a lower x-ray level with titanium than with stainless. as 

expected. 
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The ceramic rings. are 16 inches O. D. Each ring. is one inch. thick 

by 1-15/32 inches high .and. is recessed at the ~nds as maybe seen in Fig.L 

This is to take advantage of any, impr.ovement in .ability to hold voltage.~. as 

observed by others6 when the cathode end is recessed. The rings .have been 

vinyl sealed together with titanium spacers. A photograph.of.the column 

appears in Fig. 3. 

1nasse~bly the electrodes are inSerted into the columnthr,ough 

the high voltage end. A jigging arr..ange..IPent permits.accurate positio:ning.of 

each spherical electrode with its attached z=shaped portion before it is 

connected to its conical support. , 

The. equipotential surfaces in the column will. be. moved slightly. by 

the presence of the beam. With a homogeneous proton beam of current I the 

potential on the axis will be increased by an amount 

::: 6.5 x 105 (2 In b + 1) -..::..1,==,= 
a r:::v-V 

where V is the undisturbed potential, a is the beam radius and b is the 

effective radius of the accelerating aperture. The potential difference between 

points on the axis and on the beam envelope is given by the second term within 

the parentheses. The beam djameter should therefore be large to reduce the 

radial gradient within the beam. Typically, ~ V will be a few hundred volts 

for a 0.2 ampere beam. With operating column gradients of ~20 kV / em, 

the equipotential surfaces in the beam will be displaced a few thousandths of 

an inch and flattened slightly. If one wishes, one can move the potential 
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r'� surfaces around quite freely by varying. the.. external voltage.sappUed to the 

electrodes. In fact the present potential distribution is .sufficiently close to 

that of a Pierce-type cylindrical geometry.that potential.adjustm.enLto..approxi- .. 

mate this would not be difficult. To obtain the rectilinear flow which would 

match thiS Pierce geometry would then necessitate either higher. beam current 

than we now require or a reduction in beam diameter. 

IV. Pressurized Shell Assembly.. 

In order to diminish the possib;i1ity of voltage breakdown outside the 

accelerator column, .we decided to enclose the column in a pressurized 

atmosphere. A practical way to do this is to use a filament wound fiberglass 

vessel as shown in Fig. 1. Such items are made commercially in.a variety of 

sizes for rocket motor eases and chemical tanks. The vessel weare using was 

woun,d by Brunswick Corporation onto end flanges machined at MURA. A photo~ 

graph of the vessel is shown in Fig. 4. The wall thickness is 1/8 inch with an 

2
additional 1/16 inch rubber liner to seal the fiberglass for SF6 up to 100 Ibs / in . 

The finished product is 42 inches inside diameter and 84 inches long and was 

tested at 200 lbal in2. 

There is a 17-inch diameter aCCeSS channel to the source, which 

remains at atmospheric pressure. Bellows in this tube allow for some 

stretching of the pressurized tank. The column is under compression when 

evacuated and approximately neutral when up to air. Source changes are thus 

possible without disturbance of the tank pressure.. 
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Each column electrode is connected to an external corona ring on 

the fibergla.ss shell ~s indicated in Fig. 1. A resistor str1ng~, not shown, 

divides the voltage ..1;l.ere. Theresiators can readily. be cha.nged ,itone should 

wish to alter the field distrib\ition within the column. The positioll."af: the 

columnwithuLthe tallkean-be.changed~.".ofoourse.. from that shown by changing 

the electrode leads and the relattve length.$, of the source and beam exit channels. 

Shoul<i one Wi.h to test other electrodeconfigur.ations~ the tank 

should be capable of accommodating,designs which vary gr,eatly.in .electrode 

and insnlatorstructure from that described here. 
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