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ABSTRACT 

A high gradient accelerating column has recently been installed in the ZGS pre­
accelerator. This operates at 750 kV across a single accelerating gap. Beam from. 
a duoplasmatron ion source is extracted from a 1/211 diameter plasma expansion cup 
by the field of the rnain accelerating gap. Thus lens aberration is minimized by COITI­

plete absence of lens elements except at the extraction surface and at the exit aperture 
of the accelerating tube. 

Beam. currents of 375 rnA have been obtained. Typical operation is with a 
ZOO-rnA beam pulse of 150-Z00 !-,-sec duration, for which the normalized emittance is 
about 0.19 rnrad/crn for 90% of the beam. Two electrostatic quadrupole triplets of 
411 aperture focus the beam from the accelerating tube into the beam buncher, and a 
magnetic triplet is used for matching into the linac. 

Introduction 

Even before the original accelerating column for the ZGS preaccelerator was 

designed, consideration was given to the desirability of achieving rapid acceleration of 

the ion beam in order to minimize the effects of radial space charge forces. Several 

possible methods of establishing a high accelerating gradient were considered, none 

of which at that time appeared to be practical. Consequently, a conventional low gra­

dient accelerating tube was designed for an ion beam of about 75-100 mAo It was 

found that by increasing the preaccelerator current to about 125 or 150 rnA. a larger 

beam could be accelerated by the linac. However, it was discovered from emittance 

studies of the preaccelerator beam, that the phase space area was much distorted, 1 

with evidence of serious lens aberrations. Since this fault could not readily be elimi-

nated. a new accelerating tube design was undertaken. 

Design Considerations 

The objectives in the design of the accelerating tube were: (1) rapid acceleration 

of the ion beam, particularly in the low velocity region following extraction from the 

:«Work performed under the auspices of the U. S. Atomic Energy Commission. 
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ion source, in ordt·r to rnini111izt' radial space charg(~ force effects; (2) rnininlization 

of lens aberrations by elin1inati~)n of lens eletnellts in the acceleration rt'gion, insofar 

as that might he feasible; (3) lllinirllii'.ation of rnetallic surface area exposeu to the high 

v;radient fidd, particularly of the cathode surface fr()tn which electron ernission rnight 

OCCllr; (4) choice of the 11lOst appropriate nwtal for the high fjeld electrodes. 

By planning for an average voltage gradient in the neighborhood of 100-125 kV!in., 

it was expected that satisfactory ion extraction frorn the ion source would b(' obtain­

able by rneans of the field ill the accelerating gap, dnd that it would not, therefore, bt· 

necessary to use a separate extraction field '\vith its probable aberration effects. It 

was also concluded frorn electrolytic tank nH~asurernents of the geon1etry planned, 

that '\vith d.n ('xit ap<'rture diarneter of the sallle order as the gap length, aberrations 

in this region should not he serious. The only other place for aberration to occur is 

at the plasrna extractiotl surface v.:hich rnust, therefore, be established in such a way 

as to n.inilnize thesp effects. This wuuld have to be done enlpirically by shaping the 

extraction geornetry and by controlling the plaslIla density by rneans of ion source pa­

rarneters. Thus, the accelerating systeln would have only a single accelerating gap 

and no controls except for thl:' accelerating gradient, \.-vhich would be fixed by the gap 

length. 

Description of the High Gradient Colunm 

A dra'\ving of the colun1l1 asstTnbly is shown in Fig. 1. The external pressure 

vessel of dielectric (General Electric "Hcrkolite") is 40" i. d., 42" o. d., and 60" 

long in the ficld rE'gion. It is capable of pressurization to 50 psiG with an insulating 

gas to prevpnt voltage brcakdov;.'n across the ceralnic sections of the accelerating 

tllfw. Since it is possible to operate vvithout internal arcing with N Z at pressures of 

1C;-4() psiG, it has been unnecessary to use SF6 or any other gas additives. In fact, 

thL' CUlUIllll has been operated at 750-800 kV with only 20 psiG of N Z and with only oc-

casional arcing in the pressurized region. 

Shield rings, both inside and outside the pressure cylinder, define equipotential 

5\,rfact's whose potentials ,,;re established by a "vater resistor which spirals around the 

cylinder bet'\\een the h'·o sets of external shield rings. The gaps between the external 

shield rings ""ill each withstand approxirnately ISO kV dc. External arcing '\vill there­

fore 1)(' initiated only by voltag(' transients resulting frorn disturbances in the vacuum 

region of the accelerating tube. In such cases, single or IT1ultiple gap external arcing 

n.ayoccur. 
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The A ccelerating Tube 

Thf' accplerating tube is supported, under an axial cornpression loading of 

50,000 lbs, at the rniddle of the prE'ssure vessel between two reentrant stainless 

steel cone sections, as shO'\'i:n in Fig. 1. A rnore df-tailed cross section of the tube 

design appears in Fig. 2.. The vacuurn envelope cOInprises six cylindrical sections of 

BSo;"(} alurnina ceramic, E'ach lB" i. d. J 20" o. d., and 5" long. These are bonded with 

epoxy to stainless steel rings upon which the internal electrodes and shields are sup­

ported. The intermediate shields function solely to protect the ceralTlic surfaces 

frorn ions and sputterC"d rnetal. The reentrant cone sections, supported from the two 

pnd rings, dt.,finc the single accelerating gap whose length n1ay be changed by lTleans 

of the moveablE' cylinder which carries the exit aperture (cathode). The inner end of 

the anode structure is closed by the base plate (anode) of the ion source, not shown in 

the figure. 

AllnH?tal parts exposed to the high field region inside the tube are ITlade of either 

cOlnn1ercially purE' titanium_ (where welding was involved in their fabrication) or of a 

Ti-Al-V alloy (wherE' only ease of machining was a consideration). The electrical 

brE'akdown and field ernission propertiE's of the two materials are not greatly 

diifE'rent. L Initially, thesE' parts were made of stainless steel which was found to pro­

duce copious anlOunts of X -radiation. The stainless steel parts were replaced by 

titanillrn E'qlliYalents wlth the greatest reduction in sparking rate and in x-ray produc­

tion being notpd upon replaceITlent of the cathode ring and essentially no difference 

was observed frurn replacernent of either the anode cone or the anode faceplate with 

titaniurn parts. Figure 3 is a photograph of the tube asseITlbly and of the pressure 

vessel assen1bly. The ion source support or anode cone is shown in the right fore-

ground and the cathode assernbly at left. 

Voltage Testing and Operating Experience 

Some of the early voltage testing was carried out in a relatively slTlall room at 

Argonne l\"ational Laburatory (ANL) using a power supply initially of 600 kV rating 

converted to 750 kV. ThIs equipment was tater loaned to the National Accelerator 

Laboratory (I\'"AL); and subsequent voltage testing and beaITl studies were carried out 

at the I'<A L test laboratory, using the high voltage equiplnent together with the beaITl 

diagnostics syst('n1 which had been greatly irn.proved at NAL. 3, 4 

In retrospE'ct, it can be said that the early testing was done with a vacuum system 

both far fron) clean and with'lut adequate purnping speed. Two 1000-liter/sec sputter­

ion punlps were used on the systenl, prin1arily for convE'nience at the NAL facility. 
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Much sparking occurred during voltage conditioning but no serious damage to elec­

trode surfaces occurred during the NAL test prograln. When the system was installed 

in the preaccelerator at ANL, the saInc pumping system was used; but in the n.ean­

time, this system had probably bccOlne rather st'riously contanlinated frOln exposure 

to the atmosphere as well as from additional cornponcnts installed within the yacuum 

chamber. Hence, the early experience after installation at ANL was discouraging, 

with cathode surfaces showing danlagc after only short periods of operation. Thp 

addition of another lOOO-liter/sec sputter-ion pump made a marked improYernent in 

operational behavior. More rect'ntly, the addition of a 10" mercury diffusion punlp 

has improved the VaCUU111 system considerably, particularly from the aspect of rapid 

purnpdown and the removal of condensibles with the liquid nitrogen trap. Modification 

of the middle shield to yield greater distance from the cathode and to elinlinate the 

middle plane has also apparently rendered some improvement without affecting the 

beam properties. 

The sparking rate of the column, after conditioning, is now rather moderate; 

and unless a spark occurs either during or within a period of about 30 msec preceding 

a beam pulse, the effect is not noticeable insofar as machine operation is concerned. 

Loss of beam due to coluIT1l1 sparking is probably between 1 and 2% at this tinle. The 

longest operating period to date is three weeks, but deconditioning time since addition 

of the vacuum pumps is not known. 

After voltage conditioning of the column, the typical level of X-radiation is in the 

range from 3-30 mrad/h at a distance of about 12' from the anode which by directional 
5 

studies, was found to be its prirnary source. A partial analysis of the x-ray energy 

spectrum indicates that it probably is produced almost entirely by 7S0-kV electrons, 

although a small fraction of lower energy electrons cannot be ruled out by these n.eas-

urements. 

During these observations the radiation level was found to change by a factor of 

two son~ewhat periodically, in a period of ,..... 5 Iuin. As the higher levels were reached 

internal sparking became noticeable followed by both internal and external arcing. 

The radiation level is not affected by beam if the electrostatic quadrupoles are turned 

on, because all beam clears the aperture of the quadrupoles and secondary electrons 

originating further downstream are swept out of the return path to the accelerating 

tube by the quadrupole field. 

Beam Extraction 

As noted earlier, since no controls over extraction are provided in the systern, 

it was necessary to arrive at a satisfactory extraction geornetry empirically. Several 
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factors are involved in this problem, among which are: (1) the diameter and depth of 

the plasma expansion cup, (2) the magnetic properties of the metal surrounding the 

cup, (3) the shape of the anode face around the expansion cup opening, and (4) source 

aperture size and magnetic properties. 

Plasma density distribution, which strongly affects the shape of the plasma 

extraction surface and consequently the source brightness, is a complex function of 

all the foregoing factors as well as of the source parameters and the extraction field 

at the plasma boundary. Since study of some of the foregoing factors involves fabri-

cation and exchange of physical hardware, the effort required to achieve optimization 

of all factors would be prohibitively long. 

Our first effort was to determine whether a ferrolTlagnetic or paramagnetic 

source anode would be preferable. Since this also constitutes the anode in the accel-

erating gap, a material which would not be objectionable in the high field region was 

necessary. Stainless steel and nickel were selected for this comparison, and there 

was a very marked difference in favor of the nickel. Hence, nickel has been used in 

all except one other case in which iron was used with a facing of titanium, but in an 

otherwise special geometry which partly obscured its relative magnetic merits. 

Two plasma cup diameters were tried in the nickel anode plate; and O. 5" diam­

eter proved to be somewhat better than 0.625 11 diameter. with the cup depth. 875" for 

both. 

A third comparison was made between an anode plate which had a plane surface 

surrounding the expansion cup and one into which a 67
0 

Pierce cone had been cut. The 

Pierce geometry proved to be far superior to the flat surface. The accelerating gap 

with the Pierce extraction geometry is shown in Fig. 4. The depth of the Pierce 

geometry was varied in three steps of 1/8 11 each, but without holding constant the 

depth of the expansion cup. Consequently, neither of these parameters can be said to 

be truly optimized at this time. A 1/411 cone depth is presently being used because it 

gives better beam properties than other depths. Moreover, in this program the face 

of the anode plate was of titanium rrlOunted on the nickel anode plate of the ion source. 

The relative depths of the nickel and titanium portions of the cup geOlnetry have not 

yet been optimized. Some additional geometries are awaiting opportunity for testing, 

and much more work is required to achieve best geometrical conditions. 

The accelerating gap, which determines the accelerating gradient as well as the 

strength of the extraction field, was initially intended to be 6" with the provision for 

variation as dictated by experience. In the process of making some of the changes. 

previous to setting up the systeITl at NAL. the gap was inadvertently set at 7 11 which 
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became known only after the equipment was returned to ANL. We are now operating 

with the 7" gap. However. one period of operation was tried with a 6.312" gap during 

the time when nothing was operating well. The voltage was carried up to 850 kV and 

the column appeared to behave about the saITle as with the 7"' gap. We are not certain 

at this time how well a 6" gap will hold up with clean VaCUUlTI conditions. 

BeaITl Properties 

The aim in the design of the accelerating column was to obtain a beam in the 

range of 200 mA and with an ernittancp area within the acceptance of the linac. viz. 

20 mrad/cln. The maxirrlUDl beam thus far obtained is 375 rnA. Typically the beam 

is set at about 200 rnA for which the emittance area measures 15 mrad/cm at the 90% 

plane. or a nOrInalized value of 0.19 mrad/ClTI. 

The shape of the emittance figures obtained at ANL is much different from those 

of the NAL tests. although the sarne equipn1ent is used (except for the signal saITlpling 

and cornputer system). Typical results during the NAL tests are shown in Fig. 5. 

which indicates an undistorted phase space area. whereas the ANL results shown in 

Fig. 6 show aberration effects. The reason for this difference has not yet been deter-

nlined. We are presently investigating the possible difference which may arise from 

using a single arc 1110dulator at NAL and a double modulator at ANL for driving the 

cathode and intermediate anode of the duoplasmatron source. Figure 7 shows the 

only results thus far obtained with the single modulator at ANL. which appears to 

have less phase space distortion than that fronl the double modulator shown in Fig. 6. 

The bearn frorn the accelerating tube enters a quadrupole triplet 12_1/4" from 

the end of the accelerating gap. A second triplet in the bean1 line nlatches the beam 

through the buncher and a third triplet beyond the buncher matches into the linac. 

The atteDlpts to calculate a best rnatch through this system. have not achieved the 

desired results. At present we can boast of only about 250/0 increase in beam through 

the linac and into the ZGS. Maximun1 beam to date under stable conditions is 33 n1A 

from the linac. with 26 mA into the ZGS. 

The electrostatic quadrupoles have 4"' apertures and operate at voltages up to 

40 kV. positive and negative relative to ground. Once they have been voltage­

conditioned, which usually takes only a few rninutes following a vacuum systen1 pump­

down, no voltage holding difficulty is experienced with then1 at top voltages. A 

Sorensen regulator is used to stabilize the ac input voltage to the power supplies. A 

separate positive and negative supply with comn10n ac control is used on each quad~ 

rupole in the first set; the first and third members of the second set are fed froIn the 

same supplies. A 10}..1f,! resistor decouples each supply from the quadrupole and a 
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· ooz fJ.F capacitor across the input to thp quadn:pol f' rnaintaills Ilear ly constant voltage 

un the eiectrodl:'s despite sorne ion cuilediull durin" C\ healll pillse due to gas ioniza­

tion by the twaIll. 

As a note o( interest, the high \(!It()~c' bushings leading through the \'aCliurn wall 

to the quadnlpolcs were m;u!e (): T('rlOll. T\\"o uf thpse bushings evidently developed 

a t orona conr]iti()11 \)cbxeen the central c(Jnriuctor and the surrounding Teflon, presurn­

ahly dul' to on Iv partied t'Y<iCllililOII. This resulted in eventual puncture of the dielec­

tric and arcing along its sllrtace (in vacuum) to ground. The consequent decon.posi­

lion oj the TI,fjtl)] (<1llSf'c\ contamination of the accelerating tube to the extent that 

tlpf'ration !Jt'{';JllLt' illLpossi!Jle. 

Future Plans 

'\" nutl'd l'arlier, the accp\erating tube is bonded together with epoxy, son.e of 

\\hich is f'xpospd to the vacuunl regions, and constitutes an undesirable source of 

(Ont;.l1l1inatioll of the hi,>.;h voltage surfaces. Furthenllore, a snlall leak through one 

of th(' bonds has resisted our efforts to seal it cOlnpletely vaCllllnl tight. Any leakage 

fr()n1 the pressuriz{'d region into the vacuunl region, even though it Inay be only N Z' 

C8nnot !)(' expected to inlprOV(' the pt:>rfornlance of the accelerating tube. 

\Ve are now in the process of assenlbling a new accelerating tube, using ceramic 

sectioll to \\ hich cupper flanges have been rnetalillrigically bonded. The assernbly will 

lw madl· by welding these flanges together. Thus, no organic rnaterials will be pre­

Sl'nt 1n thpse seals. This should result in a nluch cleaner asse1nbly; inlproved per~ 

furnlallce is anticipated. 

I'll\' shields for the (('ramic will bf> of different design in order to provide rrlOre 

eUt'cl1ve shielding and <lIst) tt) reduce the voltage between any two adjacent electrodes, 

eXcl'pt in the a( celerating gap. The latter will be renl0tely adjustable without break­

ing \'acuum. This assen,bly should be ready for testing within about two months. 

Because of the need for a large value protective resistor between the power 

supply and the hig;) gradient collllnn, and the consequent need for a fast voltage regu­

lat()r to stabilizc thl' colunH) voltage during bean) pulses, we are giving consideration 

tu Lhe devcloplnent of d series reglliator tube which would parallel the lirniting re5i5-

tJr and \vo\dd receive its operating voltage (of the order of 25 kY) frorn the IR -drop 

across the resist()r during a beam pulse. Its bearn would bt:> keyed off at other tirn.es. 

The design being considered would be rnuch like that of the high gradient accelerating 

tube, iIlCli,diIl).! a pressure vessel, but of sDlaller dianlder and rn.ass. It would have 

t() 'vvithstalld the full power supply voltage in the event of full breakdown across the 
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accelerating column. Consequently, it would be designed to withstand 7S0 kV de 

though s\lbJPct only to occasional pulses of that rnagnitude. It wO\lld operate in a 

closed loop rnode by taking an f'rror signal from the top of a coynpensatcd n1ctering 

resistor with thp electr<JI1ics sItuated in the iun SO\lrce tcrnlinai. ()ne Klystron 

n)anufacturer has studied thls s\lggestion and has pr~'parcd a proposal for detailed 

deSIgn and construction of an electron gun. The tube could be constructed frorn 

Klystron Ceranl]C parfs already designed. 

A cknowledgrnentfl 

Many individuals h<1ve Inac.1e cuntributions to the desigll, assernbly, and testing 

of the hil;h gradient column I \\ ish to express particular apprecidtion for the efforts 

of J. Abraharn, Madsen, and R. Stockley, and for the encouragenlent of Dr. R. L. 

Martin. 

Rt:"ferences 

l R . Perry, et ai, Argonne National Laboratory, Characteristics of Beam fron) the 

the Argonne ZGS Injector Linac. V International Conference on High Energy 

Accelerators, Frascati, Italy, Septelnber 9-16. 1965, Published in Proceedings of 

V International Conference on High Energy Accelerators, pp. S(n-60l. 

lR. Dubois and J. IIuguenin. ·'MpasurenlCnts on a High Gradient Accelerating Tube 

Model - Investigations of the Properties of Titanium. Electrodes,· CER~ 65-23 

(Junp 10, 1965), European Organization for Nuclear Research. Geneva, Switzerland. 

3M . E. Abdelaziz and R. Perry, Argonnp National Laboratory, Beam Diagnostics of 

the 50 MeV Proton Linear Accelerator of the Argonne Zero Gradient Synchrotron, 
Proceedings of the 1968 Proton Linear Accelerator Confer('nce Brooyhaven National 

Laboratory, May 20 24. 1()68, Published in I3I\L 50120 (C-S4), vol. 1, pp. 198-202. 

4c. D. Curtis, ct ai, "The Operation of the First Section of the NAL Linear 

AccelE'rator,' NAL FN-201, National Accelerator Laboratory, Ratavia, Illinois. 

5£. Parker, "X_ray Ic:missions from the High Gradient Colutnn," (Septernber 18, 

1970) Argonne National Laboratory, Accelerator Division, Argonne, Illinois. 

Proceedings of the 1970 Proton Linear Accelerator Conference, Batavia, Illinois, USA

1000



Fig. 1. Sectional view of 750 - kV high gradient col umn assembly . 
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Fig . 2. Longitudinal section of high gradient accelerating tube. 

Proceedings of the 1970 Proton Linear Accelerator Conference, Batavia, Illinois, USA

1002



Fig. 3. High gradient accelerating col umn subassemblies. 
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L 

Fig. 4 . Ion extraction and accel eration geometr y . 
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Fig . 5. Beam profile and beam-emittance figure for 750-kV, 270-mA beam from 
high gradient accelerating column using NAL system. 
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Fig . 6. Beam profile and beam-emittance figure for 750-kV, ZiS-rnA beam from 
high gradient accelerating column using Argonne equipment with double modulator 
on ion source. 

Fig. 7. Beam profile and beam emittance figure for 750-kV, Z75-mA beam from high 
gradient accelerating column using Argonne equipment with single modulator on 
ion source. 
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