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THE HIGH CURRENT TEST FACILITY INJECTOR OPERATION TO

40 mA dc

by

J. Ungrin, J.H. Ormrod and W.L. Michel

1. INTRODUCTION

The high current test facility (HCTF) is a

proton accelerator designed to investigate the problems

involved in the acceleration of continuous high current

proton beams. The facility is part of a CRNL study on

the electrical production of neutrons by the spallation

process as a means of extending the fuel utilization in

the Canadian nuclear power program (Fraser et al., 1973).

The accelerator consisting of a 7 50 keV dc injector, beam

transport system, buncher and a cw Alvarez structure is

designed to accelerate currents approaching 100 mA

intensity to 3 Mev in energy.

A previous report (Ormrod, snedden and Ungrin,

1972) described the design, construction and initial

operation to 1% design current of the injector and beam

transport system. This report describes the performance

of the injector and the experience gained in operation

with ion beams up to 40 mA.

Chalk River Nuclear Laboratories



2. HARDWARE PERFORMANCE

2.1 Injector power Supply

The injector power supply is a 7 50 kv, 180 raA

symmetric cascade Cockcroft-Walton generator which is

fed from a 360 kw, 10 kHz motor-generator set (Reinhold

et al., 1971). The performance of the supply has

generally been satisfactory although a number of com-

ponent failures have occurred.

The most significant failure was that of both

the rotor and stator of the 600 hp induction motor that

drives the 10 kHz generator. Failure of the motor was

traced to insufficient anchoring of the stator coils

against the large torques produced by the turn-on

currents (̂  600 A for 27 seconds on 2300 V 3-phase) .

The motor had been claimed to be capable of direct

across-the-line starts. However, at failure it had

experienced only 65 starts and had operated for a total

of less than 2100 hours. The motor was rebuilt to an

improved design and has since operated satisfactorily

for greater than three years continuous operation.

Accelerator arcdowns caused a partial failure of

the 10 kHz generator and damage to three sections of the

Cockcroft-Walton rectifier stacks. In the case of the

generator, large voltage transients (several tens of

kilovolts) resulting from arodowns of the power supply

appeared on the primary windings of the high voltage

transformers and produced short circuits to ground on two

of the eight parallel windings of the generator. The two

damaged windings were disconnected and operation has

1 hp = 746 w



continued using the six remaining coils which appear to

have been unharmed- High power varistors have been added

at the transformer primary windings to limit voltage

transients to ^ 600 volts preventing further damage to

the generator and the high voltage control system. The

rated output of the generator is sufficiently large that

the current derating of 25% caused by the loss of two

windings will not limit the experiment.

No definite cause has been found for the failure

of the rectifier sections of the cockcroft-walton

generator. The sections, each generating <%, 125 kv, con-

sist of 432 sub-units composed of a 10DI0 international

Rectifier diode in parallel with a 12 Mfi resistor and a

1000 pF capacitor. The sub-units are linked with 3.9 H

resistors. in two of the three damaged assemblies either

the diode or capacitor or both were damaged in each sub-

unit, in the third failed unit,damage was limited to the

3.9 ft linking resistors.

Spare units purchased from the manufacturer were

used to replace the first two failed rectifier units while

the third was replaced with an assembly repaired in-house.

The spacing of the protective spark gaps in the uppermost

section of the rectifier stack was reduced by ~ 10% from

the original design to provide a lower protective threshold.

An ohmic-capacitive voltage divider chain supplied

by the power supply manufacturer is used to measure the

potential of the high voltage equipment dome. This

divider chain consisting of three oil-immersed 625 MCI

resis-or sections had been calibrated by the supplier and



was believed to be accurate to ± 1-2%. Measurements of

the proton beam energy using the known resonance energies
77 28

of the Al(P/7) Si reaction (findt, 1967) showed the

voltage readings to be -u 9% lower than claimed. The

generator feeding the high voltage transformers was

designed with sufficient margin, however, and after adjust-

ments were made to increase the range of several reference

voltage supplies, the supply was able to reach 800 kv.

2.2 Accelerating column

The injector accelerating column consists of a

high-gradient c ' *mic titanium-electrode assembly re-entrant

in a SF,. insulating vessel (Fig. 1). The column is
6

designed for the space charge equivalent of a 120 mA dc

zero-emittance proton beam but uses the appropriate

Pierce potential distribution only over the f i rs t 200 kv

of acceleration; a uniform 3.1 MV/m gradient is used for

the rest of the column, A large scale view of the

accelerating electrodes and vacuum vessel is shown in

Fig. 2.

After ini t ia l assembly, 690 kev (750 keV minus 9%

calibration error) dc beams up to 20 mA were successfully

accelerated by the column. The column was then dismantled

and the apertures in the non-pierce section ( i . e . electrodes

4 to 10, numbered from the high potential end) were increased

in an attempt to decrease column arcdown rates during

beam acceleration (discussed in sect. 3,4). Table 1

l i s t s the init ial and final aperture diameters for each

electrode.



TABLE 1

Beam Aperture Sizes of Accelerating Electrodes

Electrode

Initial Diameter (mm)

Final Diameter (mm)

1

16

16

2-3

20

20

4-9

20

26

10

24

30

Examination of the accelerating column showed no

visible change in the condition of the ceramic insulating

sections. No evidence of voltage tracking along the

insulator either on the vacuum side or on the SF, side
o

could be found. Damage to the titanium electrodes was

almost exclusively restricted to shallow pits on the

upstream sides within 2 or 3 mm of the aperture edges.

Figures 3-6 show photographs of the aperture regions of

electrodes 2, 3 and 8. The difference in spark pitting

density on the upstream and downstream sides is clearly

visible from the two views of electrode 8.

The density of spark pits increased gradually

down the length of the column (compare electrode 3 to 8)

up to electrode 8, the last positive potential electrode.

The electron suppression electrode, number 9, and

electrode 10 which has a large diameter aperture showed

very few spark pits.

Electrodes 2 and 3 showed evidence of backstreaming

electron impingement in two major areas near the beam

apertures. Figure 3 shows the affected areas of the down-

stream side of electrode 2. The more polished of the two

areas showed slight surface metal flow Two similar but



less distinct areas at the same angular locations were

observed on electrode 3. Electrode 5 which has additional

annuli to prevent the ceramic column from seeing the beam

(see Fig. 2) showed slight spark polishing in several

locations along the annuli edges. No corresponding marks

were identified on either the adjacent electrodes or the

stress relieving rings.

The mechanical durability of the SF, vessel which
b

consists of a series of lucite cylinders epoxy-bonded to

aluminum corona rings has been unsatisfactory. Although

tests on small samples have shown excellent bonding

properties between lucite and aluminum for several

bonding agents, a number of joint failures on the assembled

full-scale vessel have occurred at gauge pressures as low

as 0.2 atmospheres. A design using a one piece lucite

cylinder is being considered to replace the bonded vessel.

Four parallel strings of metal-oxide film resistors

are used to define the potential distribution along the

accelerating column (Fig. 1). The performance of these

resistors has been quite good. in almost four years of

operation less than 10% have had to be replaced. In almost

all cases those resistors requiring replacement had suffered

mechanical damage during mounting on the column.

2.3 ion source and Extraction Electrode Assembly

The injector ion source is a Von Ardenne type

duoplasmatron designed for a dc output of -^ 100 mA from

a 14 mm diameter plasma aperture (Ormrod, 1971) . To

minimize distortions of the plasma surface during low

intensity operation the plasma aperture can be reduced by



inserting a copper plate with an appropriate sized

aperture between the anode assembly and the ion source can.

The extraction electrode is attached to the ion

source can by three insulated posts and its potential is

set by an independent 0-60 kv power supply connected to

the electrode through a high-voltage feedthrough that

penetrates the source can flange. The assembly is shown

in Fig. 7.

in a previous publication (Orrarod et al., 1972)

it was noted that the extraction electrode system did

not behave reliably at the design potential of 50 kv.

This problem was solved by two changes:

1> The high-voltage feedthrough was changed to

that shown in Fig. 7 which is a 6 mm copper rod inside a

close-fitting 10 mm O.D. Pyrex glass tube covered with a

19 mm O.D. close fitting alumina sleeve. The alumina

gives greater dielectric strength where the assembly

penetrates the flange. The glass tube ends far enough

back from the electrode to be shielded from the beam by

the source can.

2) The electrode was moved closer to the source

can reducing the gap from 27.2 mm to 20.8 mm which

corresponds to a reduction in design potential from 50 kv

to 35 TcV. The original extraction electrode is used in

the new position, it is flatter than the correct shape

for the 35 kv equipotential (Pierce, 1954) but not signifi-

cantly so," at a radius four times that of the beam aperture

the gap between the extraction electrode and the ion source

container is only 3% smaller than the proper pierce spacing.
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In the original design, the alumina rods that

support the extraction electrode were connected directly

to it. During beam extraction, in an ion source test

stand (Ormrod, 1971), these rods glowed where they could

see the beam. The truncated stainless steel cones (Fig. 7)

were inserted between the rods and the electrode to

eliminate this glowing, but a faint fluorescence persisted

along one side of the rods. Reversing the current

direction in the ion source coil produced fluorescence

on the opposite side of the rods. The magnetic field at

the rods with the source in the stainless steel ion source

can is ̂  0.03 tesla. A mild steel can which reduced the

magnetic field by an order of magnitude decreased but did

not completely eliminate the fluorescence.

A thin coating of semi-conducting Cr 0
6

(resistivity 10 Q-cm) was applied to the alumina rods to

supply a ieakage path for charge that may build up on the

rods due to the electrons that produce the fluorescence.

Cr 0 has been found to have a much lower secondary

emission coefficient than alumina (sudarhan and cross,

1974) and in the present application produced a signifi-

cant reduction in the fluorescence observed during operation

of the ion source on the test stand.

The effects of the fluorescence on operation of

the ion source into the injector column are still unclear.

Further investigation of this problem continues.

2.4 Control and Beam Handling Systems

A DEC EDP-8/I based SUCCESS I data acquisition

system (Ormrod et al., 1972) is used to monitor and control



various components of the injector, communication with

the high voltage dome which houses the ion source and

i ts required power supplies is achieved with the use of

fibre-optic light links, performance of the ooaiputer-

light link system has been very satisfactory. Ko damage

to the light link system by accelerator arcdowns has been

observed i n i , 4 years of operation.

The beam transport system to the injector beam-

dump is shown schematically in Fig. 8. A photograph of

the beam line area showing the components indicated in

the schematic and also including the 45 beam line and

an emittance measuring unit (Shubaly et a l . , 197 5} is

shown in Fig. 9.

For intense dc beams the high power density
2

(> 5 kW/cm at ~ 20 mA) and the effects of space charge.

neutralization electrons make beam transport a difficult

problem. The large fraction of mc -̂ocular components

(25-50%) in the ion beam further complicates the

situation.. Beams up to 40 mA have been successfully

transported to t>>e beam dump from the column, the main

criterion being that of least beam spi l l to define focussing

ana deflecting magnet current settings. Retractable thermo-

couple probes have been used to provide some information

en the beam profile but their use is limited mainly to

measurements on the low power density region on the edges

of the beam envelope.

Problems were encountered in the use with dc beams

of the crossed-field beam analyzer previously described

(Ormrod et a l . , 1972). The analyzer based on a design
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used for pulsed beams (Johnson and Thorndahl, 1969)

determines a beam profile by collecting electrons

generated by ionization of background gas. Space charge

neutralization electrons generated outside the analyzer

volume and free to drift along the beam were able to

enter the analyzer and provided a background -̂  100 times

greater than the current generated in the analyzer volume.

A scanner, modelled after a unit used elsewhere (DeLuca

and Shea, 1968), which is based on the collection of the

residual gas; ions rather than electrons has replaced the

crossed-field analyzer.

At intensities greater than ~ 5 mA the ion beam

is visible and windows have been installed along the

beam line to permit direct observation of the beam

location, profile densities of the beam have been

measured with a photomultiplier tube mounted on a

travelling slit and with a camera. The light given off

by the beam results from a combination of de-excitation

and recombination processes and since the lifetime of

the ion before recombination may be quite long some

smearing of the profile may occur. Further investigation

of this profile monitoring technique using a window mounted

on the beam line and above a residual gas ion scanner of

the type described above is underway to relate the optical

image obtained to the ion beam profile density.

Space charge neutralization of a low energy dc

beam occurs in less than 10~ s at pressures ~ 10 torr

(Evans and Warner, 1971) unless great care is taken to

remove electrons. The "electron sweepers" described

previously (Ormrod et al., 1972) were found to be of
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limited value in reducing the electron density along the

beam line and bean.<s have generally been transported com-

pletely neutralized. Keliay (Kelley, 1967) has shown

that severe ion optic complications may arise at cross-over

points in a neutralized beam and some evidence of this

has been found in photographs of the beam and in preliminary

measurements with the emittance measuring unit. More work

is required, however, before it can be determined whether

more effective methods of reducing space charge neutrali-

zation must be developed.

3. ACCELERATOR OPERATION

3.1 column Conditioning

Voltage conditioning of the accelerating column

has proven to be a fairly simple and relatively rapid

procedure. Conditioning is normally required following

exposure of the column to atmosphere during ion source

or beam line alterations and may also be required after

severe arcdowns of the column. After exposure to

atmosphere and pumpdown to 10 torr the column will

reliably withstand 800 kv (the regulated power supply

limit) vithin ^ 1 h of initial voltage turn-on.

Relatively short time periods (normally < 15 minutes)

are required to condition to 800 kv after severe arcdowns.

No noticeable voltage deconditioning with time has been

observed. After a shut down of almost six months (due

to the failure of the motor-generator unit) during which

the column was under vacuum, operation at 800 kv was

possible within 1 h of turn-on.
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Two analogue parameters, the column grading resistor

chain current and the high voltage dome ion pump currents,

are used in determining a need for conditioning. A poor

state of conditioning, which corresponds to high micro-

discharge activity within the column, results in spikes

in the time record of these currents. During operation

with gas flow into the column from the ion source, only

the bleeder current changes are observable because of the

large background gas load on the ion pumps. Typically,

microdischarges at 7 50-800 kv produce 1-3 p,A spikes in

the ~ 500 u.A bleeder chain signal.

A seccnd mode of conditioning when operating with

an accelerated beam has been found to exist, operation

of the accelerator at 7 50 kv with a specific beam current

is often possible only after operation at a reduced

voltage although the column will reliably withstand 800 kv

without a beam, whether or not this "current conditioning"

is required depends on the recent operating history of

the column. Current conditioning will generally be

required if the beam intensity is higher than that

accelerated at any previous time or if the column has

been exposed to atmosphere.

The procedure used to current condition the column

has beer, to begin with the highest current that the column

will accelerate at 650 kv and then to increase voltage in

25 kv steps from 650 kv to 750 kv following 30 minute

spark-free periods at each voltage level. The current is

then increased (generally in 2 or 5 mA steps) and the

procedure is repeated until the desired current at 750 kv

is reached. Extending the spark-free time period to 1 h
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does not shorten the total time period involved nor does

shortening it to 15 minutes. Once the column has been

operated at 750 kv for > 30 minutes spark-free with a

specific current, repeated operation is normally possible

without further current conditioning, AS in the analogous

case of voltage conditioning, it has been found that the

reliability of operation at 750 kv for a given beam

intensity is generally higher than average for a period

covering several arcdowns if a higher beam current has

been previously accelerated.

Deconditioning of this "current mode" with severe

arcdowns has been observed on one occasion. During

700 kv 15 mA operation with a 10 mm plasma aperture source,

appreciable damage resulted to the ion source anode

aperture during an arcdown. Back-streaming electrons

expanded the aperture from 0.50 mm in diameter to -^ 1.0 mm

(Fig. 10) and caused a sputtering of copper and iron onto

the extraction and possibly several downstream electrodes.

Following replacement of the ion source anode ^ 1 5 hours

were required to voltage condition the column to 7 50 kv.

It was necessary to reduce the plasma aperture to 6 mm in

diameter and to begin with currents ~ 3 mA to extract

beams again from the accelerator. The current conditioning

previously achieved seemed to have been largely destroyed

by the arcdown. The mechanism involved in this second mode

of conditioning is not yet understood. The deconditioning

and reasonably rapid recovery following exposure to

atmosphere indicate that some beam or X-radiation induced

outgassing phenomena are involved. This however does not

appear to be the only process as evidenced by the drastic
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deconditioning produced by the anode damaging arcdown

indicated above. Beam induced smoothing of electrode

imperfections and microdischarge points could also be

involved.

3.2 Beam Acceleration

The need for current conditioning of the accelerating

column and of data on which to base operating techniques

has prevented operation at the design current and has led

instead to a program of gradual increase in the injector

beam current, since the pierce geometry section of the

column is designed for a specific beam intensity and

diameter (120 mA space charge equivalent zero emittance

proton beam from a 14 mm diameter source) operation with

low intensity beams required a number of changes in ion

source geometry and in extraction electrode operation.

Plasma aperture plates with an approximately

Pierce contour and with aperture diameters down to 4 mm

have been used in the ion source to avoid the large

d istortions in the plasma boundary which would result if

too small a current were extracted from the 14 mm diameter

design source. Because the focussing and space charge

properties of the beam are dependent on the beam intensity

and the ion source geometry, it is necessary to adjust the

extraction electrode potential to compensate, at least

partly, for the deviations from design current and geometry.

The optimum extractor voltage, which is dependent on the

plasma aperture diameter and on th J beam current, has been

found empirically to be that voltage which results in

minimum X-radiation intensity from the accelerating column.
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Arcdowns of the accelerating column will generally result

if the extraction electrode potential is held greater than

^ 5 kv away from the value corresponding to this minimum.

*
Figure 11 shows plots of radiation intensity as a

function of extraction electrode voltage for various 650 kv

beam intensities from an 8 mm plasma aperture diameter ion

source. Figure 12 shows the results of extraction electrode

voltage scans with the same ion source conditions at

different values of the total column voltage (curves 650

kv L, 700 kv and 7 50 kv) and also shows the influence of

the ion source coil current on the value cf the optimum

voltage (curves 650 kv L and 650 kv H). The potential

at the radiation intensity minimum is essentially

independent of the column voltage in the narrow range

used during operation and since most of the current

conditioning runs are begun at 650 kv, most of the scans

are taken at that voltage.

Voltage breakdown problems limit the extraction

electrode voltage to 35 kv and place an upper limit on

the beam intensity that can be accelerated by the column

for a given plasma aperture diameter. A lower intensity

limit which is characterized by increased beam interception

on the column electrodes and frequent arcdowns also exists.

Figure 13 shows the relationship between optimum extraction

electrode voltage and beam intensity for various plasma

aperture diameters. The 35 kv current maxima are indicated.

No consistent relationship was found for a 4 mm diameter

ion source used in initial experiments.

Figure 14 shows a plot of the beam intensity ranges

against plasma aperture diameter. An extrapolation of

See Section 3.3 for details on radiation measurements.
•i
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the present results to the 14 mm full current design

aperture gives a maximum of ~ 90 mA and a minimum of

-x, 25 mA to the bet intensity.

The minimum in radiation intensity for fixed ion

source geometry and operating parameters is found to

correspond also to a minimum in beam intercepted by the

column electrodes. This result together with the relative

lack of dependence of the optimum extraction electrode

voltage on the total column voltage indicate that the

potential at the radiation intensity minimum is the value

required to produce a parallel beam at the extraction

electrode. The total parallel beam intensity extracted

from an ion source of plasma aperture R is given by the

equation:

T

r^ k is a constant, v is the potential of the extraction

electrode at distance z from the plasu.^ boundary and £ is

the effective mass of the extracted ions (Morgan, 1967).

The beam currents corresponding to the 35 kv extraction

electrode potential limit should then be expected to show
2

an R dependence.

The results of Fig. 13 are summarized in Table I I .

The observed relationship between maximum beam current

and plasma aperture diameter shows excellent agreement

with an R dependence provided one uses an R value that

is ^ 1 mm smaller than the geometric radius, r , of the

plasma aperture as shown in the last column of the table.

The reasons for the apparent reduction in effective plasma

aperture are not yet understood.
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TABLE

Beam Intensity Ranges for

I I

Var ious Plasma

Aperture diameter current
(mm) Minimum Maximum

4

6

8

9

10

1 1

12

14

< 1

2

6

8

10

13

18

(20)

4

9

20

29

38

51

64

(90)

Apertures

2 2
R = (r - 1) Z

(Normalized a t 14 mm)

0

10

22

29

40

51

6 3

90

The need to closely link the extraction electrode

potential to the beam intensity complicates beam turn-on

where, depending on ion source conditions, a period of

3-8 seconds exists during which the current rises to its

desired value. If the extraction electrode potential is

held fixed during this period, the radiation and intercepted

beam transients that result are normally large enough to

cause an accelerator arcdown. The potential of the

extraction electrode is therefore increased from some

initial value to the final required voltage during the

turn-on period. The initial value and the rate of increase

are chosen to minimize the intensity of the radiation

transient. Methods of reducing the turn-on period are

being investigated.
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3.3 Radiation Fields

Measurements of x-radiation intensity have provided

much of the data used to define operating techniques.

Alterations in hardware or in operating procedures which

result in lower intensity radiation fields generally result

in more reliable accelerator operation.

Backstreaming electrons produced in the accelerating

column either by beam ionization of the background gas or

by beam impingement on the electrodes are the main source

of radiation. Electrons from beyond the column are

reflected by a negative potential bias (usually -3 to -5

kv) on the penultimate electrode (Ormrod et al., 1972).

Under normal circumstances no measurable radiation is

observed if beam is not being accelerated.

The intensity of the radiation field at any given

location is dependent mainly on the number of backstreaming

electrons produced, on the potential at which they are

produced and on the materials between the point of measure-

ment and the radiation production point. The first two

factors are in turn influenced by a number of closely

interrelated parameters such as ion source geometry and

emittance, beam intensity, background gas pressure, column

voltage (Fig. 15) and extraction electrode potential.

The complicated geometry of the accelerating column and

support structure make the intensity and energy distribution

of the low energy bremsstrahlung radiation highly geometry

dependent. Comparative measurements are therefore made at

a fixed position outside the Faraday cage near the column.
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Radiation intensity as a function of beam current

is shown in Fig. 16 for several ion source geometries.

In all cases the column voltage is at 650 kv and the

extraction electrode potential and ion source operating

parameters are adjusted to their optimum values. The

individual curves are discussed below.

Background gas pressure in the column is determined

by a combination of ion source gas pressure and anode

aperture size. For a given source geometry and beam

current, increasing the gas flow by -x, 15% results in a

radiation intensity increase of -v 30% indicating that an

appreciable number of the backstrearning electrons are

generated in the background gas. Reducing the anode

aperture results in a lower column pressure (ion source

pressure is normally maintained at -^ 300 u. air equivalent)

and accounts mainly for the reduction in radiation intensity

shown in curve B as compared to curve A of Fig. 16.

Curves D and DS show the effect of a -v. 30% reduction

in the length of the plasma expansion cup. This relatively

minor change in ion source geometry resulted in a decrease

by a factor of two in the radiation intensity for the same

beam current. The effects of the decreased length expansion

cup are shown again in curves C and CS which were produced

with an 8 mm diameter plasma aperture ion source. The

larger reduction in the radiation intensity for the 8 mm

plasma aperture (c curves) compared to the 10 mm (D curves)

is due to the decrease in anode aperture for the source

used to produce curve CS.
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The reason for the large decrease in radiation

intensity resulting from the decrease in expansion cup

length is not known. No significant improvement in

the ion source emittance or in the ion mass distribution

is seen in measurements made on an ion source test stand.

The effects of expansion cup length on beam quality are

being investigated further.

ion source operating parameters affect the beam

emittance and hence the intercepted beam intensity and

the number of backstreaming electrons. Figure 17 shows

the radiation intensity and the intercepted current as

a function of the ion source coil current for a 650 keV

20 raA beam. Experiments on the source test stand showed

that for this source the beam emittance increased by

-o 25% when the coil current was increased from 0.65 A

to 1.05 A.

Secondary electrons produced by beam interception

by the extraction electrode produce very low energy

radiation (< 35 keV) which cannot be detected outside the

column because of absorption by the column materials.

Electrons generated near ground potential, however, result

in significant measurable radiation intensity outside the

column. From a related experiment in which radiation

intensity and electron current from a spark-produced

damage point on the electron suppression electrode were

measured, it was found that 1 g,A o f backs tre araing electrons

accelerated through ^ 650 kv produce a radiation intensity

of ^ 1 mR/h. The increase in intercepted Learn current as

measured by the change in bleeder chain and suppressor

electrode supply currents is -̂  12 (xA. The corresponding
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rise in radiation intensity of -~ 14 mR/h seen here is of

the proper size to be explained by the increased beam

interception. The influence of beam emittance on radiation

intensity and accelerator reliability are part of the

continuing experimental program.

3.4 Reliability and Arcdown Rates

Apart from the short conditioning period following

exposure of the accelerating column to atmosphere during

ion source or beam line modifications, high voltage

stand-off reliability of the accelerator without beams

is good. Arcdown rates at 800 kv with no beam are

typically < 1 per 8 hours. Voltage breakdowns with beam,

however, are much more frequent. Typically at 20 mA,

arcdown rates average 1 per 50 minutes. A large portion

of the experimental effort to date has been spent on

investigating the causes of these beam induced arcdowns.

The acclerating column consists of eight

accelerating gaps (Fig. 2). If the potential across one

of these gaps collapses because of a nicrodischarge between

two electrodes, the seven remaining gaps must assume an

increase of ̂  15% in potential difference during the

transient, if the accelerating field in a second gap

should collapse during the transient the resultant

potential increase in the remaining six gaps is sufficient

to trigger the protective spark gaps on the external

corona rings and an arcdown of the accelerating column

occurs.

A method of externally simulating a micrcdischarge

has been used to determine whether beam defocussing effects
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of the transient from a microdischarge may be sufficient

to cause a collapse in voltage across a second accelerating

gap and produce an arcdown. The experiment consisted of

collapsing the voltage difference between two electrodes

by momentarily placing an electrical short between the

corona rings outside the SF,. to which the electrodes are

electrically connected (Fig. 1) . The shorting assembly

consisting of two 50 mm diameter aluminum hemispheres

joined by a brass bar was attached to the Faraday cage

roof and was swung as a rit,id pendulum on the end of an

insulating rod in a direction perpendicular to the column.

Under free fall the velocity of the assembly at the column

is -v. 10 mm/s. At a distance of -- 20 mm from the corona

rings and at a column potential of 700 kv the assembly

produced a single shorting spark. (The interele-trode

capacitance has a recharging time of several milliseconds
Q

(10 O x 100 pF) by which time the shorting bar had

travelled too great a distance from the column to trigger

further discharges.)

No arcdowns were produced during an experiment

carried out at 700 kv 6 mA when the shorting assembly

was adjusted to discharge the 250-350 kv accelerating

gap. This indicates that, at this intensity, beam

defocussing effects by microdischarges are not a major

contributor to arcdowns.

A second experiment similar to the above occurred

inadvertently during operation at 700 kv with an 18 mA

beam. A damaged resistor in the bleeder chain produced
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intermittent sparks between the 200-250 kv corona rings.

The accelerator was able to sustain many tens of these

breakdowns which produced a -̂  50 kv transient in the

potential difference across the 150-250 kv accelerating

gap without an arcdown.

The shorting bar assembly was also used to determine

if any particular accelerating gap showed evidence of a

low breakdown voltage. in this experiment the shorting

assembly again simulated microdischarges across the

250-350 kv accelerating gap. The lengths of the spark

gap associated with each accelerating gap were then

individually decreased until an arcdown occurred, within

experimental uncertainty no difference was found in the

breakdown voltages of the gaps.

After beams ap to 20 mA had been successfully

accelerated the column was dismantled and the apertures

of the non-Pierce electrodes were increased in diameter

by 6 mm to reduce the probability of beam interception

by these electrodes and to determine the effect of this

reduction on arcdown rates. The size of the diameter

increase was chosen to be slightly larger than the spark

pit damage diameter observed (Figs. 3-6). Measurements

at 700 kv with 20 mA beams and identical ion source con-

ditions after reassembly of the column showed no measurable

decrease in the intercepted beam current (typically 15 uA)

or in the arcdown rate which averaged -- 2/h.

A measure of the influence of intercepted beam

current on arcdown rate was made by increasing the bleeder

chain resistance by a factor of two. This change, which
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reduces the bleeder current to 250 yih, should magnify the

potential distribution distortions along the column caused

by intercepted beam. No change in the 700 kv 20 mA

arcdown rate measured with a 500 p.A bleeder current was

observed.

Measurements of the arcdown rate at 20 mA were

made over the operating range 600-7 50 kv to determine

whether a slight derating of the operating voltage might

produce a large improvement in the arcdown rate. Over

the above range the arcdown rate was found to be approxi-

mately proportional to the voltage.

Arcdown rates at 690 kv (750 kv minus 9% calibration

error) as a function of ion source operating conditions

and geometry were investigated in a series of experiments

at 20 mA. The results are summarized in Table III.

TABLE III

Arcdown Rate at 690 kv 20 mA

Plasma Aperture

Diameter (mm)

8

10

10

11

11

(coil -v,

(coil ^

1

0

,5A)

.9A)

Anode Aperture

Diameter (mm)

0.50

0.50

0.75

0.75

0.75

Arcdown Rate

(per hour)

1.7

1.4

0.95

0.67

1.1

It is not yet fully understood which of the ion

source parameters are most important ;? producing the
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factor of - three improvement in arcdown rate observed.

One factor, the ion source coil currant, appears to have

a large influence. The two sets of data for the 11 mm

plasma aperture geometry show a factor of ^ two lower

arcdown rate with low coil current, coil current is linked

also to the other sets of data in Table III in that as the

plasma and anode apertures are decreased it is possible to

operate with a lower coil current and still maintain the

same beam current (i.e. 20 mA in this case).

Beam emittance is known to increase with increasing

ion source coil current as is the amount of beam intercepted

by the accelerating column (sect. 3.3}. Effort was there-

fore concentrated on minimizing beam emittance to reduce

the arcdown rate, ion sources of similar geometry and

operated with the same coil current, but producing beams

differing by a factor of 1.5 in ̂ mittance, were used with

the injector to directly investigate arcdown rate as a

function of emittance. No significant difference was

found in the arcdown rate.

Another factor known to be affected by the magnitude

of the ion source coil current is the fluorescence on the

alumina rods supporting the extraction electrode (sect. 2.3

and Fig. 7). The potential on this electrode is known to

be an important parameter and fluctuations produced by

discharges which may be associated with the fluorescence

and charge build-up might be sufficient to defocus the be.i

and produce arcdowns. Operation it 6 n»A, 700 kv WLth an

ion source having Cr 0 coated alumina posts showed a

marked improvement with arcdown free periods of up to

8 hours. This improvement in arcdown rate has not ex'< r,o d
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to higher beam currents and further investigation is

necessary- A notable factor in operation with the Cr^O

coated alumina posts is that most reliable operation is

achieved with the ion source operated with high (-̂  0.9 A)

coil current in contrast to the 20 mA data above showing

best operation with low coil current. This may well be

related to the changes in the charge drainage pattern

produced by the semiconducting coating.

4 . SUMMARY

ion beams up to 40 mA have been successfully

accelerated and transported to the injector beam dump.

No major problems have been encountered with the accelerating

column oi beam transport system for beams up to this intensity.

Two modes of conditioning of the accelerating column

have been found to exist. in addition to the usual voltage

conditioning mode a current conditioning mode exists

whereby the column will operate more reliably at design

voltage for a given beam current either if it has been

operated at a higher beam intensity or if it has operated

at lower voltage with the desired intensity for some time.

X-ray field intensities near the injector column

have been relatively moderate. Ion source geometry changes

have produced a -u fivefold reduction in the intensity of

X-rays per unit beam current.

Operation of the injector with low intensity beams

at 690 kV (̂  6 mA) has been possible for arcdown-free

periods of greater than eight hours. Reliability at

higher beam intensities, however, is significantly reduced .
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in a series of measurements at 690 kv, 20 mA with various

ion source geometries and operating conditions the arcdown

rate averaged <\. 1/h. The magnitude of the ion source

coil current has been found to be the single most

important factor affecting the accelerator arcdown rate.

Experiments continue to determine whether the important

effects of this parameter are on beam quality or on

electron trajectory and charge build-up phenomena outside

the ion source container.
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Fig. 1 cross-sectional view of injector accelerating column-
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Fig. 2 Accelerating column vacuum vessel assembly showing

ceramic vessel and titanium electrodes. Outside

corona rings are aluminum. Unsupported electrode

is attached to removeable ion source assembly.

Normal operating potentials (in kv) at a listed at

right of figure.



Fig. 3 Downstream side of electrode 2 after column

disassembly. Beam aperture diameter is 20 mm.



Fig. 4 Upstream side of electrode 3.



Fig. 5 Upstream side of electrode 8.



Fig. 6 Downstream side of electrode 8.
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Fig. 7 ion source container and extraction electrode assembly.
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Pig. 8 Horizontal plane schematic of injector beam transport system.

B • bellows, Q = quadrupole, I.p. » ion pump, P.M. = profile monitor,

S.M. = steering magnet, G.V. = gate valve, B.M. = bending magnet,

p.p. = probe ports, A.CD. = ac dipole.



Pig. 9 Injector beam transport system to beam stop and

emittance measuring unit.



Fig. 10 Damage to ion source anode aperture produced by

backstreaming electrons during a severe arcdown.

Aperture diameter expanded to -u 1 mm from original

0 . 50 mm.
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Fig. 11 Radiation intensity as a function of extraction

electrode potential for various extracted beam

currents. Column voltage 650 kv. plasma aperture

8 nun, anode aperture 0.7 5 mm.
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Radiation intensity as a function of extraction

electrode potential for different values of

operating voltage. ion source conditions constant

for 650 kv L, 700 kv and 7 50 kv curves. For 650 kv H

curve,coil current raised to 1.05A from 0.5A. 10 mm

plasma aperture ion source, beam current 20 mA.
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Fig. 13 optimum extraction electrode operating potential as function of beam

current for several ion source plasma aperture sizes.



CC

U

100

80

60

40

20

4 6 3 10 12

PLASMA APERTURE DIAMETER (mm)
14

Fig. 14 Beam current ranges determined by extraction electrode potential as

a function of plasma aperture diameter. Solid section of curve is

experimentally confirmed.
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Fig 15 Radiation intensity as a function of operating voltage for fixed

beam current. 10 rnA beam, 8 mrn source plasma aperture.
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Fig 16 Radiation intensity for various ion source geometries. First value

in list corresponds to plasma aperture diameter while second refers

to anode aperture diameter. S denotes short drift space geometry.
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