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ABSTRACT 

The DuoPIGatron ion source concept at Oak Ridge has proven itself 

capable to provide multiampere beams at tens of kilovolts. The DuoPIGa-

tron II operates very reliably at 6 to 8 A total output current in the 

voltage range of 25 to 35 kV. Impurity level is easily maintained below 

0.k% and the 0.2 sec pulses show no appreciable wear on the copper accel-

decel electrode system after thousands of pulses with duty cycles up to 

10%. The 7 cm diameter grids are 50% transparent and optimum curvature 

of the grids allows about 60 to 65$ of the current to be incident on a 

9 cm diameter target 100 cm from the source. Beam ion and neutral species 

fractions have been measured as a function of total source current. 

Studies of the ion source plasma show an m=l helical instability to 

be present. Probe measurements show a density variation of about 25 to 

30$ across the extraction grid. Instantaneous density variations from 

+_ 10$ to k0%, depending on radius, are observed to be driven by the 

instability at 250 to 400 kHz. A stabilizer has been developed which 

reduces the oscillation amplitude by about an order of magnitude. Studies 

at extraction voltages up to 10 kV show that the use of the stabilizer 

yields a less divergent beam and higher current output through a single 

aperture either on axis or 1.8 cm from the source axis. 
*Research sponsored by the U. S. Atomic Energy Commission under contract 

with Union Carbide Corporation. 
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INTRODUCTION 

Current interest in the application of neutral injectors as plasma 

heaters for tokamak fusion experiments such as ORMAK1 has spurred the 

development of multiampere 10's of kilovolt ion sources. The DuoPIGa-

tron ion source has been developed to meet this application. Recent 

improvements in the source performance, as a result of enlarged arc 

electrodes and arc plasma studies, has led to a new version of the source 

called DuoPIGatron II. 

SOURCE PERFORMANCE 

Figure 1 shows a schematic of the DuoPIGatron ion source concept. 
Plasma is produced in the magnetic field free region above the zwischen 
or intermediate electrode aperture. The plasma streams into the mag-
netic field region exterior to the zwischen and inside the anode. 
Because of (l) the electrostatic mirror action of the target cathode 
and zwischen and (2) the axial component of the magnetic field, the 
plasma electrons are forced to oscillate (PIG) until collisions or. 
anomalous diffusion permit their transit across the magnetic field to 
the anode. The magnetic field is only 2 to 10 gauss in the ion extrac-
tion region. 

Previous publications reported a total current drain of 4 amperes 
at beam energies above 30 keV for the DuoPIGatron ion source and accel-
decel grid structure. These electrodes are water cooled copper and will 
allow the plasma source to be operated steady state in the absence of 
a beam. The earlier extraction system was 5 cm in diameter, 50$ tranb 
parent, and composed of 109 apertures, 3.75 mm in diameter. With a grid 
spacing of 6 mm, about 60% of the beam power was delivered to a 9 cm 
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diameter target 1 m from the extraction grid. The DuoPIGatron II 

source has a 7 cm diameter grid structure containing 220 apertures. 

These electrodes are also ̂  50% transparent with uniform 3.75 mm 

diameter apertures in an accel-decel arrangement operating for 0.1 to 

0.2 sec pulses with up to a 10$ duty cycle. This source has been 

operated for more than one million pulses at current levels from % 4 to 

9 A and energies of 20 to 30 keV. 

We have conducted a series of studies on the geometry of the 

electrodes and found that a radius of curvature comparable to ̂  1/2 of 

the ORMAK target spacing, which is ̂  1 m, improved the source perfor-

mance by % 10$. Our conclusions on studies of aperture geometry agree 
3 

with an even more detailed study conducted recently at Culham which 

indicated that for the maximum energy handling capability, while main-

taining good beam optics, constant diameter apertures with a constant 

cross section in the three electrodes is desirable. 

Using this source one obtains the typical performance shown in 

Pig. 2. This shows the total drain on the power supply as a function 

of beam energy. The drain is also the same as the extracted ion current 

except for % 2 to 3% contribution of electrons made from ionizing 

collisions in the extraction gap and for secondary electrons from about 

0.5 to 1% of the ions that strike the accel electrode. The power and 

neutral particle equivalent of the extracted beam that reaches a target 

simulating the entrance duct into ORMAK is also shown. This indicates 

that ̂  60 to 65/5 of the 200 kW beam is available for neutral injection 

heating. 
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Ion and Neutral Beam Species + + + 
Shown in Pig. 3 are the H^, H^ and H^ beam fractions as a function 

+ + 

of total high voltage power supply drain. High H^ and H^ fractions are 

desirable for present day tokamak heating because the neutralization is 

more efficient and because relatively more of the resultant lower energy 

atomic neutral power is given to the plasma ions. At lower current 

levels there is some freedom in parameter adjustment that can change 

these levels. Most notable is the source pressure or, equivalently, 

the source gas feed rate. The gas feed rate chosen is that which gives 

the most nearly constant beam current over the pulse. Higher current 

operation requires optimization of all source parameters and therefore 

there is little freedom allowed to affect ion species fractions. 

Adding a hydrogen charge exchange cell and restricting ourselves 

to a specific beam geometry, i.e., the ORMAK geometry consisting of a 

9 cm diameter circular aperture 1 meter from the extraction system, 

gives the neutral beam power shown in Fig. k as a function of total 

power supply drain with 25 keV extraction. In the ORMAK system the 

cell gas is the gas streaming from the source and it is pulsed in 

order to minimize the cold gas streaming to the ORMAK plasma. Three 

curves are shown in Fig. the gas on 20 msec before the beam, 60 msec 

before the beam, and the neutral power expected for an assumed equili-

brium cell. 

With the three different initial ion species, the neutral power 

is in three different energy catagories; from neutralized H*, dis-
+ + 

sociated and neutralized H^, and dissociated and neutralized H^. This 

power is shown in Fig. 5 as the full-energy, half-energy, and one-third 
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energy components, respectively, as a function of total power supply 

drain with 25 kV extraction and the gas on 60 msec before the beam. 

BEAM IMPURITIES 

The level of accelerated beam impurities has been measured and is 

shown in Fig. 6 as a function of source off time, which is the time 

since the source was last pulsed. No magnetic beam focusing was used 

to selectively rid impurities prior to their reaching the transverse 

magnetic field analyzer. The beam impurity content was measured with 

the gas cell removed and with additional pumping in the beam drift 

space to minimize charge exchange collision of the beam. A beam 

impurity level of 0.h% can be realized with one pulse per second at a 

10$ duty cycle. 

After cleanup, the beam impurity level is not a function of source 

parameters. This cleanup can be accomplished with the source arc only; 

that is, it is not necessary to have a beam. The cleanup time with 

one pulse per second and a 10$ duty cycle ranges from 15 seconds for a 

previously cleaned up source to six hours for a new source which has 

never been operated. The low impurity level can be maintained for a 

delay of up to 20 seconds before cleanup is again required. 

As can be seen from Fig. 6, changing from a copper gas feed line 

to a stainless steel line resulted in a significant decrease in beam 

impurity level. No significant change in impurity level was seen for 

liquid nitrogen trapping of the gas feed line, continuous flushing of 

the gas feed line, or for increasing the length of the line by a factor 

of eight. 
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The dominant impurity appears at a mass number-to-charge number 

ratio of l6. Two possibilities for this are oxygen and methane. Oxygen 

is most likely because the carbon level observed is a factor of 20 less 

than the level of the mass/charge ratio of l6, and because we observe 

a small amount of impurity at a mass/charge ratio of eight and an even 

smaller amount at 5-1/3, which can then be doubly and triply ionized 

oxygen, respectively. Two other impurities are observed at one-tenth 

of the levels shown for the mass/charge ratio of 16. These are at 

mass/charge ratios of and 18 and are assumed to be nitrogen and 

water, respectively. 

PLASMA. STUDIES 

A fundamental limitation of any multiampere ion source system is 

the ability to illuminate the extraction grid with a plasma having 

the desired properties. There are a number of important parameters 

to consider not all of which may be optimized simultaneously. Two of 

the most important are plasma density uniformity over the extraction 

surface and plasma density fluctuations due to rf noise and insta-

bilities. A uniform density is desirable because the beam divergence 

decreases rapidly as one approaches the maximum extractable space 
k 

charge limit that one calculates for a single aperture. Thus, one 

should have a uniform density such that every aperture can be adjusted 

simultaneously to the correct density for good optics. Likewise, 

density fluctuations cause a departure from that necessary for space 

charge limited emission and instabilities may cause ion heating resul-

ting in beam divergence. 
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We have undertaken a study of the plasma properties for the 5 cm 

diameter ion source (original version of the DuoPIGatron) employing rf 

and Langmuir probe diagnostics. We found a density gradient no greater 

than + 30$ over the extraction surface from R=0 to R=2.5 cm. If one 

electrically connects the anode to the target cathode, that is, shorts 

out the PIG, the plasma stays well collimated extending over a radius 

no larger than about 1 cm. 

Upon close examination with multiple rf and Langmuir probes in the 

ion source plasma, we have found that an n=l helical instability exists 

in the discharge which modulates the plasma density at a frequency 

between 250 and U00 kHz. The exact value depends primarily upon 

the magnetic field strength in the anode region, and is about 360 kHz. 

Through use of a single aperture selector and a Faraday cup detector we 

can examine the beam either from the aperture on axis, B=0, or from an 

aperture 1.8 cm off axis. At R=0, we find the beam current to be modu-

lated at the same frequency as the source plasma density with amplitude 

variation of about +_ 10%. The beam through the hole at R=1.8 cm is 

also modulated but with an amplitude variation from + 20% to +, h0%. We 

have found a density variation across the target cathode whose time 

average is + 30$" but whose instantaneous value can vary by about twice 

this amount. 

Since the Child-Langmuir equation for space charge limited emis-

sion from an aperture is satisfied by a unique relationship between 

plasma density and grid separation at a given extraction voltage, any 

variation in plasma density violates the relationship resulting in 

poorer beam optics and increased power loading of the grids. We 
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developed a stabilizing electrode"* which reduces the density oscillation 

amplitude by an order of magnitude without destroying the time average 

density profile of +_ 30%. Two configurations of the stabilizer are 

shown in Fig. 7- The circtolar stabilizer is a simple, 1-in. O.D. 

circular loop of l/l6-in. copper water line; the cloverleef is a con-

figuration of 3 loops each 1/U-in. I.D., arranged symmetrically about 

a fourth, 1/4-in. loop. The stabilizer is positioned about 0.5 cm 
« 

from the anode and is electrically connected to the anode. Figure 8 

shows the reduction in noise level obtained from using two different 

stabilizer designs. The first picture in each row shows that the total 

current extracted is about the same for all three examples. Radio-

frequency comparisons are shown on the second picture and the last two 

pictures of each row show the Faraday cup signal with the aperture 

selector passing a beam through the aperture at R=1.8 cm. 

In Fig. 9 we have plotted the plasma potential, relative to the 

target cathode, as a function of radius at two different axial positions 

between anode and target cathode. The plasma potential was determined 

from point by point measurements of the plasma space potential and elec-

tron temperature using a Langmuir probe. The magnetic field in the 

region of the measurements was 50 gauss and the probe characteristics 

were linear on a semilog plot of electron current vs. voltage. One 

sees from Fig. 9 that there is a 10 V/cm radial electric field without 

stabilization which is effectively canceled with stabilization. Like-

wise the axial electric field is reduced from a few volts/cm to about 

1/2 V/cm. Several points are worth noting. First the direction of 

the radial electric field is in the opposite direction necessary to 
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account for the plasma rotation "by an E x B drift. Second, the axial 

electric field is sufficient to drive Kadomtsev's^ positive' column 

instability assuming a uniform magnetic field of about 50 gauss which 

is measured in tha vicinity of the probes, and third, the measured 

frequency of about 350 kHz agrees with that calculated from positive 

column theory and an electron temperature of a few eV. 

We have net yet developed a stabilizer for the 7 cm diameter source 

even though we have seen the instability in the plasma chamber. How-

ever, we find the instability (and the optimum density gradient) is 

achieved with a smaller magnetic field in the anode-target cathode 

region. This decrease in magnetic field with increased plasma radius 

required for instability onset is consistent with Kadomtsev's theory. 

Thus we are inclined to identify the instability we observe as that 

presert in a positive column or as the screw instability.^ 

We have made Faraday cup measurements of the beam profile witb 

and without stabilization in order to determine the effect of the oscil-

lation on the beam divergence. Figure 10 shows the beam profiles 

obtained at two different currents with the cloverleaf stabilizer. A 

couple of important effects are contained in these data. First, the 

FWEF (full width at one e-fold) varies with the arc current (or plasma 

density). For R=0 the density corresponding to space charge limited 

emission is approximately at the 22 A arc current. At the higher 

current the beam from the center aperture spreads out to a FWEF % Ik cm 

whereas the profile from the aperture at R=1.8 cm is a minimum at the 

higher current. This observation emphasizes the importance of a 

uniform plasma density for a -uniform grid spacing. In addition, the 
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radial displacement of the position of the maximum of the profile through 

the outer aperture is closer to the maximum of the R=0 aperture when the 

FWEF for the outer aperture is a minimum. The minimum FWEF or minimum 

beam divergence occurs for a plasma density equal to that required by 

the Child-Langmuir equation. This effect further emphasizes the desira-

bility of a uniform density gradient. 

We have measured the 1/2 angle divergence for the beam profiles 

shown in Fig. 11 which differs from Fig. 10 in that we used the 1-in. 

circular stabilizer. Optimization of the arc density for extraction 

through the center aperture produced a beam of about 2. half-angle 

with the 1-in. O.D. stabilizer where half-angle is defined by a 1/e 

radial fall off in the beam intensity. Without the stabilizer the 

half-angle increased to about 2.7°. A similar optimization can be made 

for the aperture at 1.8 cm by increasing the arc current or plasma 

density. In this case, however, the half-angle through the center hole 

is 3.3° with or without the stabilizer. It should be emphasized that 

the extraction energy of the beam is 10 keV whereas the grid geometry 

was designed for a plasma density commensurate to a 25 keV beam. Thus, 

the angle divergence measured would be smaller in all cases if a 25 keV 

beam could have been extracted. Recent measurements indicate ^ 1° a.t 

25 keV. Also one should remember that a "whole-beam" half-angle, i.e., 

one made up of many apertures, will be different from a single aperture 

half-angle. 

The effect of the cloverleaf stabilizer on the entire 109 hole 

source is tabulated in Fig. 12. The current values shown in the column 

labeled "without stabilization" are measured but agree with the 
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calculated space charge limit values for the corresponding energy shown 

in column one. The space charge limit current with stabilization at 

20 kV could not be achieved due to a current limitation in the arc 

supply. The power delivered to the target 10 cm in diameter, 1.8 m 

from the grid is also shown and is about 20 to 30% higher for the sta-

bilized arc than it is for the unstabilized one. However, the power 

efficiency and the gas efficiency of the arc are each down about 20$ 

when the stabilizer is used. 

In this study, we have observed two important parameters and 

their effect on beam quality, i.e., plasma oscillations in the source 

and plasma density -uniformity over the extraction surface. For our 

source, we find that the latter is the more important consideration. 

We know how to stabilize the plasma once we get the desired uniformity. 

We have found that we can improve the uniformity by a modification of 

the zwischen such that the plasma feed into the PIG region of the source 

is annular rather than axial. To accomplish this we install a water 

cooled copper button on axis at the exit of the intermediate electrode 

(or zwischen). Figure 13 shows two density profiles we have achieved, 

one with axial and the other with annular plasma feed. The upper curve 

is the source geometry for which the 8 A beam at 25 kV was achieved 

with 60 to 65$ of the extracted power delivered down the simulated 

ORMAK beam line. This is a pure axial plasma feed and the uniformity 

is the poorest, about +_25$, but the average density is the highest. 

The lower, more uniform profile is obtained with an annular plasma 

feed into the anode region of the source. In this case the plasma 

density limited the beam to 5 A. However, 70 -to 75$ of the extracted 
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power was delivered down the ORMAK "beam line. 

We see no limitation to achieving a 10$ density profile over a 

7 cm diameter extraction grid and we are optimistic about increasing 

this diameter to 10 cm. Once the desired uniformity is achieved, we 

will return to the problem of plasma oscillations. 
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FIGURE CAPTIONS 

Fig. 1 DuoPIGatron Ion Source. 

Fig. 2 Source Output as a Function of Energy. + + + 
Fig. 3 H^, H2, and H^ Ion Fractions as a Function of Source Current. 

Fig. 4 Neutral Beam. Power Incident on the ORMAK Plasma as a 

Function of Power Supply Drain. 

Fig. 5 Neutral Beam Power in the Different Energy Components 

Incident on the ORMAK Plasma as a Function of Power Supply 

Drain. 

Fig. 6 Beam Impurity Content as a Function of Source Off Time. 

Fig. T Circular and Cloverleaf Stabilizers. 

Fig. 8 Modulation of Beam Through Hole at R=1.8 cm. 

Fig. 9 Variation of Plasma Potential. 

Fig. 10 Beam Profiles from DuoPIGatron with "Cloverleaf" Stabilizer. 

Fig. 11 Beam Profiles at 10 kV. Arc Current = 20 A. 

Fig. 12 Effect of Stabilization on 109 Aperture (3.75 mm dia.) 

Source at 6 mm Grid Spacing. 

Fig. 13 Variation of Plasma Density Profile with Zwischen Geometry. 
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Fig. 1. DuoPIGatron Ion Source. 
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Fig. 4. Neutral Beam Power Incident on the ORMAK Plasma as a 
Function of Power Supply Drain. 
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