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ABSTRACT 

A rectangular ion source is being developed for producing 120-keV/25-A 

hydrogen ion beams for pulse durations up to 10 s. It consists of a 

plasma generator with a rectangular arc chamber (25- by 35-cm cross 

section) and an ion accelerator with rectangular grids (10- by 25-cm 

hole pattern). The plasma generator is a modified duoPlGatron type. It 

has been operated at 120-V, 1100-A, and 10-s arc intervals to produce a 

dense and uniform plasma sufficient for supplying a 25-A ion beam 

current. The electron emitter used is either a LaB6 hollow cathode or a 

LM (molybdenum doped with 1^203) indirectly heated cathode. The ion 

accelerator having four (or three) rectangular grids with multiple 
; / 

circular apertures has been utilized to form high energy ion beams above 

(or below) 80 keV. With substantial improvements in water cooling and 

mechanical stability, this ion accelerator has been operated reliably to 

deliver long-pulse ion beams with energies in excess of 100 keV and 

pulse lengths of many seconds. The results of measurements made on the 

power transmission efficiency, power density profile at the target, and 

grid loadings are elaborated. The important characteristics associated 

with this long-pulse ion source are also presented and discussed. 
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INTRODUCTION 

The injection of intense beams of energetic neutral atoms has been 

demonstrated as a proven plasma heating technique for fusion devices.1-5 

Recently, significant results of such heating experiments are the record 

ion temperature (>7 keV) in the Princeton Large Torus (PLT),6-7 record 

plasma pressure (<3> > 3%) in ISX-B,8 and the record injected beam power 

(^8 MW) in the Poloidal Divertor Experiment (PDX).9 For the near 

future, experiments on ISX-C and MFTFB10"11 long-pulse (^30-s) neutral 

beams at energies between 50 and 80 keV are being planned. For a 

reactor class machine such as the International Tokamak Reactor (INTOR),12 

long-pulse (^lO-s), high energy (^150-keV), high power (^50-MW) neutral 

beams have been proposed. Such experiments call for neutral beam 

injectors with ion sources capable of delivering ion beams of tens of 

seconds, up to 200 keV, and at "VL00 A. The ion source being developed 

to meet these requirements is called an advanced positive ion system 

> (APIS) ion source. Such ion sources should be developed with the 

capability of high duty cycle operation for quick conditioning and high 

reliability for multiple source operation. A state-of-the-art account 

of the technology of ion sources and neutral beam systems has been 

published elsewhere.13 

The neutral beam development group at the Oak Ridge National 

Laboratory (ORNL) Fusion Energy Division has developed all ion sources 

for plasma heating experiments on the 0RMAK, ISX-B, PLT, and PDX 

tokamaks.14-20 In addition to the low energy ion sources (<50 keV), 

high energy ion sources (>100 keV) are being developed.21-22 A major 
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concern for the APIS ion source development is the pulse length. The 

source components requiring the most development are the electron 

emitter of the plasma generator and the grids of the ion accelerator. 

To deal with the long-pulse problem, various ideas have been 

pursued. A scaled down version of the APIS ion source with a rectangular 

plasma generator and ion accelerator was designed, fabricated, and 

operated. The plasma generator with various electron emitters has been 

developed and optimized.23-25 This ion source was operated near the 

design parameters.26"27 In the following sections, we will describe the 

design considerations, experimental details, and significant character-

istics of this ion source. 
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I. PLASMA GENERATOR 

The plasma generator with a rectangular second anode chamber is 

designed with sufficient water cooling for dc operations. As shown in 

Fig. 1, it is a modified duoPIGatron type. 2 8 - 2 9 It possesses an electron 

emitter, an intermediate electrode, first and second anodes, and a 

plasma electrode (the first grid of the ion accelerator). Under normal 

operation, the electrons drawn from the emitter produce a cathode plasma 

within the intermediate electrode. Along with the axial magnetic field, 

the strong electric field (between the first anode and the intermediate 

electrode) guides and accelerates the electrons from the cathode plasma 

into the anode region. These fast electrons subsequently produce a 

dense anode plasma within the region of the first anode. The ions in 

the anode plasma drift and diffuse towards the plasma electrode and 

eventually are extracted and accelerated to form an ion beam. The arc 

efficiency is improved by using a multiple line cusp magnetic field 

configuration to contain the electrons in the anode plasma. This field 

configuration is achieved by putting longitudinal columns of samarium 

cobalt magnets outside the chamber wall of the second anode. 

The electron emitter, intermediate electrode, and the first anode 

in Fig. 1 are the components of the electron feed in a plasma generator. 

The electron feed components in the conventional circular ion sources 

for PLT, ISX, and PDX injectors15-20 are being used for the dc plasma 

generator development for the scaled APIS ion source. For instance, 

using the electron feed for PDX injectors, the length of the second 

anode (25 by 35 cm) in this plasma generator was optimized to 30 cm. 

The plasma generator has been operated reliably at 120 V, 1100 A for 



10-s pulses. At such arc levels the plasma created is sufficiently 

dense and uniform for extracting 25-A ion beams. Curves in Fig. 2 show 

the typical uniformity of the plasma in the extraction region, i.e., 

within ±10% over the grid area (10 by 25 cm). 

For the short-pulse operation (<0.5 s), conventional oxide filaments 

are used for emitting primary electrons. Under normal operations with 

an emission current below 80 A, the filament with 40-A dc heating has 

been operated reliably for 50,000 shots of 0.2-s pulse durations. 

However, the lifetime of the filament will be shortened when the pulse 

lengths are extended over 0.5 s. In order to successfully extend the 

pulse length to several seconds with oxide filaments, it is necessary to 

maintain a low ratio (<<1) of the emission current to the heating 

current. In fact, the pulse length was successfully extended to a 

couple of seconds at an emission current level of 40 A. However, this 

approach is not practical for adoption to full-scale ion sources in view 

of the need for a large number of filaments to be packed in the inter-

mediate electrode chamber. 

In general, the electron emitter for long-pulse ion sources must be 

capable of supplying primary electrons at a constant rate through the 

pulse and should have a long lifetime. The operating temperature of the 

electron emitter should be uniform, constant, and independent of arc 

power level if possible. To this end, an emitter isolated electrically 

from its heater is advantageous. Hollow cathodes and indirectly heated 

cathodes fall in this category and are being investigated.30-31 At 

ORNL, two electron emitters, a LaBg hollow cathode and a LM indirectly 

heated cathode, have been successfully developed to produce multiisecond 
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ion beams. Each of these emitters is designed with the capability of 

sustaining 500-A and 10-s arc discharges. They are further elaborated 

below. 

Figure 3 shows a schematic drawing of a LaBg holloa cathode.31 A 

LaBg cylinder (1.6-cm ID, 2.5-cm OD, and 4-cm length) is used as an 

electron emitter and is operated at ^1600°C. Outside the LaBg cylinder, 

a slotted tantalum cylinder (3.18-cm ID and 5.1-cm length) works as a 

heater. The heating power has been reduced to ^1.3 kW by using a 

cylindrical roll of heat shield and a tantalum cathode housing. Pro-

tecting the cathode assembly, the water-cooled copper cylinder mounted 

with a tungsten insert is used to reduce the bombardment of backstreaming 

particles. Under normal operation, the copper housing is biased about 

20 V positive with respect to the cathode. The primary electrons 

emitted from the inner surface of the LaBg cylinder produce a plasma. 

The 0.48-cm-diam aperture in the center of the tungsten insert guides 

the plasma jet out of the liollow cathode. When it is used as an electron 

feed for a magnetic multipole ion source, the reliability of establishing 

arc discharge is a sensitive function of gas feed. However, when it is 

used as an electron emitter as shown in Fig. 1, it has been operated 

reliably to establish and sustain arc discharges of 500 A and 10 s. The 

waveforms in Fig. 4 show the characteristics of long-pulse arc discharge 

and ion beam. Ion beams of 40 keV, 12 A, and 6 s were formed with this 

electron emitter. The gas efficiency is estimated to be similar to that 

when the oxide filaments are used as an electron emitter. 

Another type of long-pulse electron emitter successfully developed 

is the LM indirectly heated cathode. The electron emitter is a molybdenum 
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tube doped with 2% LazO^.^2 Figure 5 shows the schematic drawing of 

this cathode assembly. Each LM cathode (1.9-cm diam and 7.5-cm length) 

is heated to 'VL600oC by a graphite heater with 2.3-kW heating power. 

Using this LM cathode assembly as the electron emitter, the plasma 

generator in Fig. 4 has been operated to sustain arc discharges of 

120 V, 1100 A, and 10 s. Ion beams with many seconds duration have been 

formed with this arrangement. The typical waveforms associated with 

this operation are shown in Fig. 6. The top picture shows a 20-s 

electron current emitted from one LM cathode, and the constant probe 

current shows the stability of this cathode. The middle picture shows 

an arc discharge corresponding to long-pulse ion beam operation. The LM 

cathode has been proved to be immune to poisoning from exposure to air. 

Tests are being pursued for determining lifetime. 
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II. ION ACCELERATOR 

The mechanical stability of the gri^s, with extraction patterns in 

the range of 10-30 cm, was a major concern in the development of ion 

sources. Some experimental results33 indicated that for the thin 

(=2-mm) grids to remain stable under heat loadings of up to 200 W/cm2 

the length of the cooling lines on the grids has to be necessarily short 

(<20 cm). Moreover, theoretical studies19 have shown that large, thin 

grids (with a 30-cm-diam extraction pattern and 40-cm-long cooling 

paths) would be subjected to unacceptable levels of deflection during 

beam extraction when the pulse length exceeds the thermal time constant 

of the grids (^500 ms). A rectangular extraction geometry with cooling 

lines along the shorter dimension was therefore adopted for the long-

pulse source. 

The grids in this rectangular ion accelerator have an active area 

of 10 by 25 cm with multiple circular apertures. The grids are actively 

water cooled. The cooling is improved by providing cooling lines 

between every row of apertures, but this has resulted in lowering the 

geometry transparency (^38%). The aperture dimensions are shown in 

Fig. 7. In this figure the grids are numbered in order along the beam 

direction. The terminology is also defined. The notched type of ion-

emitting aperture in the plasma elcctrode has been designed and optimized 

by theoretical study34 and experimentally proved to be excellent.20'35-36 

Moreover, the ion accelerator has been designed with a flexibility for 

triode (three-grid) or tetrode (four-grid) operation. The flexibility 

provides the opportunity for studying formation and characteristics of 

ion beams above (or below) ^80 keV from tetrode (or triode) operations. 



In the triode operations, the extraction gap was set to be 1.2 cm 

for 80-keV beam formation. The decel gap was 0.2 cm. It has been 

operated to form hydrogen ion beams of 80 kpV/20 A/0.1 s. Next, we 

describe the beam properties of a 60-keV ion beam which have been 

studied in the same experimental arrangement as that used for a previous 

high energy beam study.22 The characteristics of power deposition on a 

±2° target at 4.2 m downstream and heat loading on the three grids as a 

function of perveance are shown in Fig. 8. At optimum perveance, the 

transmission efficiency to the target is about 70% of extracted power. 

The heat loadings to the plasma, extraction, and ground grids are y2%, 

0.3%, and 1%, respectively. The plasma grid loading includes about 1% 

due to the source plasma. These grid loadings are comparable to those 

measured for ISX-B and PDX injectors.17-18 The corresponding overall 

beam divergence measured near the focal plane was ^1.0° HWHM. Since the 

inertial target was not suitable for stopping the beam at full power, we 

have deliberately reduced the operating level to 40 keV/12 A while 

extending the pulse length. The waveforms of beam voltage and current 

for the long-pulse beam (40 keV/12 A/6 s in Fig. 4) indicated the grids 

to be stable during the pulse. In this study, we noted that the beam 

energy limitation of triode operation is caused by the direct inter-

ception of the beam particles with large divergence (>6°). It could be 

extended to higher values by optimizing aperture geometries of all the 

grids and using materials like molybdenum for the grids. 

For the tetrode operation, the ion accelerator was assembled with a 

0.6-cin extraction gap and a 1-cm accel gap, as shown in Fig. 7.. Ion • • 

beams of 108 keV/14 A/0.1 s and 104 keV/18 A/0.1 s were fo rmed. .Maximum' 



beam energy and pulse duration were limited by the test facility. The 

source characteristics were measured at 80 kV, primarily for the sake of 

reliability while scanning the perveance over a wide range around the 

optimum. In general, the beam properties are similar to those reported 

elsewhere.22 Figure 9 shows the power deposition characteristics of 

80-keV beams as a function of the perveance, at a constant ratio (1.6) 

of accel field to extraction field. The maximum transmission efficiency 

of 80% was measured on a ±2° target at 4.2 m downstream. Figure 10 

shows the overall beam divergence of 0.5° HWHM for 561 beamlets near the 

focal plane (4.2 m downstream). 

The grid heat loadings are also shown in Fig. 9. The minimum heat 

loading on grid Number 1 is VL.2% IV power of which 40% is due to the 

source plasma. This is a factor of 2 or 3 lower than the previous 

results.22 Moreover, such grid'heat loadings are comparable to that in 

the triode accelerator. Minimizing the grid loadings is crucial to the 

success of long-pulse acceleration. A detailed study was carried out to 

determine the relative importance of the various factors that contribute 

to heat loading on the grids, and the results were presented elsewhere.37 

The ground grid loading includes the loading on the grid support struc-

ture. Direct interception of the large angle wings of the beamlet (as a 

result of either electric field aberrations or ions born by charge 

exchange in the nonuniform field regions in the accel column) constitutes 

the primary mechanism for this loading. Heat loadings on the first grid 

in the case of a three-grid accelerator and on the second grid in a 

four-grid structure are due to interception of secondary electrons 

generated on the most negative grid by the ions extracted by the decel 
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voltage from the neutralizer plasma. Electrons produced in the accel 

column by beam ionization also contribute to the heat loading; although 

most of them end up in the plasma generator in a three-grid accelerator, 

a portion of them strikes the beam-forming grid in a four-grid structure. 

Optimization of the apertures on all the grids is in progress38 to 

minimize the heat loadings. 

Following the beam property study, the pulse length of ion beams 

has been extended to many seconds. With a set of 12 oxide filaments, 

the source has been operated to form ion beams of 1.7 s/100 keV/6 A, 

2 s/90 keV/11 A, and 4 s/86 keV/10 A. The oxide filaments failed to 

produce a 5-s ion beam of 86 keV/10 A. The long-pulse operation was 

resumed by using the LM indirectly heated cathode (Fig. 5) as an electron 

emitter. With this electron emitter, multisecond arc discharges and ion 

beams have been repeatedly and reliably formed. As shown in Fig. 6, the 

arc current level of 1100 A has been extended to 5 s (as long as 10-s 

arcs have been achieved recently). Also, 90-keV/9-A ion beams have been 

extended to 5 s. During this long-pulse beam study, since the inertial 

target at 4.2 m was inadequate to stop the focused beam, it was moved 

away from the focal plane. The grid loadings as a function of the pulse 

length were carefully measured. Because grid deformation should be 

reflected in the grid loadings and since the energy dissipation is 

linear with pulse length (Fig. 11), we conclude that the grids are 

stable with no signs of deterioration up to the full 8 s of beam duration. 

It may be noted that the current density corresponding to the long-pulse 

beams is about 0.15 A/cm • This is about a factor of 2 lower than that 

required for the full-scale APIS source. 
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III. CONCLUSION 

The scaled APIS ion source has demonstrated the capability to 

produce high energy long-pulse ion beams. The achievements of this 

source are summarized below: 

1. A rectangular plasma generator based on modified duoPIGatrons has 

been successfully developed and operated at 1100 A for 10-s-long 

pulses. 

2. Two long-pulse electron emitters, each capable of 500 A and 10 s, 

have been developed. They are the LM indirectly heated cathode and 

the LaBg hollow cathode. 

3. Ion accelerators suitable for long-pulse (>l-s) beam extraction have 

been developed. It was shown that long-pulse beams of energy up to 

80 keV can be reliably formed using a simple triode configuration. 

Using two-stage acceleration the beam energy at long pulse lengths 

has been extended to 100 keV. 

A. The tetrode ion accelerator is able to produce ion beams with high 

quality optics; for 561 beamlets near the focal plane, ±0.5° HWHM 

overall beam divergence has been measured. 

5. Since there is room for minimizing grid loadings and improving the 

primary optics, the above results are quite encouraging for develop-

ing multimegawatt ion beams of multisecond pulse duration. 



13 

ACKNOWLEDGMENTS 

The authors would like to thank some of their colleagues for their 

help in this work: G. C. Barber, N. S. Ponte, D. 0. Sparks, and 

R. E. Wright for the electrical and electronics support; C. W. Blue and 

R. R. Feezell for the test stand maintenance; W. K. Dagenhart, C. R. 

Stewart, Jr., and D. H. Thompson for the data acquisition system; 

E. F. Marguerat for the source design; and J. H. Whealton for the optics 

study and improvement. The authors also would like to acknowledge 

W. L. Gardner for his valuable discussions. 



14 

REFERENCES 

1. L. A. Berry et al., in Proceedings of the Sixth International 

Conference on Plasma Physics and Controlled Nuclear Fusion Research, 

Vol. I (IAEA, Vienna, 1977), p. 49. 

2. Equipe TFR, ibid., p. 69. 

3. J. G. Cordey et al., Nucl. Fusion 14, 441 (1974). 

4. F. H. Coensgen et al., Phys. Rev. Lett. 37.> 143 (1976). 

5. M. M. Menon, "Neutral Beam Heating Applications and Technology," 

to be published in IEEE Proceedings (September 1981). 

6. H. P. Eubank et al., Phys. Rev. Lett. 43, 270 (1979). 

7. G. Schilling et al., Bull. Am. Phys. Soc. 25, 999 (1980). 

8. M. Murakami et al., in Proceedings of the Eighth International Con-

feren- on Plasma Physics and Controlled Nuclear Fusion Research, 

(IAEA, Vienna, 1980), to be published. 

9. D. Meade (private communication). 

10. T. C. Jernigan, Bull. Am. Phys. Soc. 25, 978 (1978). 

11. R. R. Borchers and C. M. Van Atta, "The National Mirror Fusion 

Program Plan," UCAR-10042-80, Lawrence Livermore National Labo-

ratory, 1980. 

12. INTOR Group, in Report of the International Tokamak Reactor Workshop 

(IAEA, Vienna, 1980). 

13. H. H. Haselton and R. B. Pyle, in Transactions of the Fourth Topical 

Meeting of the ANS (King of Prussia, Pennsylvania, 1980), to be 

published. 

14. R. C. Davis et al., Rev. Sci. Instrum. 46, 576 (1975). 



15 

15. C. C. Tsai et al., in Proceedings of the Seventh Symposium on 

Engineering Problems of Fusion Research (IEEE, Knoxville, 1977), 

pp. 278-283. 

16. W. L. Stirling et al., Rev. Sci. Instrum. 50, 523 (1979). 

17. J. Kim et al., J. Appl. Phys. 51, 1984 (1980). 

18. M. M. Menon et al., in Proceedings of the Eighth Symposium on 

Engineering Problems of Fusion Research (IEEE, San Francisco, 

1979), p. 665. 

19. J. A. Mayhall and C. C. Tsai, ibid., p. 1070. 
20. W. L. Gardner et al., Bull. Am. Phys. Soc. 25, 958 (1980). 

21. J. I'im et al., J. Appl. Phys. _4_9̂  517 (1978); Rev. Sci. Instrum. 

50, 201 (1979). 

22. M. M. Menon et al., Rev. Sci. Instrum. 51, 1163 (1980). 

23. C. C. Tsai et al., in Proceedings of the Eighth Symposium on 

Engineering Problems of Fusion Research (IEEE, San Francisco, 

1979), p. 665. 

24. J. Kim et al., Bull. Am. Phys. Soc. 24, 1000 (1979). 

25. P. M. Ryan et al., presented at the IEEE International Conference 

on Plasma Science, Madison, Wisconsin, 1980 (unpublished); Bull. 

Am. Phys. Soc. 24, 1000 (1979). 

26. C. C. Tsai et al., Bull. Am. Phys. Soc. 25^ 971 (1980). 

27. M. M. Menon et al., presented at the IEEE International Conference 

on Plasma Science, Madison, Wisconsin, 1980 (unpublished). 

28. C. C. Tsai et al., Rev. Sci. Instrum. 48, 651 (1977). 

29. W. L. Stirling et al., Rev. Sci. Instrum. 4JS, 533 (1977). 



16 

30. D. M. Goebel et al., Rev. Sci. lustrum. 49, 469 (1978); Rev. Sci. 

Instrum. 51, 1468 (1980). 

31. D. E. Schechter et al., in Proceedings of the Eighth Symposium on 

Engineering Problems of Fusion Research (IEEE, San Francisco, 1979), 

p. 1038. 

32. C. Buxbaum, Brown Boveri Rev. 1-79, pp. 43-45; C. Buxbaum et al., 

U.S. Patent #4 010 081 (April 1977). 

33. C. C. Tsai (unpublished). 

34. J. H. Whealton et al., Bull. Am. Phys. Soc. 24, 972 (1979). 

35. C. N. Meixner et al., Bull. Am. Phys. Soc. 24, 1000 (1979); J. Appl. 

Phys. (1981), in press. 

36. W. L. Gardner (private communication). 

37. M. M. Menon et al., Bull. Am. Phys. Soc. 25, 971 (1980). 

38. J. H. Whealton et al., in Transactions of the Fourth Topical Meeting 

of the AES (King of Prussia, Pennsylvania, 1980), to be published. 



17 

FIGURE CAPTIONS 

Fig. 1. Sketch of the source including electrical connections. 

Fig. 2. Typical density profiles. 

Fig. 3. Hollow cathode assembly. 

Fig. 4. Typical waveforms of long-pulse ion beam and arc. 

Fig. 5. LM (Mo doped with La203) indirectly heated cathode 

assembly. 

Fig. 6. Typical waveforms of arc current, arc voltage, probe 

current, beam current, and beam voltage of long-pulse ion beam and arc. 

Fig. 7. Schematic aperture dimensions of a tetrode ion accelerator. 

(The no. 2 grid above is absent in a triode configuration.) 

Fig. 8. Power deposition to target and grids of 60-keV beams as 

a function of perveance or beam current. Here, 1 y perv is about 14.7-A 

beam current. 

Fig. 9. Power deposition to target and grids of 80-keV beams as a 

function of perveance or beam current. Here, 1 y perv is about 22.6-A 

beam current. 

Fig. 10. Total beam profile of an 80-keV/5-A beam measured near 

the focal plane 4.2 m downstream. 

Fig. 11. Power loadings to grids in a tetrode as a function of 

pulse duration. 
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