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Introduction

The objective of the BNL Neutral Beam Program is to develop a 250 keV

neutral beam system suitable for heating and other experiments in toroidal or

mirror plasma devices. The system is based on acceleration and neutralization

of negative hydrogen ions produced in and directly extracted from a source.

The objective of source studies is to develop a module delivering 10 A of nega-

tive ion currents, with pulse lengths ranging from several seconds duration up

to a steady-state operation. The extracted current density should be several

hundred mA/cm2, and the source should operate with power and gas efficiencies

acceptable from the beam line point of view. The objective of beam extraction

and transport studies is to design a system matching the 10 A source module to

the acceleration stage. The 250 keV acceleration studies cover several op-

tions, including a d.c. close-coupled system, a large aperture d.c, system

matched to the source by a bending magnet, a multiaperture d.c. system follow-

ing a multiaperture strong focusing transport line, and a MEQALAC structure.

During FY 1980, the BNL Neutral Beam Program was reviewed by DOE on two

occasions, separately in October 1979 and as part of the overall negative ion

neutral beam program in April 1980. The second review panel has recommended

that the FY 1980 work be limited to the demonstration of the ion source viabil-

ity at 1 A, 10 kV and long pulse (at least 5 s) level, coupled with a system

study of a 10 A, 200 keV beam line. A substantial progress in this area has

been achieved with a magnetron source, resulting in an improvement in the

source efficiency by a factor of 3-4. Two water-cooled sources have been

designed and fabricated (a Penning and a magnetron) and the test stand put into

operation. Preliminary and very promising experiments have been performed with

a hollow cathode discharge to serve as a plasma source for injection into a

magnetron geometry.

BNL Approach

Components of a negative ion source based neutral beam system cen be iden-

tified as follows (Fig. 1):
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Figure 1 — Components of a negative ion source based neutral beam
system.

1. Ion source;

2. Extractor and beam transport;

3. Accelerator;

4. Stripping (neutralizing) cell;

5. Ion deflector;

6. Ion beam dump.

In FY 1980 work has been in progress on the first two components only.

Several models of the magnetron source have been studied. In sources of

this type, a hydrogen-cesium plasma is established in the racetrack-shaped

interelectrode gap and serves as the source of particles to bombard a cesium

covered electrode (cathode), where negative hydrogen ions are produced. All

BNL sources are of the compact design and operate with high extracted H— cur-

rent densities; for operation with pulses longer than 0.1 s, source electrodes

and extractor grids have to be cooled. Based on results from Mk III and Mk IV

magnetron sources, both incorporating very essential improvements but having no

cooling, a larger model, Mk V, was designed and fabricated; with all electrodes

water cooled, this version should be capable of steady-state operation. In

addition to standard magnetron sources, a modified version has been under con-

sideration, where an almost fully ionized plasma would be injected from a hol-

low cathode discharge into the gap of the magnetron source. Preliminary ex-

periments with the surface production of H- ions using a hollow cathode dis-

charge plasma column were very encouraging.
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The purpose of the extractor system is to extract negative ions from the

source, form a beam with a sufficient current density and having good optical

properties, separate electrons and, possibly, remove them to an electrode at a

lower potential. Except in the case of an immediate acceleration (close coupl-

ed system), a beam transport system is required to transfer and match the beam

to the accelerator. For that purpose, two systems have been studied, a bending

magnet and a transport line consisting of strong focussing electrostatic quad-

rupoles.

Earlier in the BNL program, close coupled accelerating structures have

been studied theoretically and experimentally and the conclusion was that they

do not offer a practical solution for high current long pulse beams in a high

neutral gas pressure environment. The improved magnetron sources, developed

since then, have a gas efficiency higher by a factor of about 3; sources with

plasma injection may have a gas efficiency as high as 50%, so that a close

coupled system may become again a viable option. In addition to this system,

possible options include a large area, single aperture electrostatic accelera-

tor and the MEQALAC. However, no work was done in FY 1980 either on accelerat-

ing structures or on the rest of the system.

Project Goals for FY 1980

Negative Ion Sources. The main objective of the program has been to design a

source and extract a 20 keV beam having an intensity of a least 1 A, in pulses

of 1 s duration or longer. The source should have a good power efficiency so

that the heat could be removed by water flow (no nucleated boiling heat re-

moval), and operate with an acceptable gas efficiency. Studies of the existing

Mk III and Mk IV sources should continue to gain information on the best shape

of source electrodes (cathode, anode) and on the electron collector and extrac-

tor system. Based on these data, Mk V cooled models should be designed and

fabricated, with parameters adequate for the proof-of-principle requirements,

as defined by the progiam review panel. The test stand for studies of cooled

sources should be put into operation and tests of cooled sources are to begin

in the second half of the year. Studies of the nucleated boiling should be

finished with the goal of 1 kW/cm2 heat input.
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Negative Ion Transport and Acceleration. Studies of 15 keV beam properties

should continue, with the goal to get information on different sources, operat-

ing under different conditions and with different extraction systems, without

and with a bending magnet. Beam transport and accelerating systems (single

aperture d.c, quadrupole, MEQALAC) will be studied theoretically. Work on the

construction of the new accelerator test facility should continue with a low

priority, with the goal to finish Phase I (vacuum system, source, 30 kV extrac-

tion power supply).

Progress in FY 1980

Negative Ion Sources. A substantial improvement in the performance of the Mk

III magnetron source has been achieved by introducing two changes in the de-

sign: geometrical focusing of negative ions from the cathode into the extrac-

tion slit and widening of the gap in the back of the source (Fig. 2). Geo-

metrical focusing contributes to the improvement in two ways. First, negative

ions, produced on the cathode surface, are collected from a much wider area

than without focusing (up to a factor of 10), resulting in a reduced cathode

current density, a reduced cathode power density and a lower operating pres-

sure. Second, due to a lower operating pressure losses in the discharge gap

are reduced and gas efficiency improved. The function of the wider gap in the

back of the source is not fully understood, but it contributes further to the

improvement in the source performance. Fig. 3 shows the extracted H- current

and current density as function of tha cathode current and current density,

comparing a standard magnetron source, a magnetron source with geometrical

focusing, and a magnetron source with both, geometrical focusing and wider gap

in the back. It is evident, that the cathode power density, required for a

certain H— current density, has been reduced by an order of magnitude; as a

result, nucleated boiling, that was contemplated earlier as the method for

cathode heat removal, is not necessary any more and simple water flow cooling

has become sufficient. Another very important feature has been observed: at

these current densities, there was no isotope effect in the source perform-

ance.
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Figure 2 — The asymmetric magnetron configuration.
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Figure 3 — H~ current versus arc current for the normal magnetron with
flat cathode, normal magnetron with grooved cathode and
asymmetric magnetron with grooved cathode.
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Subsequently, Mk IV magnetron source was modified in a similar fashion, by

adding three focusing grooves and widening the gap in the back of the source.

Performance was greatly improved, although the source was operating with reduc-

ed parameters so as to be able to extend the pulse length to 0.1 s and even

longer. Table I summarizes the results obtained with a standard Mk III magne-

tron (for comparison), improved Mk III and improved Mk IV.

_____

Magnetron With Magnetron With
Standard Magnetron 1 Groove 3 Grooves
(Mklll; A=12.5cm2) (Mklll; A=12.5cm2) (MklV; A=38cm2)

H— Current (A)

H— Current Density
(A/cm2)

Pulse Length (s)

Cathode Current
Density (A/cm2)

Cathode Power Density
(kW/cm2)

Gas Efficiency (%)

1.0

0.7

0.01

20.0

1.6

1-2

0.6

2.2

0.01

3.6

0.45

6

0.35

0.35

0.1

1.3

0.16

As an extension of previous studies on Penning sources, a cooled model was

designed at BNL and fabricated by Westinghouse. Its cathode surface area is 10

cm2 and peak power density 1 kW/cm2 if nucleated boiling is used to remove the

heat. At this power level, the source should deliver several hundred milli-

amperes of H— current in steady state. However, recent improvements in the

design of magnetron sources have led to the decision to put more emphasis on the

latter; the objective of the tests with the cooled Penning source was modified

and it served to put the new test stand in operation, to gain experience with a

steady-state mode of operation and study some engineering aspects of such

sources. This objective has been accomplished and the source operated on the

new test stand at reduced power levels in a steady state.
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Assuming a linear scaling down of the negative ion current density with

source input power, parameters for a larger model to operate steady state have

been determined. Parameters also agree with general guidelines of the neutral

beam program as stated earlier. This model should be capable of delivering 1-2

A of H- or D- beams, at a density of 0.5 to 1 A/cm2 in the extraction aperture,

in pulses of 5 s duration or longer and use water flow to remove heat. The last

requirement limited the maximum power density at any electrode to about 0.2

kW/cra2. Table II shows the parameters of the source and Fig. 4, its cross sec-

tion.

Table II

H- (or D-) Current

H- (or D-) Current Density
(in the extraction slits)

Extraction Slit Area

Pulse Length

Cathode Current Density

Cathode Surface Area

Cathode Current

Cathode Power Density

1 to 2 A

0.5 to 1 A/cm2

2 cm2

> 5s

0.8 to 1.6 A/cm2

60 cm2

50 to 100 A

< 0.2 kW/cm2

There are five focusing grooves on the cathode surface opposite the extrac-

tion slits; total area of the slits is 2 cm2. The shape of the cathode supports

and surrounding anode walls has been chosen so that in all regions close to the

discharge plasma there is a component of the electric field parallel to the

magnetic field; it prevents the initiation of parasitic discharges in areas

outside the main discharge gap. The source has been fabricated in BNL shops,

except for the cathode (made by Westinghouse).
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Figure 4 — Cross section of the Mk V magnetron.

Even the new magnetron sources (Mk III, Mk IV, Mk V) have some features

that one would desire to improve. The first is the gas efficiency, which

presently is about 6% and it is doubtful that it could be increased above 10% by

further changes in the shape of the electrodes. Second, the energy of primary

particles bombarding the cesium covered cathode is determined by the conditions

for sustaining the discharge and its value may not be the best for the produc-

tion of negative ions. Both of these drawbacks may be greatly reduced if plasma

is injected into the ion source from a separate plasma source. Feasibility

experiments were performed on a MIT test stand with a 3 mm diameter tantalum

tube serving to produce a hollow cathode discharge. Table III summarizes the

results; they show that it is possible to operate such a discharge at high

enough plasma densities and with very high gas efficiencies, that it is possible

to draw about 1 A/cm2 of current into a negatively biased electrode (converter)
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and that up to 0.3 A/cm2 of negative hydrogen ions may be produced on the sur-

face of the converter (cesium covered molybdenum). The design of the MK V mag-

netron source is such that is should allow a future modification to include one

or more hollow cathodes for independent plasma injection.

Table III

Mode of Operation Steady State (> 25 hours)

Arc Current

Hydrogen Mode 22-29 A

Hydrogen-Cesium Mode 4-100 A

Converter Current Density (at -80 V)

Hydrogen Mode 1 A/cm2

Hydrogen-Cesium Mode 2.3 A/cm2

Estimated H- Yield (Cs Mode) 0.3 A/cm2

Operating Pressure (1 - 3) x 10"1* Torr

Plasma Density (center)

In order to be able to study sources operating with very long pulses or

steady state, it was decided to build a new test stand (FY 1979). Parameters

were chosen so that ion sources, operating steady state with a gas efficiency of

5% and delivering 1-2 A of ions, can be studied on the test stand. Two 35-inch

(surplus NASA) diffusion pumps have a total pumping speed of 80,000 £/s; if, in

the future, a higher pumping speed becomes necessary, a cryopumping system will

be installed in the box. The cooling system is capable of pressurization to 250

psi, two heat exchangers have a rated capacity of about 50 kW. The system has

all the instrumentation necessary to read the flow rate, pressure and tempera-

ture at various points in the system. The discharge power supply, used for

continuous mode of operation, delivers 25 A at 850 V; for full power, pulsed

operation (up to 30 s duration) a battery system will be used, delivering up to

500 A at 450 V. In addition to a water cooled beam stop, a beam current trans-

former with a 17 cm aperture and a frequency band from d.c. to 6 MHz will be
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used Co monitor the total extracted current* The test stand has been put into

operation, except for the battery power supply (scheduled date early 1981), and

all systems checked by operating the Penning source with cooled cathodes.

The joint BNL/Westinghouse program was limited to nucleated boiling studies

and steady state heat load of 1 kW/cm2 was successfully removed from a Penning

cathode. Dr. Joel Fink (Westinghouse R&D Center) has spent part of the year at

BNL as a member of the group. His contributions ranged from participating in

the Mk V source design, theoretical studies of the high voltage breakdown in

combined electrostatic and magnetic fields, studies of neutralizing cells, to

the analysis of beam line systems.

Negative Ion Transport and Acceleration. Negative ion beam properties (density

distribution, emittance) have been studied by means of a computer controlled

slit emittance monitor, located about 8 cm from the source. The divergence of a

single 10 keV, 0.2 A (*» 1 A/cm2) beam from a conventional magnetron source (no

cathode grooves, narrow gap in the back of the source) was about ± 250 mrad

perpendicularly to the slit and to the direction of the magnetic field, and

about ± 75 mrad in the other direction. The normalized emittance was in this

case about 0.3ir cm mrad for 85% of the beam. Penning sources have generally a

lower emittance than conventional magnetrons.

The beam from an improved magnetron source (asymmetric, one focusing

groove) had about the same divergence, but the emittance was reduced to O.lir cm

mrad for similar beam parameters. The same source was used in an experiment

with a two-grid extractor. The purpose of the first grid, operating at a volt-

age of 1-2 kV, was to collect electrons at a much lower energy than the H— beam

energy and to reduce the divergence of the H- beam. The beam divergence and

emittance were indeed reduced by a factor of two, but the beam intensity was

reduced even more.

The electron component of the extracted beam may consist of primary elec-

trons diffusing out of the plasma and secondary electrons produced by either

stripping of negative ions in hig;h pressure regions or by photoemission from

ce3ium covered surfaces or by ionizing collisions of gas molecules. By optimiz-

ing the source operating conditions and extractor parameters, it was possible to
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reduce the ratio of the* electron current to ft- ion current to 1:2, with the grid

loading less than 20% of the H— target current. This is very important informa-

tion for the design of a steady state operating grid structure for the MK V

source.

In addition to earlier studies of transport of 0.5 A beams through a 90°

bending magnet, a strong focusing electrostatic quadrupole channel was con-

structed (in cooperation with the Heavy Ion Fusion Group at BNL) to test its

feasibility in applications for neutral beams. The channel consisted of 12

quadrupoles with a 3 mm aperture and ± 1.5 kV on the electrodes. The transport-

ed beam was 3.6 mA (44 mA/cm2), which is 55% of the calculated value.

Four different acceleration systems have been considered to determine their

feasibility for a future neutral beam system. A closed coupled d.c. system,

although simple, is impractical unless the source gas efficiency is improved by

an order of magnitude. If a bending magnet is used to separate the source from

the rest of the beam line, the accelerator could be a large aperture, d.c. sys-

tem. Electrostatic acceleration can be used in conjunction with a multiaper-

ture, strong focusing transport system; in this case the accelerator would be a

multiaperture structure as well. Finally, a MEQALAC linear r.f. accelerator

would have distinct advantages to achieve beam energies above several hundred

keV. However, no detailed studies have been done on either of the four sys-

tems.

Plans for FY 1981

Negative Ion Sources. The main objective of the program continues to be the

development of a negative ion source in quasi-steady state operation delivering

1-2 A of extracted H-/D- beams. Source studies will be mainly concentrated on

the d.c. operation of the Mk V magnetron model; beam extraction will be demon-

strated at an energy of about 10-15 keV. Studies with the Mk IV model will*be

phased out and experiments with independent plasma injection will begin. In

particular, efforts will be concentrated on the development of a hollow cathode
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plasma sheet suitable for injection into a magnetron type negative ion source.

Following this, the Hollow Cathode Discharge Experiment (HCDX) will serve to

demonstrate that magnetrons with plasma injection are a viable and attractive

option for multiampere neutral beam injectors. The parameters for a 10 ampere

module will be established.

Negative Ion Transport and Acceleration. Studies of the existing Mk III magne-

tron will continue not only to gain information on the best shape of source

electrodes, but also to find the proper solution for matching the surface plasma

source to the accelerator. The main effort will be concentrated on single and

double gap extraction as well as on the experimental study of electrostatic

quadrupole transport systems. A system analysis will be made on how to inte-

grate the source(s) with a 200 keV, 10 ampere neutral beam system.
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