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Summary 

Integrated into the operation of the 2X11B rontrolled 
fusion experiment is a 600-A, 20-keV neutral injection 
system: the highest neutral-beam current capacity of 
any existing fusion machine. This paper outlines the 
requirements of the injection system and the design 
features to which they led. Both mechanical and elec
trical aspects are discussed. Also included is a brief 
description of some operational aspects of the system 
and some of the things we have learned along the way, 
as well as a short history of the most significant 
developments. 

Introduction 

Whilfc there are still many open questions among CTR 
experimentalists, it is now generally agreed that the 
future of fusion machines includes massive injection 
of reutxal hydrogen or deuterium fuel. Accomplishing 
this presently ueans arranging injector modules of 
nodest beam output in arrays that can deliver the 
required total current. In this approach, each module 
must deliver its beaj at the full desired energy level. 

We have used the 2XI1B mirror confinement experiment 
as the test bed for this modular scheme, and the key 
to ite application has been the 50-A, 20-kV, 10-ras 
neutral beam injector module developed at the Lawrence 
Berfteley Laboratory in 1973 (Fig. 1). This unit is 
known to some as simply the "Berkeley source," and to 
workers in the Soviet Union aa the "(magnetic) field-
free source." A quiescent plasma Is generated in an 
arc chamber by electron bombardment, a 3-grid extractor 
electrostatically accelerates and focuses the ions, 
and a downstream gas cell neutralizes the extracted ion 
beam by charge exchange, * All this is necessary for 
the injected beam to penetrate both the fully-developed 
magnetic confinement field and the experimental plasma 
to add energ..- cr replenish energetic particle losses. 

Of the total 600 A available at 20 keV, we have, to 
date, injected 370 A of neutral particles at 13-keV 
average energy during 2XIIB operation.-3 The maximum 
energy during operation is about 17 keV. These per
formance parameters have steadily increased as we have 
gained experience. 

In^action System Design 
Design of the 2X1IB coil set and on th(; 50-A module 

were done at the same tine. A key objective was to 
maximize the total neutral bean current that could be 
injected through two minor lobes of the yin yang com
pression coils.* The general approach was to make 
these lobes as large as possible while making the 
injector modules as small as possible. The vacuum 
vessel was designed imnedlately afterward so that 
while fitting inside Lhe cavity of the coil set, it 
sacrificed a minimum of the space gained in the 
minor lobes.5 

Mechanical Design Considerations 

The plasma decay rate in 2XIIB'a immediate pre
decessor, 2X1I, indicated that a neutral deuterium in

jection capacity In 2XIIB of 600 A was needed to make 
up the observed plasma density losses with a reason
able safety margin. This required twelve 50-A injector 
modules. 

Two performance characteristics of the 50-A module 
exerted decisive Influence in the conceptual integration 
of the machine and Its Injectors: the residual gas 
loading imposed on the machine's vacuum system by In
efficiencies at various stages of injector operation, 
and the injectors' beam optics. 

Gas Handling. What happens to the source gas 
(deuterium for 2XIIB) after it is admitted to the in
jector is best described by Fig. 2. In connection with 
gas handling, we define two terms: 

• "thermal gas" (cold gas) is all gas leaving the 
mouth of the neutralizer, other than energetic 
particles, and 

• "streaming gas" is the portion of the thermal gas 
that proceeds by direct line-of-sight from the 
neutralizer gas cells to the plasma region. 

Two vertical arrays of six nodules each are installed 
on each side of 2XIIB's centerline {Fig. 3). The total 
gas evolved from one array during the 2- to 5-ms experi
ment, ignoring gas evolved from wall bombardment by 
energetic particles, Is approximately 1650 A (atoms), 
or loO Torr-l/s. This is pumped primarily by two 
expansion chambers in series, which are separated from 
uach other and from the plasma region by baffles having 
apertures just large enough to pass the energetic 
neitral beams. The streaming gas also passes through 
these apertures and this component of the thermal gas 
load on the plasma cannot be prevented. All expansion 
chamber surfaces are at room temperature and are covered 
with a getter film of titanium deposited by hot-wire 

Lawrence Berkeley laboratory 50-A, 20-kV 
injector module on mounting bellows. 

Work performed under the auspices of the U.S. Energy Research & Development Administration,under contract 
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F i g . 2 . Schematic of I n j e c t i o n system gas h a n d l i n g . 
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Fig. 3. Neutral beam injector arrays. 

subllmators. These surfaces collect and retain gas to 
prevent its interaction with the plasma, although they 
are presently a secondary pumping mechanism. Diffusion 
pumps handle gases that are not efficiently gettezed. 
The gettering layer is renewed before every operating 
pulse of 2XIIB. Getter surfaces and expansion volumes 
should ideally be several tines larger than those 
actually installed, but there was not sufficient space 
around 2XIIB to install such large tanks. While we 
were forced to settle for considerably less, the short 
duration of the experiments and the plasma's tolerance 
for a certain amount of tnermal gas have made the com
promise tolerable. 

Beam Optica. The physical features of 2XIXB njac> 
it possible to locate the module arrays no closer than 
330 cm from the machine's centerline. We wanted to 
place 50 A of energetic neutral particles from each 
module into a 10 x 20-cm rectangle at eenterllr.e and 
the LBL Source Development Group was able to accomplish 
this. 

Considering beam optics alone would have placed the 
modules close to the plasma, while gas loading indicated 
that they should be as far away as possible. The design 
chosen was a necessary compromise, abetted by the avail
ability of an existing tank that could be cut into two 
sections to provide the expansion tanks now in use. 
As tank construction progressed, we realized that the 
mouths of the gas cells were so close to the first 
baffle that even the small first expansion chamber 
would be conductance limited. There wa*s then time to 
change only one of the tanks, in which the injector 
modules were moved back to 380 cm from the 2X1IB center-
line. This has yielded noticeably larger beam cross 
sections from injectors mounted on the modified tank, 
but both the modified and unmodified arrangements have 
proved acceptable. 

While mounting the Injector modules at the rear sur
faces of the tanks would have been convenient, it would 
have placed them far beyond the 330-cm (or 380-cm) 
focal-length limit. The options remaining were to 
place the Injectors either inside the vacuum or else 
to provide a reentrant tank so their mounting surface 
could be in air. The latter was chosen; the incon
venience of servicing the modules at the end of a 
"tunnel" was deeded preferable to the extreme difficulty 
of feeding a multitude of cables through a wall of the 
vacuum tanks. The greatest penalty was the displace
ment of 20% of the expansion tank volume by the reentrant 
tanks. The reentrant tank faces also support retract
able sublimators and diagnostics. 

The two injector arrays are aimed at each other, but 
a number of things mitigate this disadvantage. The 
arrays on opposite sides of 2XIIB are vertically 
staggered with respect to each other, so that not all 
injectors are "looking" directly across at oach other. 
The apertures in the tank baffles narrow the line of 
sightf and small baffles between the permanent baffles 
Intercept an additional fraction of both unused energetic 
end streaming particles. 2XJIB's "thick" plasma inter
cepts about 50% of the neutral beam impinging on it, 
and the fraction that gets through generates considerable 
gas backscatter and dislodgment whan it finally strikes 
a surface. 

Magnetic Shielding. Because the injectors are "field-
free" and are mounted where the dc and compression fields 
can total as much as 150 G,' the injector modules and 



the neutralizing gas cells must be protected by magnetic 
shielding. For each injector, this consists of one 
wslded steel box Bade of i/4-in.-thick steel plate 
surrounding the module in air, plus a second box in the 
vacuun that fits closely around the extracted beam, 
which in fact constitutes the neutralizing gas cell 
beciiu-se it restricts the expansion of gas flowing from 
the arc chamber. Both boxes have open ends, so they 
are nade long enough to prevent magnetic field encroach
ment from either affecting module operation or deflect
ing the bean before it is neutralized. Field intensity 
measured inside the shields has not exceeded 3 C. 

Electrical Design Considerations 

Crosstalk. Figure A schematically shows the various 
power supply components and cabling required to operate 
a single injector nodule. The shortage ol floor space 
and the resulting close placement of equipment and 
cabling proved initially to be Lhe source of enough 
transient rf crosstalk to prevent siiault.meous opera
tion of modules whose power supplies or cable.1; wore 
clore together. N'o single change was dramatically 
effective, but the following combination of modification! 
made possible simultaneous operation of nil 1.2 modules: 

• installing numerous KC filters to immunize- the 
system from microsecond transients (This was the 
nnst important change.) 

• removal of a ground loop between the acrel./decel. 
power supply and its lo^ic chassis 

• providing more effective cable shielding. 

The closeness of the cables j 
tanks and of the modules to each other 
problem. 

the reenti-.n 

Conditioning. After an Injector nodule is assembled 
or overhauled, it required a period of conditioning 
consisting of many pulses of operation at gradually 
Increasing voltage and current. This was at first a 
slow, frustrating process because considerable accumu
lated running time is required at 10 ms/pulse and 
1 pulse/nin. Initial plasma density would fill the 
extractor grid spaces and cause the accel. circuit to 
draw twice tlie 80-A current that the accel. power 
supply could provide, terminating operation early in a 
pulie. To correct this, an arc current suppressor 
(schematically shown in Fig. 5) was added to bypass 
50X of the arc current for 20 to 40 us after which full 
voltage (and focus) was developed in the grids.8 This 
greatly facilitates pulse start-up, but far more in-
porcant, it allows multiple restarts during a single 
pulse. By making possible raore running time per pulse, 
the total conditioning cycle of a nodule lias been re
duced from about a week to lu to 30 h (1000 to J0O0 
pulses). 

Operation 

Controls. Tying all the modules together and 
coordinjtin^ their operation with that of JX11B are two 
basic kinds of control chassis: 

• the Master Tiding Chassis, ,.f which there is one 
for all nodules, permits three possible modes of 
operation: u) manual puising of individual nodules 
(during conditioning), h) simultaneous operation 
of some or all modules under the control m a 
built-in lister timer, and ,-) synchronous ̂ per.i-
tion with the 2X1 lh compression ma,:iiets, ..::•' 

• the individual timinc i-iiassis, of which there i* 
one for each module, coordinates operation of 
filaments, gas valve-, arc and accel./decel . 
power supplies. 

I n jec to r rrodul 
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All dimensions are in inches. 
Fig. 4. Injector power supply components. 
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Fig. 5. Schematic of the arc current suppressor. 

Work is being done to bring nodule operation and q 

diagnostics under the control of a central computer* 

Maintenance. The modules' location at the ends of 
the reentrant tanks complicates servicing. The power 
supply cables are difficult to deal with, but once out 
of the way, a nodule can be unbolted and, with both 
ragi-etlc shields still attached; rolled on tracks to 
the mouth of the reentrant tank. It is removed to a 
nearby servicing area where several nodules can be 
routinely overhauled at the same tine. The most com
mon service is filament replacement, usually needed 
after about 6,000 pulses. This area also has a vacuum 
testing station and a separate, dean, temperature-
controlled room where extractor grid structures are 
aligned on a measurir.. engine to ±0.0002-in. accuracy. 

Final Alignment. When a newly serviced module is 
reinstalled on the machine, it needs to be precisely 
airced at the desired region of the plasmtt chamber. A 
flexible bellows assembly, visible in Fij;. 1, is 
mounted between the module and the face of the reentrant 
tank to permit aiming adjustments of up to 1.5° from 
center. Injector alignment in 2XIIB is checked with a 
calorimeter that is extended up from jhe bottom of the 
machine into the plasma r^sition. We observe that 
there is no substitute for this final aiming procedure. 

Developments 

The single most significant development in our work 
with 50-A injectors was the evolution of an extractor 
grid system using individually supported and cambered 
wires instead of flat, machined copper cards, as in the 
early nodules (Fig. 6 ) . 1 0 The cost of building either 
system Is about the same, but the wire grids give the 
advantage of great ruggedness where the copper grids 
vere exceedingly fragile. This advantage comes from 
the curvature of the individual wire elements, where 
stored elastic energy exceeds the incident thermal 
energy. The wires are supported and caobered by copper 
rails having broached retaining notches. The grid 
curvature also sharpens the focus of the extracted 
bean. Further improvement has been gained by placing 
close-fitting shields, one of which is visible in 
Fig. 6, over the copper alloy and stainlesB steel 
support structures of the second and third grid stages. 
Made of 0.010-In.-thick pure nolybdenum sheet and 
hydrogen fired, these shields greatly enhance voltage-
holding In the close intersnage clearances of the 
extractor, thus shortening conditioning time and 
providing longer, more trouble-free operation than we 
ever experienced without them. We expect that solid 

Bolybdenum support structures would be even better, 
but the required machining techniques are not yet on 
hand. 

The arc current suppressors mentioned earlier were 
second in significance only to the wire grid systems. 

The quantity nt has been theoretically and experi
mentally found to Increase with ion energy, E.. He 
are working toward a 40-keV capability in 2XIIB to 
test this scaling at twice the presently available ion 
energy. 

We are now operating prototype injectors having 
3-grid extractors that deliver about 50 A of neutral 
deuterium at 40 keV. They emit a ! earn within a ±2° 
x ±0.4° envelope, the same as the present 20-keV 
extractors. Six mo/e of these extractors are under 
construction for Installation on 2XI1B early In 1976. 
Outwardly, 40-kV modules look much like the 20-kV units 
already in service; they use the same arc chamber. The 
new extractors use parts having close tolerances only 
where absolutely necessary; Miey are quite rough else
where. Interstage insulators are adhesive-bonded to the 
electrodes where they had previously been bolted and had 
0-ring seals. We hope to gain simplicity and reduced 
production costs while improving the accuracy and reli
ability that we now have witu 20-kV extractors. A 
4-grid design is also being seriously considered for 
further development because it offers sharper focusln?, 
though at reduced beam current. The beam envelope is 
predicted to be ±1.4° * t0.it". 

A prototype 40-kV power supply system, originally 
built at LBL, has been under further development, on a 
test stand facility adjacent to 2XIIB.8 Two of the 
2X1IB injector power supplies have now been converted 
te 40-kV operation to look for and correct problems 
that may be encountered while operating these units in 
close proximity to each ottvr. 

Early in 1976, liquid-nltrogen-cooled liners wilt 
be installed that cover or replace virtually all the 
surfaces in the expansion tanks. Pressure In the 
expansion tanks now begins to rise 2 to 5 ms after an 
injector pulse begins, Imposing that time limit an the 
experiments. The liners will delay the onset of this 
pressure rise to between 15 and 20 ms. This, together 
with a new flat-topping power supply for the 2XIIB 
compression coils, will make it possible to use the 
full 10 ms pulse that the Injectors can deliver. 
Titanium gettering on these surfaces greatly expands 
the role of getter pumping In 2X1IB thermal gas 
handling. 
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Fig. 6. Wire extractor grid system with molybdenum 
shield. 
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Conclusion 

The addition of neutral beam injection Ln 2XIIB has 
resulted in dramatic increases in key plasma parameters 
over those in 2XII. Ion energy, Ej, has been increased 
from 2-5 keV to 13 keV; plasma lifetime T, from 0.2-
0.4 ms to more than 5 ms; and tiT from 1 > lO-l̂  s/cm'' 
to more than 7 * 1 0 1 0 s/cm}. 1 1 This took place In the 
presence of streaming plasma injection, which, by re
ducing ion cyclotron instabilities generated hy neutral 
injection, made possible the plasma buildup by the 
neutral beams. 

Hands-on experience has been the most significant 
single ingredient in the successful integration of 
neutral beam injectots into routine experimental opera
tion. Much of the technique and technology developed 
on 2X1IB will aid future users of large neutral injec
tion installations and help them avoid moat of the 
problems we have faced. 

What we have learned is the foundation for applica
tion of high-current neutral beam injection in tuture-
generation experiments such as TFTR and MX and beyond. 
The present development of 40-keV injection capacitv 
is OT? step on the way to development and application 
of modules delivering beam energies of up to 150 keV. 
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