
.-

Presented at the Seventh Symposium 
on Engineering Problems of Fusion 
Research, Knoxville, TN, 
October 25-28, 1977 

For Reference 

Not to be taken from this room 

Environment Division 

DEC 1 5 1977 

L18Rl\RY AND 
DOCUMENTS SECTION 

ue-~cJ 
LBL-6384 

c.\ 

Performance of a Developmental 120-ke V, 
10-A Deuterium (14-A Hydrogen) 
Neutral Beam System 

K. H. Berkner, W. S. Cooper, 
K. W. Ehlers, and R. V. Pyle 

October 1977 

University of California/Berkeley 
Prepared for the U.S. Department of Energy under Contract No. W-7405-ENG-48 

b; 
t"'"" 

I 

~8i 
• 00 

-.+::>. 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



. 
!.> 

J · " 0 - LBL-6384 

PERFORMANCE OF A DEVELOPMENTAL 120-keV, 10-A DEUTERIUM (14-A HYDROGEN) 
NEUTRAL BEAM SYSTEM* 

K. H. Berkner, W. S. Cooper, K. W. Ehlers and R. V. Pyle 

Lawrence Berkeley Laboratory 
University of California 

Berkeley, California 94720 

We have recently operated the LBL 120-keV neutral 
beam test facility on deuterium. This facility consists 
of a large (170,000 R.) vacuum system, a plasma source, a 
multiple-aperture electrostatic accelerator structure, 
an ion sweep magnet, ion and neutral beam dumps, and a 
computer diagnostic and control system. The total length 
of the beamline is about 8.5 m. Operation of this test 
facility on deuterium has produced beams with an energy 
of 120 keV, a total (ion plus neutral) beam current of 
10 A, and a pulse length of 0.5 sec. The beam profile 
at the location of the dump is hi-gaussian, with 1/e half
widths of about 1.28and 0.42 degrees. Deuterium opera
tion has been very limi t~1 beca_Ufe of the high neutron 
production rate (about 10 sec when the beam is on) 
and the lack of radiation shielding around the facility. 

I. Introduction 

The injection of intense, 80-keV H0
- or D0 -beams 

is planned for the Doublet II !-tokamak and the MFTF
mirror experiments for plasma heating; for the Tokamak 
Fusion Test Reactor (TFTR), 120-keV D atoms (20 MW in 
0.5-sec pulses at 5-minute intervals) will be injected 
into a tritium plasma to produce two-component d-t reac
tions. The principal components of these neutral-beam 
injection systems are shown schematically in Fig. 1. 

Figure 1. Schematic of a typical neutral-beam 
injection system. 

The system operation is as follows: A deuterium plasma 
is created in the plasma generator by means of a high
current discharge. Ions from this plasma are acceler
ated in a carefully designed DJ.Ilti-electrode structure. 
The ions then pass through a neutralizer containing 
deuterium gas, and a fraction becomes neutralized by 
charge-exchange collisions. Remaining ions are removed 
from the beam by the sweep magnet; otherwise, the various 
reactor magnetic fields would bend the ions into sur
faces near the entrance port, possibly releasing gas 
bursts or melting the surfaces. The considerable power 
in this ion beam must be handled by the ion-beam dump. 
The vacuum pumps distributed along the beam line remove 
most of the gas emerging from the neutralizer and the 

ion-beam dump and must maintain the pressure between 
the sweep magnet and the entrance port at a sufficiently 
low value that very little of the neutral beam is re
ionized. Well-regulated power supplies are required to 
assure good beam optics; to minimize accelerator damage 
when a spark occurs, the power supplies must also be 
capable of rapid turn-off with a minimum of stored energy 
(e.g. in cable capacitance). Optical, mechanical, and 
electrical sensors determine the condition and perfor
mance of the neutral-beam system and permit the control 
system to adjust the power-suply voltages and to shut 
down the system if a malfunction occurs. 

The LBL 120-keV Neutral-Beam Test Facility1 ' 2 is 
used for the development and testing of neutral-beam
system components. It has two beam lines and associated 
power ~u~plies: (A) a 15D-kV, 20-A, 0.5-sec power-supply 
system ' to test small-area injector modules (plasma 
source and accelerator), and (B) a 12D-kV, 70-A, 30-msec 
power-supply system to test full-scale modules for short 
pulses. The beam-diagnostic system for these beam lines 
is described in Ref. 5. 

In this paper we describe the operation of a 120-kV, 
0.5-sec injector module which, from an 8- x 10-cm accel
erator-grid array, produces "'14 A of hydrogen ions or 
"'10 A of deuterium ions. This module was used to test 
the design concepts g~8the 10- x 40-cm, 12D-kV, 65-A, 
0.5-sec TFTR module which is currently under test. 

II. Injector Module 

A cross-section of the 120-kV, 8- x 10-cm injector 
module is shown in Fig. 2. The ions are produced in 

Vucuurn 
wall 
msuhUOf 

Figure 2. Cross-section of the 120-kV, 0.5-sec source 
module with an 8- x 10-cm grid array. 

*Work performed under the auspices of the United States Department of Energy. 
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a high-current low-voltage discharge with no externally 
applied magnetic fields . The cathode c onsists of eighty
four 0.5-mm-diam, 11-cm-long tungsten filaments; the 
anode is a 10- x 10-cm molybdenum pla te shown in the 
top of the figure. A photograph of the plasma source 
is shown in Fig. 3; details on this type of plasma 
generator can be found in Ref. 2 . 

• 
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Figure 3. Pho tog raph of the pla sma source, illustrat
ing the f i lament geome t ry. The flange with 
the 0-ring wa s u sed for plasma-uniformity 
tests; i t is not part of the structureshown 
in F igure 2 . 

A four-grid (three-gap) multiple-slot accelerator 
array (a cross section of a single slot of the array 
is shown in Fig. 4) is used. Ions are accelerated and 
electrostatically focused in the first two gaps; the 
third gap has a weak decelerating field to suppress 
down-stream electrons. The transp a rency of the array 
is 60%; the scale size was set by the desire to limit 
the maximum potential gradient to about 100 kV/cm (our 
estimate of the breakdown limit) <lfd resulted in a design 
ion-current densit:l of 0.31 A/em for a pure n+ beam, 
or about 0. 25 A/em for a beam with a realistic mixture 
of n+, n2+, and n3+. The desi~n shown in Fig. 4 was 
optimized, using the WOLF code , by varying the shape 
of the first, beam-forming, electrode and the potential 
of the second, gradient-grid, electrode. The shapes of 
all electrodes except the first were chosen to minimize 
energy deposition in the structure by secondary particles 
created by ionization of the background gas or by secon
dary emission from grid surfaces. 

~!!!\\~,] 
\_ SOURCE PU.SKA jE-- l ,Q Q1 ~ NEUTRALIZER PLASI'\A --' 

ION CURRENT DENSITY • 0,31 Afc~,l (O+) 

TRANSPARENCY • Q, 6 
BEN! DI VERGENCE ( Vf8MS) • 0 . 53 DEGREE S 

Figure 4. Calculated be am t raj ectorie s and equipoten
tials for a 120- kV acceler ator. 

The module (Fig. 2) consists of an outer, vacuum
wall insulator that is sectioned to distribute the po
tential gradients; to keep these insulators reasonably 
short, the outside of this insulator is pressurized with 
two atmospheres (absolute) of SF 6 g as. The plasma source 
and grid assembly are mounted on an inner plug-in struc
ture (Fig. 5). The tubular insulators to which the grid 
assemblies are mounted also carry de-ionized cooling 

water to the plates that support the fina l three gr id 
arrays; cooling for the first (beam-forming ) g rid is 
obtained from the plasma-source chamber. The 8-cm long 
grid rails, arranged in a 10-cm-wide array, a r e end 
cooled. The solid molybdenum rails are b raz ed t o a 
fixed support on one end , forming a comb-sha ped s t ruc
ture, and allowed to expand i~ lhe long direction to 
prevent buckling when heated. ' The heat is conducted 
away in the 1-minute interval between pulses • 

Figure 5. Photograph of the accelerator plug-i n struc
ture and one of four multi-slot grids. 

The neutrali z er to which this structure is a t t a ched 
is constructed of i ron to shield the beam f rom s tray 
magnetic fields. It has an internal cross sec t ion of 
20 em x 30 em and is two meters long. n2 gas emerging 
from the plasma ge~e{ator through lhe g r i ds prod•1ces a 
line density of.,lO molecules/em ("'0.5 Pa-m ) in this 
section. 

The beam is stopp e d by a copper-plate ca l o r imeter, 
instrumented with an array of thermist ors, l ocated 8. 5 m 
from the grids. The beam divergence is de ter mineg f r om 
the shape of the heat pattern on the calori meter ; the 
plate is water cooled in the 1-minute inter va l between 
shots. 

A deflection magnet, located between t he neutral 
izer and the calorimeter, can be used t o sweep t he ions 
out of the beam. An instrumented ion dump, similar to 
the calorimeter, is used to determine the focusing ef
fects of the magnet (and possibly space charge ) on the 
ions. 

III. System Performance 

Two structures of type shown in Fig . 2 have been 
operated up to 120 kV with 0. 5-sec pulses . In t he first 
(Mark I) the rails of the first two grids, bea m-forming 
and gradient-grid, were curve d to an 8. 5-m r a di us to 
focus the beam in the direction parallel t o the slots . 
The second structure (Mark II) had plana r grid arrays . 

A typical beam-pulse sequence is as f ollows: The 
water to the calorimeter is turned off and the d i a gnos t ic 
computer receives a signal to record the pre-shot thermis
tor temperatures on the calorimeter. Approximately 5 s ec 
later the filament-power supply i s turned on ; approxi
mately 2 sec later the filaments have reached their 
emission temperature and gas is pulsed into the plasma 
chamber. Within 20 msec the arc-power supply i s t urned 
on. When the discharge has stabilized ("'50 msec af t e r 
the supply has been turned on) the accelerator volt~g~ 
is applied to the grids by firing the series switch. ' 
The potential for the gradient grid is obtained from 
the accelerator power supply by means of a r esist i ve 
voltage divider; the suppressor supply is slaved to the 
accelerator supply in that it is gated on by a signal 
from the high-v oltage divider . The rise time of th e 
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potentiais applied to the three grids is approximately 
30 JJsec. 'When any of a number of fault sensors is acti
vated (drop in high voltage below a preset threshold, loss 
of voltage across the first gap, excessive suppressor cur
rent, excessive gradient-grid current, etc •. ) th~ ~eries_ 

s~itch is "opened" by firing the shunt switch. ' This 
removes all high voltage from the grids; the discharge; 
however, is not turned off. After a preset "interrupt" 
time, typically 21 msec, the series switch is again 
fired and the sequence is repeated. At the end of the 
0.5-sec pulse all power supplies are turned off. Ap
proximately 5 sec later the final temperatures of the 
calorimeter thermistor array are recorded by the computer, 
and the calorimeter water is turned on to cool the plates. 

A saturable-core reactor3• 4 dissipates much of the 
energy stored in the stray capacitance of the power 
supplies and cables; the stored energy delivered to the 
grids by a spark is approximately 2 J (the energy stored 
in the capacitance of the module). We have tried to 
determine the maximum stored energy allowed without ad
versely affecting operation of the module by adding capa
citance to the source. Very preliminary results indicate 
that source performance is degraded when more than 7 J 
are dissipated in a spark. 

Operation of the module by interrupting only the 
grid voltages and leaving the discharge on permits rapid 
re-starts. It does, however, cause a problem when the po
tentials are applied to the grids: Without any potential 
difference between the grids, ions and electrons from the 
discharge fill the grid region; when the potentials are 
applied, these ions and electrons must be swept out of 
the gaps (possibly emitting secondary electrons as they 
strike the grids) resulting in large currents from the 
power supply. If the power supply is not capable of pro
viding the extra current this can load down the supply 
and prevent the required potentials from being applied 
to the grids --which in turn gives rise to large currents, 
and so on. We have found that we can minimize this ef
fect by "step-starting" the discharge: An RC circuit, 
with a time-constant of about 20 JJSec, in series with a 
thyristor, is connected in parallel with the discharge; 
when the high-voltage series switch is fired, this thy
ristor is also fired to shunt the discharge current until 
the capacitor is charged. Because of the rapid de
ionization time (sub JJSec) of the discharge, this puts a 
corresponding dip in the plasma density and thus decreases 
the ion and electron density in the grid region, mini
mizing the current surge when the voltages are applied 
to the grids. The recovery time of the plasma density in 
the discharge is comparable to the RC time of the circuit. 

Typical operating parameters for both the Mark I 
and Mark II structures are given in Table I. The quoted 
beam widths, II and l_ to the slots of the accelerator 
grid, were obtained from th·e temperature profile of the 
calorimeter located 8.5 m from the grids. The temperature 
profile was

2 
found to fe hi-gaussian, i.e. of the form 

Aexp-(x/x
0

) exp-(y /y 
0

) , so that it is possible to char
aEterize the beam width by two parameters, x

0 
and y

0
; 

we express these parameters as angles with respect to 
a point source located at the center of the grid array 
(no correction is made for the finite size of the source). 
Since the 8.5-m-radius grids of the Mark I structures 
focus the beam (in the direction parallel to the slots) 
at 8.Sm, theparallel beamwidthof theMark !structure 
is narrower than that of the Mark II (flat-grid) source. 

The parameters given in Table I are for beams tuned 
for minimum divergence by adjusting the plasma density 
for a fixed set of grid potentials. The perpendicular 
beam width, as well as the gradient-grid and suppressor 
currents, increase drastically if the plasma density 
deviates from the optimum value by more than ± 10%. 

Operation with deuterium was limited because of the 
large neutron fluxes produced by d-d reactions between 
the energetic deuterium ions of the beam and deuterium 
atoms buried in the copper calorimeter. .The reaction 

rate built up gradually as the copper was loaded with 
deuterium from successive.beam pulses. After approxi
mately one-hundred 120-keV beam pulses the neutron
production fate reached an asymptotic value -- approx
imately 101 neutrons/sec during a beam pulse. 

Topics such as reliability, grid heating, molecular
ion composition of the beam, and improvements in beam 
optics are being investigated. 

TABLE I. 120-KV C.5-SEC PERFORMANCE CHARACTERISTICS OF TWO TEST MODULES WITH 

H-CM X 10-CM ACCF.LERATOR.-GRJD ARRAYS, THE PARAMETERS LISTED ARE FOO 

BEAMS TUNED FOR MINIMUM DIVERGENCE (SEE TEXT), 

MARK I MARK I MARK II 

GAS H2 02 H2 

GAS FLOW <T-J,fsEc) 7 

AccELERATOR CuRHENT (A) 13 10 14 

GAP 1 VOLTAGE (KV) 23 23 19 

GRADIENT-GRID CURRENT 1 10 10 40 
ELECTRONS TO GRID (MA) 

SuPPRESSOR VoLTAGE (KV) 2.8 2.8 2.3 

SuPPRESSOR CuRRENT <A> 1.0 0.9 1.2 

1/e BEAM WIDTH'
1 

MEASURED 

AT8.5M: 

TO SLOTS :!:.1.34" :!:.1.28" :!:.1.24" 

II TO SLOTS + 0 .42" :!:. 0.42' :!:. 0.76" 

ARC POWER (KW) 25 19 23 

fILAMENT POWER (KW) 18 18 13 

'
1
SEE TEXT 
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