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PROGRESS IN THE DEVELOPMENT OF HIGH-INTENSITY NEUTRAL BEAMS
 Wulf B. Kunkel

lawrence Berkeley ILaboratory
" University of California
‘Berkeley, California 94720, USA -

lnSeptember 1972

The Controlled-Fusion Research Group at the Lawrence
Berkeley Idboratory has taken a new approach to the develop-
nment of neutral beams for injection into magnetic confinement
systems. Our attack is twofold:

1. Close attention is paid to ion optics, i.e., we
attempt to optimize the beam-forming process with the help
of a sophisticated computer program.

_ 2. A novel ion source is being perfected that evidently
has the appropriate characteristics and seems to involve less
complicated plasma physics than the duoplasmatron and reflex
arc discharges that are customarily used.

. The aim is to extend the ion current to tens of amperes
at reasonable energies without sacrificing the quality of
the beam.,‘Clearly this requires large-area plasma sources of
adequate density coupled with multiple-aperture extraction
- structures. The results of this effort so far have been very
encouraging. '

For instance, we have recently tested the performance of
a 7 cm x 7 cm, 60% transparent ion extractor consisting of
three electrodes in an accel-decel configuration. In each
electrode is an array of 21 slots, the shapes of which have
been computér-optimized for low-divergence beam production.
The apparatus is designed to accelerate deuterium ions to 20
‘keV in 20 msec pulses and to convert them to an intense
neutral beam is a closely coupled gas cell. No additional
beam focusing is used. Operation with deuterium in the range
7.5 to 20 keV is about as predicted from calculations. At
20 keV, of the approximately 15 A of ion current extracted

. from the source, 12.4t A equivalent current (about 85% neutrals)

were delivered to a 20 cm x 40 cm rectangular calorimeter 3.3 m
- from the source. The central 10 cm x 20 cm area of this calo-
rimeter, which subtended an angle of * 0.9 x * 1.8 degrees from
the center of the source, received 8.6 A equivalent current.
Measurements of the various charged components remaining in

the beam at the calorimeter indicated that the extracted ion
‘beam consisted of about 75% DY, 18% D,*, and 7% D,*. The source
is also designed to permit rapid modulation of thé energy and
intensity of the beam.



The plasma which is used to illuminate the extractor
structure is produced by a pulsed (30 msec) low~-pressure high-
current discharge between a ring of 20 half-millimeter diameter
hot tungsten filaments and an annular anode. No externally
applied magnetic fields are required. The elimination of mag-
netic fields results in a very stable and quiescent plasma
with fluctuations less than 1%. When operating with an arc
current near 1000 A this discharge can generate a deuterium
ion current density in excess of 0.5 A/cme. Probe and ex-
tracted current measurements indicate that the plasma is uni-
form to better than 10% over a 10-cm diameter. The system is
pulsed to avoid overheating of the extractor grid structure
and to reduce the total gas load entering the confinement
system through the beam line. Extension to even larger sources
and to dc operation seems relatively straightforward. Some
future improvement in efficiency and in the beam quality
presently achieved seems also quite probable. The theoretical
consideration underlying this source design will be discussed.

INTRODUCTION

Many controlled thermonuclear fusion experiments require the pro-
duction of inteﬁée beams of neutral hydrogen or deuterium atoms to
generate, maintain, or heat a confined plasma. For instance, in the
2X II Experiment at the Iawrence Livermore Iaboratory, a flux ofv
deuterium atoms equivalent to at least 10 A with 20 keV energy/particle
is needed if an interesting plasma is to be maintained in a steady state.
Similar figures apply to Tokamaks and.Stellarators. It is clear that
srace—éharge limitations restrict ion flows through single apertures
at this energy to much lower currents, so that the désign of such an
injector must involve a large number of parallel beams. It is con-
venient to use an integrated extractor structure carrying many closely
spaced apertures (i.e., a grid) backed by a single extended plasma
source in which the ions are produced. Such "multiple-aperture" systems’
have been used before for ion—propulsion enginesl and for other intense

ion beams.2 We describe here the large beam source, developed at
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Bérkeley; in whiéhia'special effort was méde to minimize the beam
- di&ergenée, eiiminating the need for magnetiq focusing and thus per-
‘mittihg fhe»pOSSibility.of prompt neutralization. The system consists
'df two major components: the extractor and the plasma source.
| | THE EXTRACTOR
.Design ] |
The extractbf'was designed with the aid of a digital computer pro-

grama’% ﬁhiéh determines the tréjectories of pérticles from an emitting
vsurfacé through a set of electrodes, taking into account the space charge
of the‘beam. The iterative design procedure, described elsewhere,5 was
carried out until the current density over the emitting plasma surface
' ﬁas constant to better than +5% and the ion trajectories at the exit of
the extféctof were parallel, typicaliy within *1 degree. In the program,
_ only the béam'é’spéce'charge is considered, the downstream plasma sur-
faceihas_béen‘assumedbto be flat, and the ions are assumed to start from
rest. Thié program'has now been coupled with PISA, a general;purpose
least-squares optimizétion pfogram6 which varies the shapes of the
emitting surface and of the beam-forming electrode to achieve uniform
ioﬁ current'density at the emitting surface and parallel beams.

| The ektréctor is a multiple-aperture accel-decel design employing '
éloﬁs;.a.crosé_sectioﬁ of a single slot, with caicuiated equipotentials
and»ionvtrajecfories is shown in Fig. 1. There ére.2l slots in the
beam—fqrﬁing electrode, eéch 2 mm wide and 7 cm long, spaced 3.5 mm
Centeretoécenter, fiiling a square array [ cm on & side. Slots rather

than circular holes were chosen for the following reasons: (1) the

transparency is higher, by about 50%, (2) the ion current density at
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~the emitting surface is somewhat higher, by abéut 5%, ahd (3) én array
of slots can be fermittéd to expand in one dimension-under d heat load
withéut-buckling or:destroying the symmetry. The extractor was con-
structed of copper,_with_e?oxy insulators. The high voltage for ion
extraction aﬁd acceleratioh is provided by a pulse line with a pulSe
length of 20 msec. The lige feeds a vacuum tube which acts both és a
voltage regulator and a series switch to remove the voltage quickly
from the extractor and prevent damage if a spark is detected £y a cur-
rent monitor.

Beam Diagnostics

The accelerated ion beam undergoes charge exchange in a gas cell
adjacent to the extractor; the gas from the source is éufficient for
this purpose. No magnetic focusing is ﬁsed. Tmmediately follbwing
the gasvgell is a pulsed maénet to sweep out the charged fraction of
the beam, if desired. The end wéll of the vacuum vessel, 3.3 m from
the extractor, is a plate of stainless steel 20 cm x 40 cm and 0.6l cm
thick which serves as a calorimeter for the pulsed beam. The extractor
slots are.parallei to ﬁhe short dimension of the calorimeter. There
are 32 thermistors in‘a L by 8 array attached to the plate on the atmo-
spheric-pressure side, which are used to determine the temperature
rise of the plate due tovthe beam pulse; from that information we can
determine 32 points on the profile of the beg@venergyvdenéity. A small

‘ R
hole in the center of the calorimeter'permiféda sample of the beam to
exit to an external gas cell, bending magnet, and»set of Faraday cups

to measure the molecular composition of the beam. Both these signals

and the signals from the thermistor bridges are read by an analog-to-
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 digital converter controlled by a small digital computer used for data

-acquisition énd_analysis. This system permits rapid determination of

the.equiValent'beam current reaching the calorimeter, its spatial dis-

tribution, and the distribution of charged species in the beam.

.. Pexformance

 Figure 2 shows the performance of this extractor in producing

’ deuteriuﬁ‘beams in the ehergy range 10 to 20 keV. The figure shows

. for each extraction voltage (the voltage between the first and second

electrodes) a range of extracted beam currents. ‘Thexupper limit is

v‘the current measured léaving-the high-voltage power supply. Theré is

-an uncertainty in the measurement of the extracted beam current, since

some éﬁrrent appears on the second (accel) electrode, either from
difedtvbeam interception or from the collection of ions produced from-

charge-exchange in the éxtractor or by extraction from the downstream

" plasme. We show as a lower limit to the extracted beam current the

high-voltage power-supply drain minus the current to the second elec-

trode. In general, the extracted current is consistent with the cal-

" culated value for a reasonable assumption for the beam composition

(we have measured the beam composition in some.cases), and exhibits

3/2

the exbected Vv dependence on extraction voltage. Also shown are

- the éalorimetrically measured currents (total beam, ions plus neutrals)
‘_ reaéhiﬁgvthé 20 cm x 40 em calorimeter (x's) and the 10 cm x 20 cm
‘central portion (circles).' It is apparent that the beam divergence

decreasés'with increasing beam'energy. At 20 keV, the extracted cur-

rent.was 13 to 16 A, of which 12.4 A equivalent current reached the

20 em x 40 cm calorimeter and 8.6 A reached the central 10 cm x 20 cm
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area. About 85% of the.beam energy was in neutral'particles. Measure-

menté of the composition‘of this beam‘at the calorimeter indicated that

the accélerated ion beam copsisted of about 75% D+, 18% D2+, and 7% Djf.
Measureﬁents Qf the beam profiles with the 32-channel calorimeter

showed that the beam divergence was less in the plane of the slots

than perpendicular to the ;lots. This is to be expected, as the diver-

gence in the plane of‘the slots should be limited by the initial trans-

verse velocity spread of the ions, and not by aberrations introduced

by the e%ﬁ?actor. In all cases, when the current to the central por-

tion of the calorimeter was maximized by varying the plasma density,

the beam profile in either plane could be fitted very well by a Gaussian

folded with a rectangular source function. The 1/3 haif¥widths of

these Gaussians (corrected for the contribut;gn of the finite éource)

is shown in Fig. 3 for optimum opération witgnhydrogen and deuterium

in the energy range 5 to 20 keV. The data are consistent with an

initial transverée ion energy of 1 to 5 eV plus a contriﬁution of

about 2 degrees in the plane perpendicular to thq slots, presumably

due to aberrations introduced by the extractor, and O.degree.in the

plane parallel to £he slots. The lines in the figure show the energy

dependence for an initial.transverse enefgy of 2.5 eV.

Energy Modulation

This extractor was also designed to permit rapid modulation of
the beam energy. This can be done by keeping the extraction voltage
~and the plasma density constant, and decelerating the beam to the

7

desired energy after extraction. Computer calculations indicate that

it should be possible to design an extractor to operate in this fashion’

—

5
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h ét~two_energiesvseparatediby a factor of 5. If one starts at the maxi-

mum beam energy and begins to decelérate the beamn, the beam starts to
diverge. 'Atnstill;lower energies, however, the aperture in the third

électrode actsnds'a'converging lens, and production of a parallel beam

fshould'againvbéqussible. cFigure‘h shows the rééults of dec tests on

a‘single;$10t extractor of the same design as shown in Fig. 1; the

width of the slot in the beam-forming electrode was again 2 mm, and

the slot was 2 cm'long. The figure shows the l/e half-widths (cor-

rected for the_finité source size) of the Gaussian profiles parallel

- t0o and perpendicular to the slot, and also the extracted current, all

| plotted against the normalized beam energy (beam energy/1l keV). The

vplasmavdensity was not changed during these measurements. The extracted
current remained constant, as expected, while both divergences increased

with increasing deceleration of the beam. While there was a tendency

for the divergence perpendicular to the slot to decrease at low beam

energies,-asvpredicted, the design does not yet appear to be optimum
for this type of operation.

We are planning further experimental optimization of this extractor

: for‘producing.variable energy beams, and are beginning to test another
.slot design'computer-0ptimized by PISA for operation at a single energy.

VFComputer studies_have been extremely useful in extractor design, but

there remains room for further improvement. For instance, the computed

perveances'agree very well nith ﬁhe measured ones, but the measured

.- ‘beam divergenées are. consistently larger than thqse computed; more work

"uwill be required‘to understand and correct this discrepancy.



THE PLASMA SOURCE

U@ to this point wé have only discussed the design considerations
for the‘extraétor and the properties of the resulting beam, including
the effect of charge-neutralization in the beq?:line. It was tacitly .
assumed that the plasma source from which théwzéns were extracted was
capable of supplying an ion current of sufficient density uniformly
over. the entife area of the large multiple-aperture structure, i.e.,
of thelorder of 0.5 A/cm2 constant in space and time to better than
10% coveriﬂg'an area of at least 7 cm‘x 7 em and involving a minimum
_of magnetic fiel&. Cbnventional discharges were found to be inadequate
so that a novel source had to be developed.

The plasma source which we describe here and which meets the above
specifications will be recognized as an improved design of an»earlief
model reported on previously.8 'The basic principle is the same so
that the underlying philosophy will only be surmarized here: The
plasma is produced by a diffuse low-pressure high-current discharge
with a distributed, thermionically emitting cathode consisting of a
ring of hot tungsten filaments. No magnetic field is added, so that
the usual fluctuations associated with cross-field transport afe
avoided. In essence, we are dealing with a very powerful version of
the so-called "electron-bombardment source”, i.e., the ionization is
produced entirely by the pfimary electrons originating at the cathode.
The'mean free path'of these primaries is large compared to the dimen-
sions of‘the discharge chamber. The efficiency of the source is there-

fore governed by the probability that such an electron produces an ion

before it is either lost at a surface or reduced in energy by non-

&
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ioniziﬁg;C6llisions,' A crude ahalysis of this situatiOn, involving
.some’simplifying assﬁmpﬁions, ié presented in the Appendix which is
ieﬁrpduced”ffom Ref. 8.
‘Design |
| A phOtogfaph-of the present sdurce, showing a front view without
the'exfractor grid,.is‘presented-in Fig. 5. A block diagram of the
source plus.its associated electronics is shown in Fig. 6.
The unit described here qontains 20 hairpin filaments, 0.5 mm
iﬁ diameter,.lO.S cm in length, and thus the total cathode emission
ared is.~_3ﬁ cme.- They are electrically connected in parallel, and
are iﬁserfed iqto mqubdenum chucks. A total of 520 A (26 A/filament) '
‘at 12.5 V’is ﬁsed to bring the filements to their operating tempera-
.tufe of‘~'32000K. Pu;sed dc heater power is used to avoid ac modula-
tién of the source potentials. |
.derfilamént;aesign considerations shbuld'be noted.. First, the
_1argé rédiént heét-load from tungsten filaments not only aggravaﬁés
-genéfal cboling requirements, bﬁt can warp the delicate and accurately
:machined extractor structures (No. 7 in Fig. 6). waever, electron
;émission increases ﬁore rapidly with filament temperature than does
.radiantiemission, thus small but very hot filaments are desired. In
ddditioﬁ, aé the heater current is pulsed, the temperature equilibra-
tion time for small filaments is leés (~ 1 sec for this unit).
In our ihitial_sburces,8 the gas was pulsed thrdugh a small
vrcjiindrical-anode,v Overall arc efficiency was fairLy good for this
style Of anode. Unfortunately, the plasma density profile was peaked

at r = 0, and this effect became more pronounced as the arc current
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was increased. By operating, instead, a portion of the cylindricai

chamber wall as the anode (No. 5.in Fig. 6), a considerable improve-

ment ‘in radial profile was obtained, ﬁhich'in addition did not change : ‘ *
as -the arc current was increased. The enlargéd anode area réduced

our source efficiency somewhat, but the possible existence of anode
sheaths as well as troubleégme magnetic fields resulting from con-
centrated arc currents are eliminated.

. The remaining parts of the wall, includihg'the:extractor grid, are
alloweq to_fldat eleétrically. Gas flow is controlled by a solenoid . ,
valve in series with a needle valve connectéd to a regulated 15-psi
deuterium reservoir. Gas flow changes are madereither by varying the
setting of the needle valve or by alteringvfhe reservoir pressure.

Arc power is supplied from a pulse line composed of iron-core
inductors and electrolytic condensefs. The pulse line is crowbarred
after 30 msec to remove the possibility of capacitor damage, which
would result from voltage reversal. The arc current.is controlled
by a current-limiting resistor as well as by the pulse-line voltage
charging level.

The pulse timing sequence is as follows: Filameht on at —i sec,
gas pulsed én at t = -10 msec, arc power on at t = O, extractor voltage
pulsed on at t = +5 msec, and off at t = 425 msec; arc power, gas, and
filament power off at t = +30 msec.

Arc voltages vary from about 25 to 70 v, depending largely on the y
level of arc current, the filament heat, and the gas flow.

RESULTS AND DISCUSSION

Figure 7 is a plot of the arc current, arc voltage, and the ion
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currentJdénsity vs the'level to which the arc pulse line is charged.

Invthis-éase, in‘ﬁhich the arc was operated ﬁith hydrogen, the source

parametérs of filament temperature and gas feed were adjusted at the

1000-A level and not_changed as the charging voltagé was reduced. At

‘ahy oneioperating'level the arc voltage can be increased by either the

gas flow or the filament heat. In general'the arc voltage is main-

tained at a maximum of 45 to 50 V, as the source is less apt to'develép

~a cathode spot . Cathode spots, which seem to be caused by gas bursts

‘resulting from sparking in the source or acceleratlng structure, appear

when the arc current:attempts to constrict to a spot on a single fila-

ment rather than.coming uniformly from all filaments. A fault of this

'tYpe produces extremely "hashy" operation and often results in the loss

vof a filament;

Figure 8 is a plot of the plasma dénsity profile for two levels

' of operatlon, as 1nd1cated by the movable probes (No. 6 in Fig. 6).

'Although this source was des1gned for a square 7 x 7 cm grld, it can

be seen’ that a 1arger extraction area could be utlllzed as the pro-

file here is flat to’ +6% to a diameter of 12 ecm. The locations of the
L filament ring ‘and the,anode wall are also indicated in Fig. 8, demon-
‘strating that nearly the entire source diameter is available for

“extraction.

_With large'idn-éxtraction areas, godd gas efficiency is required,

'_as there is little structure separating the gas pressure required by

'=the.source erm fhe high voltages on the extraction electrodes. Gas

flow measurements compared with the extracted ion output indicate a

gas efficigncy of about 30%. In this case, gas not utilized by the
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source 1s used downstream in a'charge neutralizer section, from which
we get a neutralizing efficiency ié excess of 80%.

A larger unit, with an 84in.-q1ameter filament ring has been con-
structed. This will allow an extréétion areé approximately 2.5btimes
as large as the present unit. Preliminary indications are that it 
will require 2.5 times as.mééh arc current to obtain equal density,
but the ion current density profile will be similar to that in the
present unit.

Shot-to-shot reproducibility is excellent. Scope traces of numer-
ous successive éﬂots are routinely photographed while taking profile
and ion extraction data, and these appear coincident even in fine
detail. Aside from a small amount of 360-cycle filament ripple, the
probe signals aré essentially flat in time and completely free from
noise.
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. APPENDIX

A precise statement about the importance of the prlmary electron's

Efmean useful path 1ength can be made in the followlng 51mple case. Con—
‘sider a volume, deflned by a’ 51mple closed surface, that contains a
'=Hpart1ally 1onized, s1ng1e spec1es gas. An electron source injects into

‘the plasma monoenergetlc electrons with an energy sufflcient for one

ionization or one-excitation;'the electrons are then contained by re-
flecting wall sheaths or collected by the anode. vapl denotes the

average prObability for anode collection between reflections, one can

'a551gn an approx1mate probability for anode collectlon survival after

_pN

N reflectlons as P~ e , & good approximation for Py < 1. lee—

N

vise, if o, and o, denote the electron-bombardment ionization and

‘excitation cross sections; the probabilities for surviving each effect

for a distance s in a uniform gas are’

-n.0.8

: 07 i

P, = e
i
.and .

' . -n.og_s

= 07x"
P = e . .

x . . :

,HenCe)hthe probability for primary-electron survival of all three inde-

- pendent annihilations within & distance s is

[no(ori + ox)s + plN(s)]

- PNP1 x.= ' ' o

_ Assigning N(s) = s/* (d = average path length between reflections), one:

‘can define a mean useful path length M

}\.‘ = l ' .
TR o

a

+ no(oi + cx)
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This parameter is also significant in the more general case of mul-

' tiple ionizations per electron where, with the assﬁmptions of‘constant
voi,cx over the energy range of significance, one can obtain a préb-
~ability. for primary electron survival by a path length s of |

-s/\ -
u S 1
Pp(s)-e [1+ +5 2+...],

>‘:‘Le Kie

where
1

)\. = —T'_‘—'—')‘ 3
ie " nylo; + o,
The effect that this parameter has upon source efficiency can be illus-
trated by the following estimation: the steédy-state ion continuity

equation requires that

e — . ' ; 1.

div J; = e njn! (crive) .

where

-
Ji = ion current density,
Ny = neutral density,
hé = primary electron density,

(cive)' = appropriate average of the ionization rate coefficient

over the primary electron velocity distribution.

The primary electron density can be estimated as

I
nev ~ S T,
eV
where I’ = primary electron current,
V = source volume,
' = Au/(ve)' = average primary lifetime.



o =15

- fintegratioh;of:théfcbntinuity>éqﬁation over the volume, assuming uni-
.form dénsities, gi#es the ion current to the confining surfaée;
S ‘ {o.v )
$3, - alt = mgr, e
i - T07e '
. _.(Ve)

-

‘Fotféhy‘giVen.elecfrdn velocity"distribution, electrbn efficiency

is therefore optimized by maximizing

- 1
noxu = pl' .
- - + 0, + qx
nod

-”Likéwise; gas'efficiency is optimized by maximizing

T
€

Ay n (o, + o)
a ori X

In the ¢ase of negligible magnetic fields, pl_may be assigned the
likely value

- anode area
Pp= total surface area

_ and'a_the=likelygvalue of the typical distance between reflections
.inside the-ionizatiOn.chambér. Conversely, in a reflex arc, one has
';.pi:z;l) while 4 1is vastly increased by the application of a strong

- axial magnetic field.
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" FIGURE LEGENDS

Cross section of a single slot in thebeXtractor, showing

rélativé3eleétrodé’potentials.and calculated ion trajectories
" and equipotentials.
Current (dctual or calorimetric equivalent) vs extraction

voltage fof»éperation with deuterium. . The_decelerating'volt-

age was 1.1 kV. The two lines labeled "Deéign"'were obtained

. from the calculated perveance;:the thin lines connect data

points.

l/e Gaussian half-widths parallel and perpendicular to the

- slots (correctedvfor the contribution of the finite source)

vs beam enérgy for operation with hydrogen and deuterium.
Performance of a Constant-current variable-energy extractor.

The energy was normalized to the constant 11 kV extraction

+

o show the calculated

- current for those species.

_Phbtograph'of plasmé source. ' Front view with extractor

\

structuré removed.
Sketch of source with block diagram of circuits. 1. Tungsten

0.20-in.-diameter filament (20 total). 2. Cathode mounting

_plates: one +, one -. 3. Floating plates. 4. Floating ring.

5. Anode.' 6. Movable probes (4 total). 7. Floating grid
'suPPOrt=plate. 8. 'Floating back plate. 9. Pulsed gas valve.

Plot of.aré-cﬁrrent, arc voltage, and ion current density vs

pulse line voltage.

2
0= H, gas arc current = 660 A.

‘Plasma density profile. A = D, gas arc current = 1000 A.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, -or assumes any legal liability or

. 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.
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