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ABSTRACT

Multiaagavatt naucral b u n of hydrogen or
deuterium atoaa ara naadad for fusion —china
applications such aa MFTF-3, TO-1), DIII-U,
and FED (INTOR or ETT,). For ch««« applications,
a d\ oPIGatron ion aourca la baing davalopad Co
produca hlgh-brlghcnua dautariust baams at a
beta anargy of ̂ 120 keV for pulsa lengtha up to
30 a. A long-pulse plasaa ganarator with
acciva watar cooling haa baao. oparatad at an
arc laval of 1200 A with 30-> pulse durations.
th« plasma dansity and onlforalty ara sufficient
for supplying a 60-A baam of hydrogan ions to a
13- by 43-ca accalaracor. A I- jy 25-ca
tetrode accelerator haa bean operated to fora
120-keV hydrogan Ion beaaa. Using the wo-
diaensional (2-0) ion extraction coda davalopad
at Oak Ridge National Laboratory (0ROT.), a 13-
by 43-ca tetrode accalarator has baan designed
and is being fabricated. The aperture shapes
of accelerator grids ara optimized for 120-keV
beast energy.

INTRODUCTION

Intense neutral beaa injection is a proven
plasaa heating technique for fusion devices.1"7

Ion sources developed for such applications are
short-pulse (<l-s) versions.1"7'0 Long-pulse
(>l-s) ion Sources being developed show proaiae
in producing aultisecond beaaa.'"1- For next-
gen'ration fusion devices,13'19 such as MFTF-B,
0III-U, TFTR-tf, «nd FED (or EPR) in th« United
States, high-energy (80- to ISQ-keV), long-
pulse (up to 30-s) ion sources are needed.
Additional requirements include good optics
(M3.5* HWHM), high atoaic yield (>90Z), and low
iapuricies (<10~::). These sources should also
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be characterized by high-duty-cycle operation,
high reliability, and longevity. One such
source, now baing developed, i.% the advanced
positive ion syseea (APIS) ion source.

The ion sources19"21* developed for ORKAK,
ISX-B, PLT, and PDX are duoPIGatron ion sources
scaled up froa the original varalon developed
at ORNL. 5 The development of APIS ion sources
haa beaa aggressively pursued for several
years. Efforts ara concentrated on technology
development for the electron emitter and ion
accelerator. The design philosophy, fabrica-
tion techniques, and significant achievements
ara published elsewhere.a>3>26

Based on APIS source development activities,
a duoPICatron Ion source (Fig. 1) is being
designed, fabricated, and developed to fora .
120-keV, 30-s beans. This source is similar to
the 80-keV, 30-s iv.urce Cor the MFTF-B expert-
Mac at Lawrence Liveraore National Laboratory.17

As described below, the 30-s plasaa generator
and 120-keV accelerator have been successfully
developed. A newly designed 120-keV accelerator
will be able to fora high-brightness baaaa, as
demonstrated by the 80-keV source. Finally,
the progress of this 120-keV, 30-s source
development is discussed.

PLASMA CENERATOR

The plasma generator of a modified duoPIG-
atron ion source consists of an electron feed
assembly and an arc chamber. The electron feed
assembly supplies ionizing electrons to creste
a source plasma in the arc chamber. Longitudinal
oagnet columns are arranged circuaferencially
around Che arc chamber walls to fora a auleiple-
linu cusp configuration, the multiple cusps
can effectively improve confinement of fast
ionizing electrons and slow plasma particles in
the source plasma. Thus, a uniform plasma
extending to within 5 cm of the chamber wall
can readily be produced. This mulcicusp
configuration-8 has contributed co the fast
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Fig. 1. Sketch of an APIS ion source
including electrical connections.

prograsa In ion source cachnology In the laic
dacada.

To natch the raccangular accalaracors of
APIS ion sources, cha development of a rac-
cangular plasaa ganaracor has baan pucsuad at
ORNL sinca 1979.2" A long-pulse plasna genaracor
using a doubla electron faad configuration has
baen operated at an arc level of 1200 A for
pulse lengths of "O0 s (see Fig. 2 ) . 3 O l i l

As shown in Fig. 1, the electron feed assembly
is aounced at the back of a 28- by 60-ca arc
chamber. The typical spatial uniformity of the
plasaa so created is shown in Fig-. 3. Such a
plasaa is sufficient for forning 60-A hydrogen
ion beaas when a 13- by 43-ca accelerator with
48" grid transparency is uaed. Based on this
plasaa generator, a long-pulse ion source is
being designed, fabricated, and developed for
MFTF-B applications.27 For long-pulsa (>30-s),
high-duty-factor (>10Z) operations, active
water cooling haa been provided for the doaa-
fitting, thin-walled electrodes enclosing the
intense arcs. Using the elactroforaing technique
co prepare the water cooling channels in these
chin-walled electrodes is a novel application.

Tha electron feed asseably is made up of
an electron eaitter, an intaraediata electrode,
and anode 1 (Fig. 4). This asseably is similar
co that used in PLT/ISX-B injectors.:0 The
electron eaitter is an indirectly heated
lanthanua-aolybdanuB (LM) cathode,32 which uses
LajOi-doped aoiybdenua eaicter surfaces and is
heated indirectly by a graphite heater. :"
Working at 1700"C, ic needs a heating jawer of
3.9 kW. Such a cathode, with a 100-cm- emitter
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Fig. 2. Typical waveforms of 120-V,
1200-A. 35-s arcs.
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Fig. 3. Typical density profiles of the
source plasma.

area on the in-ide of a paraboloid, is capable
of 1000-A emission current. Normally, the
electron emission of Che cathode is independent
of cime cor a conscanc cathode temperature,
anode potential, and gas pressure. For 3Q-s
pulsed intense arc discharges, Che cathode
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Fig. 4. Elactron faad assembly.

ceaperacure increases •v-lOO'C as a result of
additional arc heating. To aaiacain constant
plasma, denalty during cha are pulse, regulation
of cathoda taaperacure is aaed«d.

Th« affaecivanaaa of a vacar-coolad daaign
uaa deaonstraeed by raliabla aparatioa of a few
30-s arc pulaaa at 751 duty factor. After 70 h
of 30-s, 30X-ducy-cycla arc oparationa (2500
arc puliaa), cha electron faad aaaaably scill
bahavaa normally. In addition to tta loagavity,
chia aaaaably la vary raliabla and scabla, aa
daaonatratad by cha fact chac no arc breakdowns
wara dacactad during cha caac operation.
Moraover, cha arc characcariatica (aonicorad by
arc voltage and currant, plaaaa density, elec-
croda povar loadings, and cachoda ceaperature)
are rapaacabla for avary pulia. Thus, wa ara
confidant chat a raliabla, efficient, and
durabla long-pulse plaaaa ganarator haa baan
succaaafully developed.

ION ACCELERATOR

In forming high-anargy (>80-keV), 30-s
baaaa, cha main coacarna of cha accalaracor
developaanc ara cha optical quality of the
bean, chc stability of grida, and tha high-
volcaga holdoff capability. For a conditionad
multiaparture ion accalaracor, cha volcaga
holdoff capability of 80 kV/ca is ofcan
acbievad for a short gap balov 1 en. For long-
pulse accalaracor davalopaanc, raccangular
grids wich iaprovad cooling afficiancy and
reduced baaa loadings wara designad for
achieving thermal stability.33 This design
effort wma carried out afcer aa ioitial charsal
and scraaa analysis for 30-ca-diaa grids for
FDX injectors.3">3S Normally, the optical
quality of the baaa is deteraiaad by the
primary optics, the scaering aad gaoaatric
focusing of each beaalec, and the extracted

currant density. Through the ion source devexop-
menc for various neutral beasi application*, che
opcical qucllsy of beaas has been studied
excansivaiy and improved substantially, via
boch experimental and computational efforts.

The primary beaalec opcics depends on che
aparcure geoaacry, which can be optimized
using cha ORHL 2-D ior. excracclon code.*6"-'36

Tha opcics improveaenc has been proven by cha
increase in baaa cransaisaion «fficiencj of a
crloda accelerator'3' and the decraaae in beam
divergence of a tacrode accelerator.33

Employing nocchad apertures on che beam-forming
grid (plaaaa grid, or grid 1), a long-pulse ion
accelerator with a rectangular extraction
gaoaacry of 10 x 25 ca in a scaled APIS ion
source1*- has bean designed, fabricated, and
operated. High-energy bcaas up to 120 keV have
been successfully formed, and beaa opcics
properties have been characterized.

For foraing 120-kaV baaaa, che first and
second gaps of the cetrode accelerator (Fig. 5)
uera sec ac S and 10 <•*, respectively. The

Fig. 5. Scheaacic aperture dimensions
of a cecroda accelerator of a scaled APIS ion
source.



maniai i» voltage holdoff of th« lacond gap ta
84 kV. Tha high-energy bsaa foraed it
122 kaV/16 A/0.1 a. Tha baam opetea haa bean
studied by beaa powar flow aeasureaenc, per-
vaanca scan, and beaa proflla acan for 60-keV,
80-keV, and 100-keV beaaa. Tha optics of beaaa
ae a c->n»tanL flald ratio [tha alactrlc ftald
ta gap 2 (accal gap) to chat la gap 1 (axtrac-
cion gap)] Is lodapaodaoc of beaa energy. For
luatanca, at a field ratio of 2, tha ainiaal
povar loadlnga to grlda I, 2, 3. and 4 ara
respectively 0.6S, 0.6X, 0.11, and 0.2Z of baaa
povar for high-energy baaaa• But tha povar
loading to tha back plata of tha are chaabar,
dua to backsersaaing electrons craatad la tha
accelerator coluao, la balov 2Z of baaa powar
and Increaeee with tha baaa anargy. Figure 6
shows chaaa povar loadlnga aa function* of baaa
parvaanca. With such low powar loadlnga, tha
rectangular grids of tha accalaracor can ba
coolad to achiava tharaal stability wich
active wacer cooling. In fact, powar loadings
on grids wara measured to ba a linaar function
of b«an pulse langth, uhan long-pulse ion beasa
ware formed with energy in excess of 100 keV
and pulse length of many seconds.12
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Fig. 6. Power deposition to several
components for 60-keV (circles) and 100-keV
(squares) beams.

For a cacroda accelerator, baaa optics and
extracted current density are sensitive functions
of tha field ratio, aa shown In Fig. 7. Thus,
at a constant beaa energy, the beaa powar
dapoalcad on a cargac plaaaa with a constant
acceptance angle can ba adjusted for a vide
range by aiaply changing the flald ratio.

For HFTF-B applications, long-pulse
(30-a) deuterium baaas with very stringent
optics (±0.5*) requlrsaanes ara needed. The
aperture shapes of the grids wara designed
using tha 2-D ion extraction cada.3S<" Aa
shown In Fig. 8, tha prlaary optics of baaalets

f l di l f
g

so foraad will have a divergence angle of
* (D ) of 0.1S A/ca~0.2S* ras ae a currant density

and a flald ratio of 2. With such large-
dlaaatar (0.8- to 1-cm) apertures and serpentine
cooling channel arrangements, tha active extrac-
cion area of Che 13- by 43-ca rectangular grids
is abouc 250 caz (i.e., a 432 gaoaacry trans-
parency). The cooling efficiency haa been
improved substantially by using serpentine
cooling paasages along the short dimension and
between adjacent rows of apercures.

Ac prascnc, cha prcprocotype HFTF-B
source is being actively and aggressively
developed. Short-pulse beaas of 80 kaV and
SO A have bean formed and characterized. The
pulse length has bean extended Co 3 s. The

ORNL-0WG 83-2390 FED
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Fig. 7. Peak power density and divergence
angle varied wich the field ratio for 90-keV,
9-A beams.
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Aperture shapes. Including Ion
of an SO-keV eatroda accelerator.

analysis based on beam profile scans givea an
effective divergence angle of 0.47* M M at a
field ratio of 1.8. A typical beam profile Is
shown in Fig. 9. This is consistent with that
measured by an energy analyzer. The divergence
of a+(E), K**(E/2), and B+(E/3) in the total
beam is 0.38*. 0.5\ and 0.56* HUBt, respec-
tively. The discrepancy between the computed
beamlet divergence angle and tha measured total
beam divergence angle is consistent with the
facts that the beamlets ara not purely Gaussian
and the beamlec steering and geometric focusing
are not perfect. The heat loading to source
components due to the beam at a field ratio of
2 was also carefully measured. The typical
values of power loadings to grids 1, 2, 3, and
4 ara 0.6*, 0.1X, 0.1Z, and 0.8X, respectively.
The naximum power density to the grida is below
123 U/cm2, assuming IX power loading of 4-HU
beam power. This accelerator should be capable
of forming 30-s beams of 80 keV and SO A (U+).

DEVELOPMENT OF A 120-kaV, 30-s SOURCE

A 120-keV, 30-s ion source can be developed
simply by regapping the tetrode accelerator of
the preprototype MFTF-B source. Baaed on the
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Fig. 9. Typical power profile of a total
beam formed by the 80-keV accelerator of Fig. 3.

results of the soled APIS ion source, the
first and second gaps can be set at 8 and
10 am, respectively. In fact, If the grids ara
made of molybdenum Instead of OFHC copper,
shorter gaps may be set. Usually, molybdenum
is superior in voltage holding, secondary
emiasion, particle sputtering, and mechanical
strength at elevated tenperaturea. Its dis-
advantages Include lower thermal conductivity,
higher cost, and difficulty in fabrication.

A new tetrode accelerator with four molyb-
denum grids has been designed to improve cooling
efficiency and mechanical strength and ia 'Ming
fabricated. If 31 of the 7.2-MW beam power (120
kV and 60 A) is deposited, each grid has been
designed to handle 10-s beams.33 The cooling
efficiency is improved by incorporating
integral cooling, with cooling passages along
ehe short dimension of the grid and around
each aperture. The thermal stability is
improved by allowing grid edges to expand and
rotate. The stress and deflection of grids are
minimized by using NASTRAN plate models.33

Relative axial deflection of the gaps is
estimated to be within 0.38 mm, and transverse
deflection is estimated to be within 0.13 mm,
for 3X beam power loading. In faet, the grid
loading of APIS ion sources ia always below 1Z
of beam power. Hence, the molybdenum grids
should b* able to deliver high-energy ion beams
of 120 keV, 60 A, and 10 s, as designed. If
the thermal time constant is only 2 to 3 s, the
grids should be able to produce 30-s beams.

Molybdenum grids are being fabricated by
the Unitsd Technologies Research Center. The
coolant passages arc machined into the grid
plates by chemical machining; then the two
plates are brazed together. Two grids have
been successfully completed. Like the copper
grids for the MFTF-B source, the molybdenum
grids use serpentine cooling passages and large
shaped apertures (8 ec 10 on in diameter). The
overall grid transparency of the rectangular
extraction area (13 x 43 cm) is 482 (or a
268-ca- active extraction area). For cost-
effectiveness, these grids are being made with
no focusing curvatures.

The aperture shapes in these grids are
optimized for 120-keV* beam energy with the 2-D
ion extraction code.;Sl39 Using unfocused
grids with the advanced aperture design, the
beam transmission through an existing beam line
will be Increased substantially and the peak
power density will be several times smaller
than that with focused grids.
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