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ABSTRACT

Multimsgawatt neutral besms of hydrogen or
deuterium atoms are needed for fusion machine
applications such as MFTF-3, TFIR-U, DIII-U,
and FED (INTOR or ETL). For these spplicstious,
a d oPIGatrun ion source is being devalaped to
produce high-brightness dsuterium besams at a
beam energy of 120 keV for pulse lengths up to
30 s. A long-pulsc plasma genarator vwith
active water cooling has been oparated at an
arc lavel of 1200 A with 30=s pulse durations.
The plassa density and uniforaity are sufficient
for supplying a 60-A beam of hydrogen ioas to a
13- by 43-cm accelerator. A 1l- LUy 25-cm
tetrode accelarator has been opezated ta form
120-keV hydrogen ion beams. Using the two-
dimensional (2-D) lon extraction code developed
at Oak Ridge National Laboratory (ORNL), a 13-
by 43-cm taetrode accelerator has been designed
and is being fabricated. The aparcure shapes
of accelerator grids are optimized for 120-keV
beam energy.

INTRODUCTION

Intense neutral beam injection is a proven
plasma heating technique for fusion devices.!™7?
Ion sources developed for such_applications are
short-pulse (<l-s) versions.“’'7'S Long-pulse
(>L~s) ion ‘sources being dqvcl.og.d show promwise
in producing mulci d b .3=12 For next-
generation fusion devices,!~!8 such as MFTF-B,
DIII-U, TFTR-U, and FED (or EPR) in the United
Staces, high-energy (80~ to 150~keV), long=
pulse (up to 30-3) ion sources sre nasded.
Additional raquirements include good optics
(~0.5° HWEM), high atomic yield (»90%), and low
inpuricies (<107°). These sources should also
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be characterized by high-duty-cycle oparation,
high reliability, and longevitr. Oune such
source, now bsing developed. is the esdvanced
positive ion syscem (APIS) ion sourcs.

The ion sources‘?~2" developed for ORMAK,
15X~B, PLT, and PDX are duoPlGatron ion sources
scaled ug Erom the original version developed
at ORNL.2° Tha development of APIS ion sources
has been aggressively pursuad for several
vears. Efforts are concentrated on technology
development for the electron emitter and ion
accelerator. The design philosophy, fabrica-
tion techniques, and significant achievements
are published elsewvhare.?:%:26

Based on APIS source development activities,
a duoPICatron icn source (Fig. 1) is being
designed, fabricated, and developed to form
120-keV, 10=9 beams. This source is similar to
tha 80=keV, 30=s ssurce for the MFIF-B axperi- _
ment at Lawrence Livermore Nacional Laboracory.2?
As described below, the 10-3 plasma generator
and 120-keV accelerator have been successfully
developed. A newly designed 120-keV accelerator
will be able to form high-brightness beams, as
demonstrated by the 80-keV source. Finally,
the progress of this 120-keV, 30-s source
development is discussed.

PLASMA GENERATOR

The plasma generator of a modified duoPlG-
atron lon gource consists of an electron fsed
assembly and an arc chamber. The electron feed
assembly supplies ionizing electrons to create
a source plasma in the arc chamber, Longitudinal
oagnet columns are arranged circumferentially
around the arc chamber walls to form a multiple-
line cusp configuration. The multiple cusps
can effectively isprove confinesment of fast
ionizing electrons and slow plasma particles in
the source plasma. Thus, a uniform plasma
extending to within 5 ca of the chamber wall
can readily bg produced. This multicusp
configuration®? has concributed to the fasc
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Fig. 1. Sketch of an APIS iou source
including electrical connections.

progress in ion source technology in the last
decads.

To match the ractangular accelerators of
APIS ion sources, the development of a rec~-
tangular plasma generator has been pursued at

ORNL since 1979.29 A long-pulse plasma generator

using a double electron feed configuration has
been operated at an arc leval of 1200 A for
pulse lengths of 30 a (see Fig. 2).

As shown in Fig. 1, the alectron fccd llllnbly
is mounted at the back of a 28~ by 60-ca arc
chamber. The typical spacial uniformity of the
plasma 3o created is shown in Fig. 3. Such a
plasma is sufficient for forming 60-A hydrogen
ion beams whea a 13~ by 43-cm accelerator with
48% grid traasparency is used. Based on this
plasma generator, a long~pulse lon source is
being designed, fabricated, and developed for
MFIF-B applications.?’ For long-pulse (>30-s),
high-duty-factor (>10%) operations, active
water cooling has been provided for the close-
fitting, thin-walled electrodes enclosing cthe

intense arcs. Using the electroforming technique

to prepare the water cooling channels in these
thin-walled electrodes is a novel application.

The electron feed assembly is made up of
an electron eaitter, an intermediate eleccrode,
and anode L (Fig. 4). This assembly is similar
to that used in PLT/ISX-B injectors.-? The
electron emitter is an indirectly hcn:»d
lanthanum-molybdenum (LM) cn:hodc.‘* which ueas
La:0.-doped molybdenum smitter surfaces and is
heated indiractly by a graphite heater.:

Working at 1700°C, it needs a heating powsr of
3.9 ¥W. Such a cathode, with a i00-cm- emittar
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Fig. 2. Typical waveforms of 120-V,
120Q0~-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 the cathode is independent
of time for a constant cathode temperature,
anude potemtial, and gas pressure. For 30-s
pulsed intense arc discharges, the cathode
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Fig. 4.

temperature incrsases “100°C as a result of
additional arc heating. To maintain conctant
plasme density during the arc pulse, regulation
of cathode temperature is needsd.

The effactiveness of a water-coolad design
vas demonstrated by raeliable operation of a few
30-s arc pulses at 75X duty factor. After 70 h
of 30~s, 30%-duty-cycle arc operations (2500
arc pulses), the electron feed assambly still
behavee normally. In addition to its loagevity,
this essembly is very rsliable and stable, as
demonstrated by the fact that no arc braskdowns
were datected during the test operacion.
Morsover, the arc characteristics (monicored by
arc voltage and currant, plassa density, elec-
trode power loadings, and cathode tempsrature)
are rapsatable for every pulse. Thus, ve are
confident cthat a reliable, efficient, and
durable long=~pulss plasaa genarator has been
successfully developed.

ION ACCELERATOR

In forming high-energy (>80-keV), 30-~3
beams, the main concerne of the accelerator
development are the optical quality of the
beam, the stability of grids, and the high-
volctage holdoff capability. For a conditioned
multiaperture ion acceleracor, che voltage
holdoff capability of 80 kV/cm is often
achieved for a short gap balow 1 cm. For long~
pulse accelerator developmsnt, rectangular
grids with improved cooling afficiency and
reduced beam losdings wera designed for
achieving thermal stabilicty.3? This design
affort was carried out after an inicial cthermsl
and stress analysis for 3J0~cm-diam grids for
PDX injectors.?*»3?5 Normally, the cptical
quality of the baam is detarmined by the
primary optice, the steering and geomatric
focusing of each beamlet, and the extracted
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current density. Through the ion source deveiop-
mant fo: various neutral beam applications, the
optical quelity of beams has been studied
extensively and improved substaatially, via

both experimental aud compuctational effor:s.

The primary beamlet optics depends on the
aperture geomatry, which can be optimized
using che ORNL 2-D ior extraction code.~6736
The optics improvement has been proven by the
increase in beam transmission efficiency of a
triode accelerator®’ and the decrease in beam
divergence of a tetrode accelerator.

Exploying notched apertures on cCae beam-forming
grid (plasma gzid, or grid 1), a long-pulse ion
accelerator with a rectangular extraction
geomacry of 10 x 25 cm in a scaled APIS ion
source!< has been designed, fabricacted, and
operated. High-energy beams up to 120 keV have
been successfully formed, and beaa optics
properties have besn characterized.

For forming 120-keV beams, the first and
second gaps of the tetrode accelerator (Fig. 5)
wera sat at 8 and 10 am, respeccively. The
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Fig. 3. Schematic aperture dimensions
of a ctetrode accelerator of a scaled APIS ion
source.



maximum voltage holdoff of the second gap is
846 kV. The high-ensrgy heam formed is

122 kaV/16 4/0.1 s. The beam optics has been
studied by beam power flow messurssenc, per-
veance scan, and beam profile scan for 60-keV,
80=keV, and 100-keV basama. The optics of beams
et a constant field racio [the electric field
in gap 2 (accel gap) to that in gap 1 (extrac~
tion gep)] is independent of beam snergy. For
inetance, at a field ratio of 2, the minimal
pover loadings to grids 1, 2, 3, end 4 are
reapectively 0.62, 0.62, 0.1Z, and 0.2% of beam
powar for high-energy beams. But the power
loading to the back plate of the arc chambar,
due co backstreaming electrons created in the
accelerator column, is balow 2% of beam power
and increasses with the besm energy. Figure 6
shows these powar loadinge as functione of beam
perveance. With such low powar loadings, the
rectangular grids of che accelerator can be
cooled to achieve thermal stability with

active water csooling. In fact, power losdings
on grids were nessursd to be a linear function
of beam pulse length, when long-pulse ion beams
ware formed with energy in excess of 100 keV
and pulse length of many saconds. 2
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Fig. 6. Power deposition to several

components for 60-keV (circles) and 100-keV
(squares) beams.

For a tetrode accelerator, beam optics and
extracted current density are sensitive functions
of the field ratio, as shown in Fig., 7. Thus,
at a constant beam energy, the beam power
deposited on a targect plassa with a constanc
acceptance angle can be adjusted for e wide
range by simply changing the field ratio.

For MFIF-B applicacions, long-pulse
(30-s) deuterium baams wich very stringent
opeics (20.5°) requirsmsncs are needed. The
aperture shapes of the grids were c,lui!ud
using the 2-D lon extraction code.25»37 as
shown in Fig. 8, the primary optics of basmlets
s0 formed will have e divergence *nglc of )
0.25° rms at a current density (D) of 0.15 A/cm=
and a field ratio of 2. With such large-
diameter (0.8~ to l-cm) apertures and serpentine
cooling channel arrangemante, tha active extrac-
tion area of the 13~ by 43-cm rectangular grida
ie about 250 ca“ (i.e., a 435 geomatry trans-
parency). The cooling efficiency has been
improved substantially by using serpentine
cooling paesages along the short dimension and
betwaen adjacent rows of apezturss.

At prasent, the preprototype MFIF-B
gource is being actively and aggressively
davaloped. Short-pulse beams of 80 keV and
50 A have bean formad and characterized. The
puise length has baen extanded to 3 s. The
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Fig. 8.
trajectories,

Aparcture shapes, focluding ion

of an 80-keV de accel .

analysis based on besm profile scsas gives an
effective divergence angle of 0.47° WM at a
field ratio of 1.8. A typical beam profile is
shown in Fig. 9. This is consistent with that
neasured by an energy acalyzer. The divergence
of HF(E), HY(E/2), and HY(E/3) in the cocal
bean is 0.38°, 0.5°, and 0.56° HWHM, respec-
tively. The discrepancy between the computed
beamlet divergsace angle and tha wsasured total
beam divergence angle is consistent with the
facts that the beamlets ave not purely Gaussian
and the beamlet steering and geometric focusing
are not perfect. The haat loading to source
components due to the beam at a field ratio of
2 was also carefully meaaured. The typical
values of power loadings to grids 1, 2, 3, and
4 are 0.6%, 0.1%, 0.1%, and 0.8%, respsctively.
The mxigu- power density to the grids is below
125 W/cm=, assuming 1% power loading of 4=-MW
beam power. This accelerator should be capable
of forming 30-s beams of 80 keV and 50 A (H').

DEVELOPMENT OF A 120-keV, 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. Based on the
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Fig. 9. Typical powsr profile of a total
beam formad by the 80-keV acceleracor of Fig. 8.
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results of the scaled APIS fon sourcs, the
firat and sacond gaps can bs set at 8 and

10 sm, respectively. In fact, if the grids are
made of molybdenum instead of OFHC copper,
shorter gaps may be set. Usually, wolybdsaum
is superior in voltage holding, secondary
emiasion, particle sputtering, and mechanical
strength at elevated temperatures. Its dis-
advantages include lower thermal conductivity,
higher cost, and difficulty in fabricationm.

A new tetrode accelerator with four molyb=-
demm grids has besn designed to improve cooling
efficiency and mechanical strength and is “aing
fabricated. If 3% of ths 7.2-MW beam power (120
kV and 60 A) is deposited, each grid has been
designed to handle l0-s beams.?3 The cooling
efficiency is improved by incorporating
integral cooling, with cooling passages along
the short dimension of the grid and around
each apevture. The thermal scabilicy is
improved by allowing grid edges to expand and
rotate. The stress and deflaction of grids are
minimized by using NASTRAN place models.??
Relative axial deflection of the gaps is
estimated to be within 0.38 am, and transverse
deflection is estimated to be within 0.13 om,
for 32 beam povwer loading. In fact, the grid
loading of APIS ion sources is always below 1%
of beam power. Hence, the molybdenum grids
should be 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 produca 30~s beams.

Molybdenum grids are being fabricated by
the Unitad Technologies Research Center. The
coolant passages are machined into the grid
plates by chemical machining; then the two
places are brazed together. Two grids have
beaen successfully complated. Like the copper
grids for the MFTF~B source, the molybdenum
grids use serpentine cooling passages and large
shaped apsrtures (8 co (10 ma i{n diameter). The
overall grid transtersncy of the rectangular
extraction arsa (13 x 43 cm) is 48% (or a
268-ca~ active axtraction area). For cost=-
effactiveness, 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.:51+3 Using unfocused
grids with che advanced aperture design, the
beam transmission through an existing beam line
will be increased substantially and the peak
powar dansity will be several times smaller
than that with focused grids.

REFERENCES

1. L. A. BERRY et al., in Zlasma Physics xud
Controlled Nuclear Fusion Fesearch. Pro-
ceedings of the 6th Intermationai Conjarenmce,
Berchtesgadsn, 1976, Vol. I, International
Atomie Energy Agency, Vienna, 1977, p. 49.




2.

3.

10.

11.

12.

13.
14,

13.

16.

17.

18.

19.

20.

H. P,
270 (1979).

at al., Phye. Rev. Lett., 43,

M. MURAKANI et al., in Plasma Physics and
Controlled Fuclear Fuston Research. 2Pro-
ceedings of the 8th intermational Confarencs,
Brussels, 1382, Vol. I, International Atomic
Enargy Agancy, Vieuna, 1981, p. 377.

M. M. MENOX, Proc. IEEE, 69, 1012 (1981).
J. SHEFFIELD, Proc. IEEE, 63, 885 (198l1).
T. C. SIMONEN, Proc. IERE, 69, 935 (1981).

W. B. KUNKEL, LBL-10447, Lawrance Berkeley
Laboratory (1980).

Procssdings of the 3rd LAEA Neutral Beam
Workghop, October 13-23, 1981, Gatlinburg,
Tanngsgee, CONF-8110118, International
Atomic Energy Agaacy, Viaona, 1981.

H. H. HASELTON and R. B. PYLE, in Trang-
actions of the Ffourth Topical Meeting of the
American Nuclear Society, King of Prussia,
Perngylvanta, 1980, Vol. 1, p. 81.

K. H. BERKNER et al., 3ull. 4m. Phys. Sooc.,
25, 982 (1980).

Y. OKUMURA et al., Aev. Jet. Ingstrum., §1,
728 (1980).

C. C. TSAI et al., Rev. S¢t. Instrum., &3,
417 (1982).

M. M. MENON, in thess Transactions.
W. LINDQUIST, private communication.

G. D. PORTER, 3xll. Am. Phys. Soe., 37,
969 (1982).

H. P. EUBANK, Princeton Plasma Physics
Laboratory, private communicacion.

W. A. HOULBERG et al., in Proceedings of
the Ith Sumposium on Zngineering Problams
¢f fusion Research, LEEE, New York, 1981,
p. 68.

D. H. METZLER and L. D. STEWART, in Pro-
ceedings of the 9th Symposiwm on Ingineer-
ing Problems o] Fusion Research, IEEE,
New York, 1981, p. 748.

R. C. DAVIS et al., Rev. Sci. Instrum.,
48, 576 (1975).

C. C. TSAI et al., in Proceedings of the
7th Symposium on Engineering Frotlems oF
fusiom Fssearch, 1EEE, New York, 1977,
p. 278.

W. L. STIRLING et al., Fev. Sct. Ingtrum.,
50, 576 (1979).

22.

23,

24,

25.

26.

27.

3o.

il.

3.

33,

34.

3s.

36.

37.

38.

39.

M. M, MENON et al., J. Appl. Phys., §0,
2484 (1979).

J. KIM ot al., /. 4ppl. Phye., §1, 1984
(1980).

W. L. GARDNER et al., Rev. Sci. Inatrun.,
§3, 6424 (1982).

Q. 3. MORGAN, in Proceedings of tha 2nd
Symposiwm on Ion Sources and Formation of
Jon Beaxms, LBL-3399, Lawrance Barkelay
Laboracory, 1974, papar VI-l.

J. H. WHEALTON et al., in Transactions of
the 4th Topical Meeting of the American
Nuclear Socisty, King of Prussia, Pennsyl-
vania, 1980, Vol. 1, p. 91.

M. M. MENON et al., in Proceedings of the
12th Symposiwn on Fusion Technology, 1982,
p. 1375.

W. L. STIRLING et al., Rev Sci. Imstrwm.,
48, 533 (1977).

C. C. TSAI et al., in Proeceedings of the
8th Symposium on Ingineering Problemg or
Fuaion Research, 1EEE, New York, 1979,
p. 665.

D. E. SCHECHTER and C. C. TSAI, in
Proceedings of the Ith Symposiwm on
Fnginearing Problems of Fusion lasearchn,
IEEE, New York, 1981, p. 151S5.

C. C. TSAL et al., in Sroceedings of the
3rd TAEA Neutral Beam Workshop, October
19-28, 1381, Gatlinburg, Temmessee, CONF-
8110118, Incernational Atomic Energy
Agency, Vienna, 1981, p. 149.

C. BUXBAUM, Brown Boveri Rev. 1=79, p. 43;
C. BUXBAUM et al., U.S. Pateat 4010081, 1977.

D. A. BOWERS et al., MDC E-2204, McDonnell
Douglas Astronautics Company (1980).

D. A. EVERITT et al., in Proceedings o che
8th Sympogiwm on Engineering Probiems oF
Fugion Research, LEEE, New York, 1979, p. 1051.

J. A. MAYHALL et al., in Proceedinga or the
8th Symposiwm om Engineering Frobioms of
Fugion Iesearch, IEEE, New York, 1979, p. 1070.

J. H. WHEALTON et al., . Comput. Phys.,
27, 32 (1978).

W. L. GARDNER et al., Rev. Sci. ngtrum.,
52, 1625 (1981),

C. N. MEINNER et al., o. drpe. Prys., 2,
1167 (1981).

J. H. WHEALTON, - .
(1982).

Aopi. Phys., 35, 2811 (1982).



