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We describe the design of an intense, pulsed, repetitive, neutral beam based on magnetically
insulated diode technology for injection into ITER for spectroscopic measurements of thermalizing
alpha particle and thermal helium density profiles, ion temperature, plasma rotation, ad low
impurity concentrations throughout the confinement region. The beam is being developed to
enhance low signal-to-noise ratios expected with conventional steady-state ion beams because of
severe beam attenuation and intense bremsstrahlung emission. A®.GWL.00 keV, 50 kA1 us

duration beam would increase the charge exchange recombination signaf bpripared to a
conventional 5 MW beam. @€1997 American Institute of Physids$S0034-67487)52301-X]

I. INTRODUCTION (at the beam focus in the reackevould be used. Operated at
100 keV/IAMU near the peak of the CXRS cross sections,

Charge-exchange recombination spectrostépgXRS) : . . .
. . ; . . . these beams would increase signal-to-noise ratios because of
is now the primary diagnostic of ion temperature, rotational

. . . . their high intensity coupled with very short gating times on
velocity, and helium ash concentratfoim tokamaks. Using 9 ensity coupled ery short gating °
o o : the detectors to reduce the bremsstrahlung background. Not
visible spectroscopic views across a neutral beam which pro- . . .
-only would these beams provide vital measurements in the

vides the charge exchange source for fully stripped ions in lasma core, but would do so with time resolution governed

the plasma, CXRS provides good spatial localization of th the repetition rate of the beam. Such a neutral beam was

Doppler shifted and broadened light. Present tok'amaks arﬁ;velopecﬁ and it was demonstrated that effective charge
able to use the same neutral beams used for heating the bu

eutralization could be achieved in a gas cell at current den-
plasma for the CXRS source. The 100—120 keV energy OP'ties of 20 AlcrA (only a factor of 3—7 below the required

these positive-ion-source neutral beams is well matched 3 . . . . .
the peak of the charge exchange cross section. Future lar \g;}lue dgper_u_jmg on _the diode diametemswering the pri-
high-density tokamaks such as ITER are faced with a serioﬂ?ary scientific quesuo'n.of the approach. C
problem. Positive-ion-source neutral beams will not pen- Many of t_he remaining key ISSUes in the application of
etrate the plasma and are not suitable for core heating. Hig ptense ion-diode technology t(.) d|agn_ost|c neutral beams
energy negative-ion-source beams planned for heating inte 1ave largely been solved, albeit not simultaneously: pulse

act at too high an energy with the plasma ions and too low o ngths of longer thz?m Ls have been achieved with Cafef%"
a cross section to produce useful CXRS sigAaBteady- attention to magnetic geometry; more than 90% of the ion

state beams provide a CXRS signal which increases Iinearl(?IOde peam can be at full energy; and active plasm_a anodes
with plasma density, while the bremsstrahlung backgroun see discussion below about plasma anbdimg achieved
more than 90% hydrogen for cleanlinésBeam divergences

increases quadratically. In high-density operation of ITER, it W This |
is expected that only in the outer half of the plasma car€SS than 0.81FWHM) have been demonstrat€dThis is
ithin a factor of two of the divergence needed to maintain

CXRS signals be seen by modulating the beam and phaé’¥ X oe .
averaging over a few secon®& Thus, ion temperature and the desired current densities in ITER over the required 15 m

helium ash density in the central core of the plasma would b§°Urce-plasma distance required if the beam source is to be
unmeasurable. located outside the biological radiation shielding wall with

It has been proposed that intense ion diode technolog?dequat? room forvalves ar?d the neutralizing cell. The light-
could be adapted to make a diagnostic neutral beam surcd®" inertial confinement fusion program regularly proposes
Instead of steadfor slowly modulatefibeams with less than SUch divergences to make intense ion beam implosion

1 Alen? beam density, microsecond pulses of a few k&fcm schemes plausible, but some development may be required.
The remaining technical issue, demonstrating repetitive

o] ] I davis@lan! beam operation, is discussed in the remainder of the article.

ectronic mail: davis@lanl.gov . .
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“Emeritus. plication of intense-pulsed-ion beam technolo@~=1-30
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available® and a 300 keV intense beam source at 0.3°Hz
have been demonstrated.

Il. DIODE DESIGN

_\\\\\\\\%\( g The first diode_used on the Los Alamos Continuous High
S\\:\\/F/; & Average-power Microsecond Puls€€EHAMP) accelerator
&\‘__‘-. will be for a variety of applications. It will use a magneti-

=/ Dt cally insulated extraction diod®?! with plasma anode in

ballistically focused geometri45° full focusing angle with
30 cm focal length Extension to a straight unfocused beam
or longer focal length beams for tokamak diagnostics is
straightforward requiring only different anode and cathode
N angles with respect to the system axis. The diode shown in
Fig. 1 operates as follows. The anode consists of a flat pulsed
induction coif? in an aluminum housing. The high-voltage
§ coil is formed from four parallel sets of two turn spiral wind-
ings coaxial with the system axis. The coil in focusing ge-
ometry is dished in the form of a cone having a normal to the
surface of 22.5° with respect to the system axis. The plasma
N anode is formed by first radially ducting a puff of gas with a
fast acting valverise time ~100 us), located on axis, over
Coils the coil surface. The valve will be actuated by a metallic
diaphragm driven either by eddy currents or a voice-coll
mechanism. When the gas puff is properly distributed, a fast
rising current puls€10-20 KA, 7;c.=1-2 us) delivered to
MeV, 1=0.1-1 MA, 7=10-50 n$'*2 to inertial confine- the induction coil breaks the gas down and induces azimuthal
ment fusion defense and energy programs. More recentlgurrent in the plasma at the coil surface. Th& B, force on
(over the past decagleusing more modest beam parametersthe plasma accelerates the plasma to the radial opening in the
(E=0.1-1.0 MeV,| =0.005-0.05 MA,7=100-1000 ng re-  aluminum anode housing where it is stagnated against the
search into the processing of materials using this technologgpplied radial magnetic field. lons are accelerated from this
has emerged®~1° Other applications such as high-flux neu- location. Higher frequency oscillations at 8 MHz will be in-
tron sources and neutral beam sources for tokamak diagnodticed in the windings to promote rapid and complete ioniza-
tics, the subject of this article, also appear promising. tion of the gas. The cathode consists of the tips of two thin
These beams are produced in vacuum magnetically insieconcentric metal conical sectiofwr cylinders for unfocused
lated diodes which require a source of ions, an acceleratingeometry. The gap between the cathode tips and the plasma
voltage, and a magnetic field transverse to the acceleratiomnode is 2 cm. Before application of the induction coil and
gap to suppress electron flow and enhance the ionffw  accelerating voltages, a 2Q@s rise time magnetic field of
1). lon currents typically exceed the vacuum space-chargabout 1.5 kG is applied transverse to the anode—cathode gap
limit by 5-50 times owing to electrons confined in the ac-by two magnetic field coils—one located inside the inner
celeration region by the applied magnetic field. The beamsone and one located outside the outer cone. At peak field
are produced and transported in vacuum of less thaand when the plasma is in position at the anode housing
10~ * Torr. Traditionally ions are drawn from the surface of a aperture, a positive accelerating voltage supplied from a
polymer anod¥ converted to a plasma by a combination of high-voltage modulator is applied to the anode. The applied
high-voltage flashover and electron impact. Polymer anodemagnetic field strength is adjusted to prevent electrons from
are unacceptable for applications requiring repetitive operaerossing the anode—cathode gap, but the more massive ions,
tion because of limited lifetime, excessive heat loading, ananly very weakly deflected by the magnetic field, have ap-
high gas production. Also polymer anodes produce excessiveroximately linear trajectories. The insulating magnetic field
debris, have poor uniformity and reproducibility, and do notwill be set equal to about B, whereB,,; is the minimum
allow the selection of the ion speciélypically these beams field for insulation of the electrons given by the condition
have a mix of hydrogen and carbon ipnénodes, which that the electron gyroradius at full electron energy equals the
draw ions from a preformed plasma are being developed at anode—cathode gap. The expected beam parameters are
number of laboratories to overcome the aboveE=200-250 keV]=15 kA, and7=1 us or about 3.4 GW.
limitations®*"*8Some of these anodes allow the selection ofThis power nearly equals the 5 GW needed in the proposed
any gaseous ion species including hydrogen isotopes and hdiagnostic system for ITER.
lium. Traditional single-shot beam accelerat@using Marx We have modeled the dynamics of the plasma layer in
generators and high-voltage pulse lingacompatible with  planar geometry using a snowplow-type model which as-
repetitive operation, are yielding to new high-average powesumes the plasma is entrained by a thin, conducting current
beam accelerators. An ion beam system operating at 100 Hzheet driven away from the coil surface by currents in the
(in 10-shot burst mode, since no active cooling wasinductive coil. The model solves the coupled circuit equation

Nozzle

FIG. 1. Active-plasma anode diode layout.
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el
N 50 J. It takes 1.5us for the plasma to be driven into position
oL at the anode housing aperture with a peak current sheet ve-
L locity of just over 20 km/qFig. 3).
0, ' Finite element thermal modeling of the coil has been

performed. It was found that without a supplemental means
to transfer heat dissipated in the coil, at 30 Hz unacceptably
FIG. 2. Magnetic flux surfaces for the inductive coil with the plasma currenthigh temperatures on the order of 600 °C develop in the coil.
sheet located at two distances from the coil surface: 1.0tapr and 5.0 cm Three solutions to this problem were investigatéd: in-
(bottom). The plasma position at the time the acceleration pulse is applied P .. 9 . '
should be 3.0 cm from the coil surface. crease the thermal conductivity of the epoxy insulator by
filling it with high-thermal-conductivity material such as dia-

) ) _ mond dust;(2) transfer the heat from the windings to the
and the equation of motion of the plasma with a model forajyminum coil housing with heat pipes; af® remove the
the plasma resistivity derived from previous experimentaleat by flowing a cooling medium such as air, water, or oil
data®® The circuit inductance as a function of current sheethrough hollow windings. The model results indicated that
position from the coil surface required for these calculationsg|| three methods would reduce the maximum temperature of
is determined from calculations of the magnetic field forthe coil, but that the flowing coolant was the most effective.
various current sheet positioriEig. 2) to be given by the

expression: lll. ELECTRICAL DESIGN

L(z)=9931—e 3% nH, A key system parameter, the pulse duration, was chosen
from a study of overall system electrical efficiency including
wherez=the current sheet position above the coil surface irplasma formation and magnetic-field energy requirements,
cm. The procedure used was to vary the capacitor chargecaling of diode performance from the Los Alamos Ana-
voltage so that the plasma is brought to rest against the agonda accelerator operated withu® pulses, tokamak diag-
plied magnetic field at the diode gap entrance. For a gas fithostic signal-to-noise optimization, thermal transport model-
of 2.5x10™ molecules/cricorresponding to 80 mTorr of D ing of beam energy deposition in targetlor materials
at the coil surface before acceleration, a capacitor chargapplicationg, and electrical engineering considerations. The
voltage of 14 kV is required. The density was chosen tobeam electrical system requires many modulator subsystems
insure good gas breakdown. The stored electrical energy isynchronized with each other and the ion acceleration pulse
(Fig. 4). A gas puff modulator and the induction coil modu-
lator subsystem will be housed in a “hot deck” chassis at
20 1 ~40 40 common potential with the pulsed anode. For electrical iso-
lation, fiber optic cables will carry fast control and diagnostic
z signals. Solid-state switches will be used to deliver current
from storage capacitors to the magnetic field coils at ground
potential. Energy recovery techniques will be used in the
20" final design, although in initial tests energy recovery will be
omitted for simplicity. A dedicated fast sequence and monitor
Lo Lio system will confirm the proper subsystem parameters before
the main acceleration pulse is initiated to minimize damage
oJ to components in the case of off-normal operation.
0.0 1.0 2.0 The accelerating power system will utilize four parallel-
T, usec. type “E” Blumlein lines each switched with an English
FIG. 3. Position g) and velocity ¢) vs time of the plasma layer for a,[ill E_leCtI’IC Valve CX1736X thyratron. This tube Is @ 11.4 cm
density of 2.5¢101° cm~2 and capacitor charge voltage of 14 kv. The circuit diam, 70 kV, two gap, hollow anode device. The hollow
current time historyl is also shown. anode design was selected because it permits reverse voltage

V, km/s.
m
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250 ¢ : : , : : . 30%=*+10% including power to make the plasma and the
: ] pulsed magnetic field. Thusf@a 5 GWpeak power system,
at 30 Hz the time averaged power consumption will be in the

neighborhood of 500 kW.
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