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Abstract of 1-MV/m through most of the machine. The pulses on
these induction cores are tilted to longitudinally compress

The long-range goal of the US Heavy lon FuspltF)  the pulse from an initial length of ~30-m to ~10-m,

program is to develop heavgn accelerators capable of which corresponds to a pulser duration of about 100-ns at

igniting inertial fusion targets t@eneratefusion energy  the end of the accelerator. Following this is thedrift

for electrical power production. Accelerators for heavy ioompression, final focus, and target chamber section. The

fusion consist of several subsystems: ionsources, drift compression will do the final longitudinal

injectors, matching sections, combinersnduction compression to ~1-m in length. The final focus section

acceleration sectionsith electricandmagnetic focusing, will focus the beam to the target in theambemeducing
beam compression and bending sectiangl, afinal-focus  the radius of the beam to a few millimeters.

system to focus the beams onto the target. We are
currently assembling or performing experiments to address 2 SOURCE AND INJECTOR
the physics of all these subsystems. Thaper will

discuss some of these experiments. In developing sourceand injectors for adriver, high

current density islesiredbecause itallows smallerand/or
1 HEAVY ION FUSION DRIVER fewe( bgam_sa_md thus acheaperinjector._ The.Cl.Jrrent
density is limited by voltagéreakdown inthe injector

In a heavyion inertial power plant, particle beams are and transport limitations in the accelerator secéind not
focusedonto a target causing ignition.These targets by the emission limit of theourceitself. Currently the
consist of a hohlraum with a Beryllium (or other low Zdesign goa] of an injector for driver is many beam

ablator material) capsule inside. The capsule surroundgfgannels in one single vacuuchamberwith a current
frozen sphericalshell of D-T, which is heated and density of 8-mA/criCs equivalent.

compressed by X-raysreatedfrom the stopping of the
ions in the holhraum. Thecceleratorwill need to 2.1 Source Development
provide approximately 5-MJ of energy on a tiseale of
~ 10-ns for ignition[1] and at arate of ~5-Hz for a cost
effective powermplant [2]. Further, theange ofthe ion
beams should be roughly 0.1-gfewhich implies a total
kinetic energy per beam particle of a few GeV.

The target specifications abovae now based on
sophisticated simulation validation and are generally
demanding lower emittance beams than believazbssary
a few yearsago. Therealso appears to be #ade off
between beam curremindion kinetic energy. Higher
beam currentimplies a higher technicatisk but the

resulting lowerenergy may produce a cheaper powerqnization sources, contact ionizer and aluminosilicate. In

plant. a contact ionizer, alkali atormare continuouslyfed to a

Current conceptual designs for a heavy ion fusion drivg{gatedsurface,which ionizes the atoms. This type of
start with ~100 beam 2-MeV injectandESQ matching  gqrce routinely produces low emittance and highly

section providing a initial pulse of 238 with niform peams. It also has the potential for a long
approximately 1-A of current fogachbeam with radius |itetime source, but since alkali metal vapor deposits can
of several centimeters. Thisfsllowed by anaccelerator yateriorate the high voltage property ofaccelerator
section. Whetherthe initial part of theaccelerator is components, it is important to minimize thEesium
electrostatically focused, followed by beamerging, or qo, |n arecent experiment3], the C$ beamcurrent
magnetically focused is still beirgudied,but theend of o 5 2-cmdiametercontact ionizer wasneasured to be
the acceleratorwill be magnetic. Theacceleration is 5 15.ma/en? at 1145C. In addition. the rate of the
accomplished through magnetic induction cores atate .oqjym neutral current evaporation wasasured to be

1.7x1014cm?/s or equivalently 0.14 mg/cHhr. To test
these sources in a regplication, a Cscontact ionizer
will be installed in thescaledfinal focus experiment

There are manypossible types of ion sources fdiF,
generally producing singly charged ions but higttearge
states are also of interest in sodhever designs. Surface
ionization sourceprovidealkali metal ions, while a gas
source is suitable for generating Hg, Xe, ahad Neions,
and a metal vapor vacuum arc source (MEVVA) would be
more appropriate for ions such as &diBi. Most HIF
induction linac designs haveised surfaceionization
sources becaugheir performance already approaches the
HIF requirements.

LBNL has been working with two types alrface
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described in section 4.2. This source will providiacior determine ifthe phenomenon iselated to non-uniform

of four increase in the current densiéigd amore uniform ion emission.

beam.

For aluminosilicate sources, a layer of aluminosilicate 3 THE ACCELERATOR

doped with an alkali metal, ismelted on atungsten

surface. This tungstensurface is then heated during 3.1 Beam Merging

operation. The neutral current for these sources should bel’rans - .
L N verse beantombining at the transitiorfrom

lower than for the contact ionizer [4], but its lifetime for 3 ectrostatic to magnetipuadrupoleransportcould lower

driver beforeion depletion is about one montfb].

Current densities ok15-mA/cn? of potassium, 7.9- the cos.t of a-mulnple bea_m induction lindgver. The
i . : cost of inductioncore materialand HV breakdown dictate
mA/cn? Cs equivalent, have beachievedwith a 2-cm

S . a small aperture in electrostatic quadrupoles, while
aluminosilicatesource[3]. For these sources tachieve maaneticauadrunoleransoort - veneffective at higher
uniform emissionand high current density, a smooth 9 d b P e 9

layer must be melted on a large spherical area, which h'ﬁ'Pﬁ”e“C energy, favors larger apertuesd fewerbeams).

S . e challenge for beam merging is limit resulting
proven to be a significant technical challenge. Recently, : S .
: o mittance growth (minimized by closely packing the
a different method tgroducethe aluminosilicate sources, .
. : ) S merged beams in phase space [8]).
in which a mixture of aluminosilicateand tungsten

o : The 4-to-1 beam combining experiment [9]designed
powder is sintered to form an emitter has been adopted [% establish the ability to megr]ge Eeams wiEhlsi de?able

2.2 2 MeV Injector space charggnd measure the phaspaceevolution of
the mergedbeams. The four initial Csbeams are
) - X . : generated in 160 kV diodemdinitially converge at a%
driver-scaleinjector shouldprovide beamsé with a line gngie relative to the combineenterline. Fourarrays of
chargedensity of approximately0.25x10> C/m. A glectrostatic quadrupoles (Q1-Q4) followed by  the
prototype injector, as shown in figure 1, was built for th@,mpined function dipole-quadrupole element (“wire
Ellse/IITSE propct. __It consists of a 17-culiameter cage”, QDS) focus each beaandstraighten itstrajectory
potassium aluminosilicate source as part oFE-KV 4 e parallel to the downstream transport linffter the

extractiondiodewhich is in series with a 1250 kV ESQ \yjre cage, the merged beam is transported and diagnosed at
accelerator. Both diode andeSQ are powered by a Marx: geyerajlocations along thenergedbeam transport line
Generatorusing a resistivedivider. The column is (Q6-Q67).

completely enclosed in a steel tank (at 80 B@hpressed  \we reported earliefL0] measuring 88% transmission

gas atmosphere) for compatibility with usingeSF through the combiner. These data indicated thabéaen
edge tobeamedgeseparation was <4 mm at timeerge
point, with the 1 mm tungsterds (of the wirecage) in

Based on ESQ beam transport consideratiorzsMaV

- D(I7(])Di§ —,—— ELECTROSTATIC QUADRUPOLES _—
o (178 co)

e o e ‘°°°;‘."\§% between. Theneasurecbhase space between @id Q8
4 = 1 I 1| i (one lattice period downstream othe cage) was in
& ]l e T H agreementvith the 2D PIC simulations. The initial
= BB *";%&@EQ- S beams (4.5-mA)had afactor 1.65 more current than
T T ) originally thought compatible with the transport of
WM@WW% mergedbeams in the (previously existinglownstream

transport lattice. As aonsequence dhe highercurrent
Source Exiraction electrode there was not enougtiearancebetweenthe merged beam
Figure 1: Schematic diagram of the 2-MeV injector. andelectrodes inthe matchingquadrupoles (Q6-Q11) to
enable further transport without significant beam loss.
Earlier testshavedemonstratetbeam current of up to  Recently, each initial beam current has blesvered to
0.8 A of potassium iongspace-charge-limitedyvith a 2.7-mA by altering thePierce electrodes. This has
€4ms Projectional emittance <1.0 temm-mrad [7]. improved beam matching through tbembined function
However, it was alsaliscoveredthat the beamcurrent elementandthe 10.4-mAmergedbeam through the first
density profile at theend of the injector has a hollow downstreamlattice period has several millimeters more
shape instead of the calculated uniform shapeorder to  clearance tdhe quadrupole electrodes. Bedoss in the
find out what causes the beam non-uniformity, a movablgansport lattice following the merge should also be
Faraday cup array was recently constructed to measure tegligible, allowing a more quantitative interpretation of
beam profile at locations (along beam axis) inside thée merged beam distribution function.
ESQ accelerator. Some preliminarydata indicates the  Figure 2 shows the phase space measured in the vertical
problem may occur at the extractidiode. Atpresent, a plane between Q7 and Q8. Though the beam distribution
new contact ionizer source of the same dimension is beifighction has notequilibrated atthis point, the rms
prepared taeplacethe aluminosilicatesource inorder to  emittanceg, = 0.2 Temm-mR, hasdecreased by actor
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~0.5 compared tothe previous measurements with theemittance for the 90% of full beamurrent was also

higher beam currentreported in [10]. Transport
measurements through Q6d@re currently underway.

measured athe sourceinjector, 0.021T=mm-mR, and
after 90 degreeq).045-mm-mR in xand0.068 T-mm-

These results will establish some limits emittance mR in y. The growth seen is within thdesign
growth through for this approach to beam merging. specifications.
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v () Figure 3: Current Recirculator Layout.
Figure 2: Contour plots from two-slit emittance scan of
the merged beams between Q7 and Q8. A network of C-probes (capacitivelgoupled beam

position monitors) before and throughout the bend section

3.2 The Recirculator has been enabled to measure the transverse jbasition

Most designs of a driver are linear machinast, using
a circular machinenay provide significant cost savings.
Such a machine, aircular ion inductionaccelerator for
space charge dominated beams, or recirculator, mewer
beenbuilt before. Thus, a group at LLNL h&seen
developing asmall recirculator inorder to validate the

as a function of time. All four signals from eaCkprobe
are amplified, digitized, and analyzed through the
computer control system to obtain tbkarge centroid.
Bench tests of the system using @nductingrod to
simulate the beam hawgelded aresolution of 70um.
Figure 4 shows the x positiomeasured byhe C-probes

recirculator concept for an IFE power plant driver. for various dipole voltages.
In designing this machine, all of the important

dimensionless beam parameters, suclpeseancewere

kept the same as a fudtaledriver machine. Each half

lattice period (HLP) of the recirculator consists of a

permanent magneticquadrupole for focusing, an

electrostatic dipole for bending the beam, and an inductiog

core, or modulator, foraccelerationand longitudinal &

compression. The dipole platare designed to provide a

9 degreebend tothe beam while the modulators are

designed to provide 500-eV of acceleration. 4
In the fall of 1997, the machine was extended from a 45 HLP

degree bend to a Qfegreebendsection. Figure 3 shows Figure 4: Time averaged X positions as measured by C-

the current layout of the machine. Initially, qid-beam probes for various dipole voltages.

pulse is injected by a sourd®dewith anenergy of 80-

keV through an aperture ofameterl-cm whichprovides LLNL has developed anew device to measure the

an initial beam current o2-mA. Upon injection the emittance, theGated Beam Imager (GBI).The GBI is

beam enters an electrostatic matching section which hased onthe pepperpot design in which the beam is

followed by a short magnetic transport sectimfore the incident on ahole with 100um diameterholes creating

90 degree bend section. Following the bend section is theany beamlets. Each beamletaiowed to drift to a

End Tank which houseseveraldiagnostics. As part of micro channel plate(MCP) which isoatedwith a thin

the upgrade, magnetic induction coresreadded to 5 of layer ofstainless steel, ~150 nm, to stop the ions and

the 10 HLP’s as shown. produce secondarglectrons.After passing through the
The first attempts at beam transport through the 9@CP, the electronsare proximity focused on to a

degreesectionwere donewith no accelerationand DC phosphor screerand the light generated is focused and

voltages (+/- 6.575-kV) on théending dipoleplates. captured on &£CD camera. Recently,afterthe analysis

Full current transport was achieved with less than 1% log$ the GBI images waschanged tomore closely mimic

as measured by Farad&@ups. The RMSnormalized the more traditional slit scan, the GBI was fully reconciled

with the slit scanner.

Dipole Voltage Scan - X position
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Currently the initial implementation of thelectronics 1.3 x 107 cm® at pinch time) providesinput to the
necessary for acceleratiamd rampedlipole voltages, is determination of a plasma conductivity model to be
underway. The first attempts atceleratiorshouldoccur implemented in computer simulations.
shortly. For more information about thecirculator, Future experimentsclude the use of spectroscopy of
please refer to the paper in these proceedings [11]. the plasma's emitted radiationfmweasurehe Zeeman and
. . Stark broadening, aswell as the Faraday rotation
3.3 Induction Core Material technigue. These experiments will permit the mapping of

Currently one of the major cost items for a driver is théhe channel's magnetidield distribution and time
price of magnetic material for the induction Cores(_?VO'Ution as well as theetermination ofits electron

Recently, a survey of various commercialyailable temperature.

material wasdone [12]. Two type of mz;teriaISNere 4.2 Scaled Focusing Experiment
tested, amorphous alloys and nanocrystalline alloys. The
amorphous alloys cost leskave slightly higher flux Vacuum ballistic focusing is one method to achieve the
swing (about dactor of 1.2), but have a significantly heavy ion beam spot sizeecessary for an inertial
higher energy loss (about afactor of 5) than the confinement fusion target. Proper scaling drticle
nanocrystalline material. The important figure of merienergy, mass, beam current, beam emittance, and
for selection of material is the final cost of electricity.magnetic field replicateshe dynamics of afull driver
Obviously the nanocrystalline material will meatoaer beam in a small laboratory beam. Thus, a one-tscdte
operating cost, but a higher capital cost. Sysstmdies experimentbased orthe HIBALL Il design, iscurrently

to determinewhich of these two materialproduces a being assembled at LBNL. This scaled experiment uses a

lower cost of electricity are underway. K™ ion source to send a 120 keV beam through an aperture
and electrostatic matching section. Approximately@0
4 FINAL FOCUS of beam is then sent through a set of shagnetic

quadrupoleghat comprise the final focus. Bgxpanding

intensities of the beams, for achieving the final sgpe (e beamandthen focusing to a very small spot, the
necessary tdit the target. At low intensitiesjacuum  ffe€CtS Of aberrationandspace charge othis method of
ballistic focusing would suffice, but at high intensities 4@l focuscan be studied.Figure 5 shows théeam
schemeinvolving chargeneutralization or establishing a €nvelope for the final focus section.

focusing current in a plasma must be invoked. Currently Beam Envelopes
experiments are being performed investigating the osop—7F—""—"7F—+—F—"—"F—+——T
ballistic focus schemeand one of the more exotic .oz W8 INE
schemes, plasma channel transport [13]. 020

There are several proposechemesdepending on the

Horizontal
Envelope

4.1 Plasma Channel Transport

Vertical
Envelope

Plasma channel experiments, for heavy ion transportges
arebeing conducted at BNL to measuretheir time and °
space resolveglasma density evolution.These channel -oos
experiments are scaled versions that provigderstanding -oxo
of the channel's behaviounder differentregimes or -ois
parameter space, such as pressure, gas aggegischarge -oz0
energydeposition, whichdirectly relate to the transport -o=s
efficiency. A workingreactorion transportesign relies -oso BB I 44w 0w F
on proper selection of these parameters. Figure 5: Plot of beam envelopes for magnetic focusing

The plasma channel in these experimamtproduced section.
by a doublevoltage discharge techniquanitiated by the
creation of a preferential discharge path produced by a KrF Two-slit scanners measure beam propertiier the
excimer laser. Plasma dens'ﬁpaceprof”es havebeen electrostatic matching section, as well after the third
obtained at severaimes during the first quartercycle of —andsixth magneticquadrupoles. Measurements of the
channel current (peak current 29 kA). The measured pinegam havealready been made through the first three
occurring (7 Torr Iy, 200 mTorr Benzene, 15 kv mMmagnets with encouragingesults,andthe secondset of
discharge) at=2.2 microseconds is in agreemepﬂth three magnets has jUSt been installed, aligadeuIsed.
previous experiments. The beam spot size measuremesiit be madewith a

These measurements were made using a Miche|son-tﬁ§g|e slit probe that will translate along the beam axis as
optical interferometer (1064 nm) with a time resolution ofvell as in the transverse directions so asiétermine the
approximately 20 ns, determined by the probe laser pulgéecise nature of the beam waist.
width. The on-axis plasma density time evolutior fn

Beam Drifting Focal
from Electrostatic Point
ection

10 mr
Angle
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Subsequently, a@separatetarget injection experiment an up-down counter, the arrival time of the target has been
(section 4.3) may be coupled to the final focusider to  predicted such that thestandarddeviation in predicted
demonstratethe ability to hit asimulated heavy ion target position along the direction of motion is 0.37 mm.
fusion target “on the fly". This willrequire aset of These prediction capabilitiese adequatdor a heavy ion
steeringelectrodesthat have beerdesigned toprovide a driver.
real time correction to the beam to account fhe shot-
to-shot variation in target position. The emergieam 5 OUTLOOK

from _the magnetic sect_ion. will also be suitabl_e for The roadto a heavy ion IFE power plant is still a long
studying electron neutralization of space chadg® itS one Before amachine that achievefsision with heavy

effect on the focus. ion beams can be realized, a scaled facility to test many, if
4.3 Fusion Target Injecting and Tracking not aII' of the accelerator.issges in iat_e_grated waymust
_ _ _ be built. We plan on being in a position to propsseh
An experiment is beingconducted atLBNL to g facility in afew years. To be in that position, the
investigateand demonstratehe engineering feasibility of groups atLBNL and LLNL will continue conducting

accurately injecting and tracking IFE targets into a small experiments to explore issues in HIF.
vacuum chamber [14]. As indicated in figure 6, a gas gun

is used toinject non-cryogenic, aluminumand delrin 6 ACKNOWLEDGMENTS
(plastic) target-sizedprojectiles. These projectiles are
optically tracked atthree locations usingphotodiodes to
accurately provide real-time transveraed longitudinal
target position prediction. Thisreal-time information
would then beused totrigger the ion beanand control
small beam steering magnets to direct the beam on target. 7 REFERENCES
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