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Abstiact

TheHeavy lon FusionVirtual NationalLaboratoryis de-
veloping the intenseion beamsneededo drive matterto
the High Enegy Densityregimesrequiredfor Inertial Fu-
sion Enegy and otherapplications. An interim goal is a
facility for Warm DenseMatter studieswhereinatargetis
heatedvolumetricallywithout beingshocled,sothatwell-
de ned statesof matterat 1 to 10 eV aregeneratedvithin
adiagnosableegion. In theapproactwe arepursuinglow
to mediummassions with enegiesjust above the Bragg
peakaredirectedontothin target“foils,” which mayin fact
be foamswith meandensities1% to 10% of solid. This
approachcomplementghat being pursuedat GSI Darm-
stadt,whereinhigh-enegy ion beamsdeposita smallfrac-
tion of their enegy in a cylindrical target. We presenthe
beamrequirementdor Warm DenseMatter experiments.
We discussneutralizeddrift compressiorand nal focus
experimentsandmodeling. We describesuitableaccelera-
tor architecturebasedn Drift-TubeLinac, RF, single-gap,
lonization-FrontAcceleratoy and Pulse-Linelon Acceler
ator concepts. The last of theseis being pursuedexperi-
mentally Finally, we discussplanstoward a userfacility
for targetexperiments.

ION-BEAM HEATING OF MATTER

Recently muchinteresthasdevelopedin the emeping
eld of High Enegy DensityPhysicYHEDP)[1, 2, 3]. Be-
causdheultimateinteresiof theHeavy lon Fusionprogram
is to heataninertial fusiontargetto conditionsof high en-
ergy density and becausedhe intenseion beamsusedby
the programoffer signi cant advantagesn the controlled
heatingof matter the pursuitof HEDP experimenthasbe-
comeonenearterm focusof the program. The goal is to
producea heavy ion driver for a HEDP experimentaFacil-
ity within the next decade. The innovation necessaryor
suchafacility is driving major changesn the program,as
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describedherein.In particular the meango deliverthere-

quiredenegy into asmall(mm-scaleppotin atime shorter
thanthehydrodynamiaxpansiortime of thetargetmatter

typically ananoseconds beingaddressed.

104 T T I I
spherical
compression:
s 103 | p-T track for sun
< ik
s eated fo
& e
g .
= 101 1 | |
%5 5 |
= -~ . .
100 ‘WDM planetary cores
10-1F5 2
10-2 1 | I | |
10-3 10-2 10-1 1 101 102 103

Density (g/cm3)

Figurel: Hydrogenphasediagramindicatingthe high en-
ergy density regime separatednto the hot denseregion
(pink) andthewarmdenseregion (green).

In Fig. 1 the Hydrogen phasediagram is depicted,
and various statesfound in natureindicated. Below the
line = 1, strongcoupling effects are important. The
condensednatter phaseis indicatedby the gray region.
Dense stronglycoupledplasmasn the Warm DenseMat-
ter(WDM) regimeattemperaturesf 0.1to 10eV andden-
sities10 2 to 10 ! g/cn? areproductive systemsn which
to test Equation-Of-Statenodels. In this region, the dis-
crepanciesn suchmodelscan be 20-40%or more, e.g.,
in the pressuregredictedfor aluminumby two commonly
usedmodels. The readeris referredto the overvien by
R. Leein [4], from which Fig. 1 wastaken. Theregimeis
interestingand theoreticallychallengingbecausematerial
undertheseconditionsis neithera classicalplasmanor or-
dinary condensednatter For thesereasonsandbecause
the regime will be accessiblgo ion drivers with modest
effort, experimentdn this regimewill beundertalen rst.



lon beamheatingoffers unique opportunitiesfor High
Enegy Density Science.Two generalapproache$o such
heatinghave beenidenti ed. In the rst, beingpursuedat
GSlin Germary[5, 6], long ( 3 mm) cylindrical targets
are heatedby enegetic beams,e.g. of ordera kiloJoule
of 40-GeV uranium,that deposita small fraction of their
enegy in the targets,heatingthemto temperaturesf or-
der an eV. Suchan approachmakes good use of the ex-
isting and plannedfacilities at GSI. In contrast,the U.S.
Heavy lon FusionVirtual NationalLaboratoryis planning
to heatthin foils usinglow- to medium-mas#onsof much
lowerkineticenegy [7], eg. 2.4Jof 24MeV Na* . The
beamions slow down throughthe Bragg peakenegy as
they passhroughthefoil, soasto maximizethedeposition
ratedE =dx anduniformity, heatinga 1-mmradiusvolume
of thetargetto electrontemperaturesf afew eVin 1ns.

This latter approachis expectedto have a numberof
attractive attributes,including: volumetricenegy deposi-
tion involving no shocksandwithout eitherx-ray or elec-
tron preheatingof the sample;large volumesthat are uni-
formly heatedo within afew percentfacilitatingdiagnos-
tics; time scaledong enoughfor equilibrium conditionsto
prevail; depositionof perhaps3/4 of the beamenepy in
the sample,allowing an accurateaccountingof the beam
enegy loss as a measureof the enegy deposited;and a
high repetitionrate, valuablefor experimentalsetupand
diagnostiduning.

A workshopin October 2004 broughttogetherexperts
in targets,HEDP/WDM physics,and accelerators Much
of this materialwasdravn from thatworkshopandfollow-
on meetingsthe Proceedingsireavailableonline [4].

BEAM REQUIREMENTS & APPROACH

Therequirements$or heatingatargetto 3 eV for mea-
surementsof WDM propertieshave beenassessedsing
analysisanda state-of-the-arhydrodynamicsode,Hydra
[8]. A possibleparametesetis listedin Tablel.

A refocusegrogrambasedninnovative methodss be-
ing pursuedto meettheserequirements.New approaches
have beenadoptedin ve areas:beamproduction,accel-
eration,transporf(trans\ersecon nement),temporalcom-

Tablel: Examplebeamrequirementfor 3 eV regime.
lon Na* Atomic no. 23
Qrotal 0.1 C No. ions 6101
nx 2.3mm-mrad|| Focallength | 70cm
nz 33mm-mrad || Focalsolenoid| 15T
I'spot 1mm
At Before At nal focus
injector | compression| (neutralized)
Enegy 1.0MV 23.5MV ( = 0:047
Duration 177ns 20ns 1ns
Length 0.5m 0.28m 0.014m
Peneance| 1:810 3 1410 * 2:810 3
p=p 210 3 710 4 0:015

pressionandfocusingontothetarget.

The beamenteringthe acceleratois, ideally, shorterin
duration,with a higherline-chage density thanhadbeen
assumedor Inertial FusionEnegy (IFE) purposes.Ser-
eralinjector approachesare possible but the onethat has
recevedthe mostattentionis “accel-decel load-and- re”
[9]. In this approacha high currentis achieved (via the
Child-Langmuirscaling) by useof a high voltageacross
theinitial diodegap,but thenthe beamis immediatelyde-
celeratedacrossa secondgyap. Becausehe currentis con-
stant(atmid-pulse) theline chagedensityincreasesThis
densebeamis “loaded” into a solenoidand then“ red”
(whole pulseacceleratedimultaneously)perhapdy are-
sistively gradedine. Otherscenariogrepossible A short-
gapdiode canalsogenerate high line-chage densityat
low voltage, perhapswith magneticinsulation. Also, a
Pulse-Linelon Accelerator(discussedyelon) operatingin
“snowplow” modemayreplacetheresistvely gradedine.

Theinductionacceleratorghathave beenpursuedn the
U.S., while ef cient and attractize for IFE, do not match
well to short pulses,and have small acceleratinggradi-
entsat low enegy. Furthermorethe factthata large total
amountof enegy is not neededor HEDP/WDM purposes
opensthe door to otherapproachesvhich arewell suited
for acceleratingshort pulses,but which may not extrapo-
late to the longer pulsesneededfor IFE. The approaches
studiedarediscussedhn the secondsectionfollowing.

Transportusing solenoidfocusing scaleswell to high
line chage densitiesandlow kinetic enegies;in contrast,
multi-beamquadrupolearrayshave beenthe baselineap-
proachfor thelFE mission.Solenoidtransporexperiments
areplannedfor the nearfuture.

Temporalcompressions carriedout using neutralized
drift compressiorfthatis, impartinga velocity gradientor
“tilt” from headto tail on the beam,and allowing it to
drift); this contrastswith the un-neutralizedirift compres-
sionusuallyconsideredor the IFE mission.Spacechage
forcesmustbe minimized while the beampasseghrough
thetamgetchambemandontothetarget,andsoin thisregion
the beammustbe neutralizedfor bothIFE andHEDP ap-
plications).Neutralizedchambetransportandneutralized
drift compressiomxperimentsaandmodelingarediscussed
in thefollowing section.

An adwantageof the un-neutralizeddrift compression
previously assumeds thatthe spacechage causeghein-
ward o w (in the beamframe)to stagnateremoving most
of the coherentvelocity variationalongthe beamandeas-
ing the chromaticacceptanceequirement®f the nal fo-
cusingsystem. In contrast,un-neutralizeddrift compres-
sion leavesthe beamwith a large velocity spreadat nal
focus,which mustbeaccommodated?ossibleapproaches
include useof a strongsolenoid,a plasmalens, and/ora
plasmachannebinch,aloneor in combination A solenoid
with graded eld strengthmay be attractve, in thatit can
provide adiabaticmatchingfrom the upstreamline. Up-
streamcorrectionsusing pulsedlensesare also possible.
Seethearticlesby E. P. Lee,Y-J.Chen,andS.S. Yuin [4].



For HEDP/WDM applications, the acceleratar drift
compressionand nal focus mustall work together In
oneconceptthe beamis acceleratedvhile beingcon ned
in Brillouin ow by a seriesof solenoids;given a 5-10
% velocity tilt; neutralizedasit entersa neutralizeddrift
compressiomegion with a weak (kG-level) guide eld; is
focused(while still in plasma)by a strongsolenoid;and
nally focusedmoretightly ontothetargetby anassisted-
pinch dischage channel.Key issuesncludethe effective-
nessof the dipole“trap” (upstreanof the neutralizeddrift
compressiorregion) at preventing plasma o w upstream;
the transitionfrom Brillouin o w to neutralizedransport;
and control of beamplasmainstabilitiesand stripping in
thelong plasmacolumn. Seethearticle by Welchin [4].

NEUTRALIZED TRANSPORT,
FOCUSING, & COMPRESSION STUDIES

The NeutralizedTransportExperiment(NTX) wasused
to study the behaior of a corverging ion beamin a tar
get chamber The apparatuswith the e xibility to intro-
duceplasmaf varyingdensityfrom two differentsources
alongthe beampath,is shavn in Fig. 2. NTX quanti ed

Figure2: NTX experimentat LBNL.

theimprovementn focuswhenplasmawaspresentanex-
ample (with a 6 mA beam)is shovn in Fig. 3. Detailed
LSPsimulationsshavedagreementvith data[10].

@) (b) ()

Figure3: Imagesatfocal planeof NTX: (a) un-neutralized;
(b) plasmaplug; (c) plasmaplug andvolumeplasma.

Figure4: NDCX experimentat LBNL.

Figure5: Inferredcompressiomatio vs.time in NDCX, as
measuredisinga phototube.

A revision of the NTX apparatusthe NeutralizedDrift
CompressiorExperiment(NDCX-1a), usesan induction
coreto impart a velocity “tilt” (gradient)to a sectionof
the25 mA, 255keV beambeforeneutralization.Thelay-
outis showvn in Fig. 4. Compressiorfactorsof order50
wererecentlymeasuredvith a phototubg11, 12, 13, 14).
SeeFig. 5. LSP simulationssupporttheseexperiments
[15, 16, 17]. Simulationsandanalysisarealsodeveloping
ourgeneralnderstandingf beammotionthroughplasmas
[18, 19].

ACCELERATOR CONCEPTS

The Workshopin October 2004 [4] identied ve ap-
proachego ion acceleratiorin an HEDP/WDM research
facility. Four of thesearediscussedbrie y, thenthe Pulse-
Line lon Accelerator(PLIA), which is the approachcur-
rently beingpursuedjs describedn slightly greaterdetail.

The pulsedDrift-Tube Linac (DTL) was, in the early
daysof the U.S. Heary lon Fusionprogram,thought of
as an extendedinjector for an induction linac with mag-
netic quadrupolesa DTL wasthe rst major experiment
in this programat LBNL. For the HEDP/WDM applica-
tion, it is especiallywell matched sincethe shortpulses
allow drift tubesof modestiength. At the Workshop,and
duringfollow-onresearchboth a designbasedon existing



experienceand an “optimistic” variationwere developed.
The rst accelerate46 parallelK* beamsgachwith line

chagedensityof 0.25 C/m,to 10 MeV overabout10m;

the secondusesa stripperand chage selectorat around
4 MeV beforeacceleratiorto 40 MeV. Seethe article by

Faltensin [4].

Radio-frequeng (RF) linacshave not traditionally been
usedto acceleratéons at kA-level currentsto modesten-
ergies. The GSI groupis using RF accelerationput with
heavy ions strippedto high chage levels for experiments
atenegieswell abose the Braggpeak,soion spacechage
is not a major dif culty . For the presentapplication,a
numberof scenariosvere explored. The mostpromising
employed multiple parallelbeamsto transport,andaccel-
erate,the necessargurrent. The mary beams(about16)
arecombinedonly asthey begin to impingeon the target.
Solenoidtransportappeargo be attractie, but inter-beam
effectshave to beminimized.An accumulatoring fedby a
single-beanlinac is anothermossibility. A numberof nec-
essanyfurther studieswereidenti ed. See[20] andthe ar-
ticlesby StaplesKeller, Ostroume, andChouin [4].

A single-gapacceleratobasedon pulsed-paver tech-
nology also appearscapableof meetingthe requirements
for HEDP/WDM studiesin the regime being considered.
Indeed, pulseddiodeshave alreadygeneratedconditions
closeto 100eV. However, the shortespulsesin thosema-
chineshave been10-20ns, not 1 ns. The trans\ersetem-
peraturedave beenlarge,implying thatthe beammustbe
drift-compressedt a relatively large radius,andthenfo-
cusedontothetargetvia a shortfocal-lengthcell. For the
HEDP application,in contrastwith theinertial fusionmis-
sion, ef ciency is not a requirementanda simplebipolar
diodewith a high-impedancdriver may offer the possibil-
ity of betterbeamquality thancanbe obtainedin a diode
which magneticallysuppresseslectronback ow. Seethe
articleby Olson,Ottinger, andRenkin [4].

The lonization-FrontAccelerator(IFA) usesanintense
relatiistic electronbeam (IREB) in conjunctionwith a
laser thebeamof whichis sweptsothatit illuminatessuc-
cessve pointsalongtheacceleratoaxis. Thespace-chaye
eld at the headof the IREB accelerateshe ion bunch;
laserionization of the working gas controlsthe distance
to which the IREB canpropagateso thatthe accelerating
eld travels synchronouslywith the ion bunch. The ap-
proachwas rst veri ed experimentallyin the 1970's, but
in thaterathe requiredtechnologywascomple<. Thede-
velopmentof high-power short-pulsdasertechnology as
well asimprovementsn pulsedpowertechnologyoverthe
last20 years motivatefurtherstudyof the conceptandin-
deednew researchin this areais undervay. See[21] and
thearticleby Olson,Ottinger, andRenkin [4].

ThePulseLine lon Accelerator(PLIA) [22, 23] is based
on a helical distributed transmissionline that acts as a
broad-bandraveling-wave acceleratar Whendriven by a
smoothwaveform, it operatesn a long-wavelength,non-
dispersveregime,andallowsvoltagepulseso travel along
the beamundistorted. A rising pulse appliedto the up-

streamendappearst ary instantin time asa spatialvolt-
ageramp;thereis a moving region containingan acceler
ating eld alongwith which anion pulsecantravel andbe
steadilyaccelerated.This affords increasesn ion enegy
thatcangreatlyexceedthe appliedvoltage. The systemis
inexpensve;it favorsshortpulsesbecausehey correspond
to higheracceleratingelds for ary givenvoltage-holding
limit. Furthervoltage multiplication can be obtainedby
couplingin the drive througha primary winding wrapped
aroundone end of the helix [22, 24]. Seethe article by
FriedmanandBriggsin [4].

A lumped-elementircuit modelcandescribewave be-
havior on the helix; elementsinclude the capacitanceof
the helix to ground, the interturn capacitancesand the
self- and mutual- inductancef the turns. At the long
wavelengthsof interestthereis very little Besselfunction
falloff of theacceleratingeld towardtheaxis. Usingsuch
a model, the two principal operatingmodescan beillus-
trated; theseare the short-pulse(“sur ng”) modeappro-
priateto further acceleratiorof an establishedbeam,and
the long pulse (“snowplow”) modesuitablefor launching
a slow-moving beamin a scenarioresembling‘load-and-

re” butwith possiblepulsecompressionSeeFig. 6 for an
illustrationof thesemodes.

Figure 6: Modesof helix operation. Upper panel: short
beam'surfs” ontraveling voltagepulse(snapshoté wave
frame); lower panel: longerbeamis acceleratedby snow-
plow (snapshot lab frame).

More sophisticatedimulationstudiesof PLIA behaior
are being carriedout. WARP code simulations(using a
lumpedcircuit modelto describethe helix) are clarifying
beamdynamicsin the helix underthe in uence of space
chage and circuit loading, and play a key role in exper
iment design. See[9, 25]. Electromagnetieanodelingis
alsoundervay [26].

As of thiswriting, experimentausingatestPLIA module
to accelerate sectionof the NDCX beamare beginning.
The moduleis shovn in Figs. 7 and 8. Beamtransport
throughthe modulehasbeentestedandacceleratiortests
aregettingundervay.

PLANS

The ongoing and plannednearterm experimentscen-
ter on onefacility with inter-changeablgarts,to be used



Figure7: PLIA modulebeforeinstallationon NDCX.

Figure8: CAD renderingof inputendof PLIA module.

Figure9: Overview of plannedNDCX-1 experiments.

for several experimentswhich will carriedout in anin-
terleaved manner SeeFig. 9. NDCX-1a denotesstud-
ies of neutralizeddrift compression/NDCX-1b solenoid
transportNDCX-1c high-curreninjection;andNDCX-1d
Pulse-Lineacceleration.NDCX-1a, b, and d, to be car
ried out overthe next 2-3 years,canbe donewith existing
equipmentNDCX-1cwill requireamodestamountof new
hardware. By 2009, it is plannedthat theseelementswill

have beenexplored, with a PLIA acceleratingd.1 C of

Na*

to 4 MeV. The next step,NDCX-2, will be aninte-

gratedexperimentat 24 MeV, heatingtargetsto a few eV,

in the 2010-11time frame. Then,by addingthe necessary

target-handlingand diagnosticcapabilities,over the next

few yearsthe NDCX-2 will becomehecoreof arep-rated

(> 10H2z) userfacility.
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