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Abstract

TheHeavy Ion FusionVirtual NationalLaboratoryis de-
veloping the intenseion beamsneededto drive matterto
theHigh Energy Densityregimesrequiredfor Inertial Fu-
sion Energy andotherapplications.An interim goal is a
facility for WarmDenseMatterstudies,whereina targetis
heatedvolumetricallywithout beingshocked,sothatwell-
de�ned statesof matterat 1 to 10 eV aregeneratedwithin
adiagnosableregion. In theapproachwearepursuing,low
to mediummassions with energies just above the Bragg
peakaredirectedontothin target“foils,” whichmayin fact
be foamswith meandensities1% to 10% of solid. This
approachcomplementsthat being pursuedat GSI Darm-
stadt,whereinhigh-energy ion beamsdeposita small frac-
tion of their energy in a cylindrical target. We presentthe
beamrequirementsfor Warm DenseMatter experiments.
We discussneutralizeddrift compressionand �nal focus
experimentsandmodeling.We describesuitableaccelera-
tor architecturesbasedonDrift-TubeLinac,RF, single-gap,
Ionization-FrontAccelerator, andPulse-LineIon Acceler-
ator concepts.The last of theseis beingpursuedexperi-
mentally. Finally, we discussplanstoward a userfacility
for targetexperiments.

ION-BEAM HEATING OF MATTER

Recently, much interesthasdevelopedin the emerging
�eld of High EnergyDensityPhysics(HEDP)[1, 2,3]. Be-
causetheultimateinterestof theHeavy IonFusionprogram
is to heataninertial fusiontarget to conditionsof high en-
ergy density, andbecausethe intenseion beamsusedby
the programoffer signi�cant advantagesin the controlled
heatingof matter, thepursuitof HEDPexperimentshasbe-
comeonenear-term focusof the program. The goal is to
producea heavy ion driver for a HEDPexperimentalfacil-
ity within the next decade.The innovation necessaryfor
sucha facility is driving majorchangesin theprogram,as
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describedherein.In particular, themeansto deliver there-
quiredenergy into asmall(mm-scale)spotin atimeshorter
thanthehydrodynamicexpansiontimeof thetargetmatter,
typically ananosecond,is beingaddressed.

Figure1: Hydrogenphasediagramindicatingthehigh en-
ergy density regime separatedinto the hot denseregion
(pink) andthewarmdenseregion(green).

In Fig. 1 the Hydrogen phasediagram is depicted,
and variousstatesfound in natureindicated. Below the
line � = 1, strong coupling effects are important. The
condensedmatterphaseis indicatedby the gray region.
Dense,stronglycoupledplasmasin theWarmDenseMat-
ter(WDM) regimeattemperaturesof 0.1to 10eV andden-
sities10� 2 to 10� 1 g/cm2 areproductivesystemsin which
to testEquation-Of-Statemodels. In this region, the dis-
crepanciesin suchmodelscan be 20-40%or more, e.g.,
in thepressurepredictedfor aluminumby two commonly
usedmodels. The readeris referredto the overview by
R. Leein [4], from which Fig. 1 wastaken. Theregimeis
interestingandtheoreticallychallengingbecausematerial
undertheseconditionsis neithera classicalplasmanor or-
dinary condensedmatter. For thesereasons,andbecause
the regime will be accessibleto ion drivers with modest
effort, experimentsin this regimewill beundertaken�rst.



Ion beamheatingoffers uniqueopportunitiesfor High
Energy DensityScience.Two generalapproachesto such
heatinghave beenidenti�ed. In the �rst, beingpursuedat
GSI in Germany[5, 6], long (� 3 mm) cylindrical targets
are heatedby energetic beams,e.g. of order a kiloJoule
of 40-GeVuranium,that deposita small fraction of their
energy in the targets,heatingthemto temperaturesof or-
der an eV. Suchan approachmakes good useof the ex-
isting and plannedfacilities at GSI. In contrast,the U.S.
Heavy Ion FusionVirtual NationalLaboratoryis planning
to heatthin foils usinglow- to medium-massionsof much
lower kineticenergy [7], e.g. � 2.4J of 24 MeV Na+ . The
beamions slow down throughthe Bragg peakenergy as
they passthroughthefoil, soasto maximizethedeposition
ratedE=dx anduniformity, heatinga1-mmradiusvolume
of thetargetto electrontemperaturesof a few eV in � 1 ns.

This latter approachis expectedto have a numberof
attractive attributes,including: volumetricenergy deposi-
tion involving no shocksandwithout eitherx-ray or elec-
tron preheatingof thesample;largevolumesthatareuni-
formly heatedto within a few percent,facilitatingdiagnos-
tics; time scaleslong enoughfor equilibriumconditionsto
prevail; depositionof perhaps3/4 of the beamenergy in
the sample,allowing an accurateaccountingof the beam
energy loss as a measureof the energy deposited;and a
high repetitionrate, valuablefor experimentalsetupand
diagnostictuning.

A workshopin October, 2004broughttogetherexperts
in targets,HEDP/WDM physics,andaccelerators.Much
of thismaterialwasdrawn from thatworkshopandfollow-
onmeetings;theProceedingsareavailableonline[4].

BEAM REQUIREMENTS & APPROACH

Therequirementsfor heatinga targetto � 3 eV for mea-
surementsof WDM propertieshave beenassessedusing
analysisanda state-of-the-arthydrodynamicscode,Hydra
[8]. A possibleparametersetis listedin Table1.

A refocusedprogrambasedoninnovativemethodsis be-
ing pursuedto meettheserequirements.New approaches
have beenadoptedin � ve areas:beamproduction,accel-
eration,transport(transversecon�nement),temporalcom-

Table1: Examplebeamrequirementsfor � 3 eV regime.

Ion Na+ Atomic no. 23
Qtotal 0.1� C No. ions 6 1011

� nx 2.3mm-mrad Focallength 70cm
� nz 33mm-mrad Focalsolenoid 15T

rspot 1 mm

At Before At �nal focus
injector compression (neutralized)

Energy 1.0MV 23.5MV (� = 0:047)
Duration 177ns 20ns 1 ns
Length 0.5m 0.28m 0.014m

Perveance 1:8 10� 3 1:4 10� 4 2:8 10� 3

� p=p 2 10� 3 7 10� 4 0:015

pression,andfocusingontothetarget.
The beamenteringtheacceleratoris, ideally, shorterin

duration,with a higherline-chargedensity, thanhadbeen
assumedfor Inertial FusionEnergy (IFE) purposes.Sev-
eral injector approachesarepossible,but the onethat has
receivedthemostattentionis “accel-decel/ load-and-�re”
[9]. In this approach,a high currentis achieved (via the
Child-Langmuirscaling)by useof a high voltageacross
theinitial diodegap,but thenthebeamis immediatelyde-
celeratedacrossa secondgap. Becausethecurrentis con-
stant(atmid-pulse),theline chargedensityincreases.This
densebeamis “loaded” into a solenoidand then “�red”
(wholepulseacceleratedsimultaneously),perhapsby a re-
sistively gradedline. Otherscenariosarepossible.A short-
gapdiodecanalsogeneratea high line-charge densityat
low voltage, perhapswith magneticinsulation. Also, a
Pulse-LineIon Accelerator(discussedbelow) operatingin
“snowplow” modemayreplacetheresistively gradedline.

Theinductionacceleratorsthathavebeenpursuedin the
U.S., while ef�cient andattractive for IFE, do not match
well to short pulses,and have small acceleratinggradi-
entsat low energy. Furthermore,the fact thata largetotal
amountof energy is notneededfor HEDP/WDMpurposes
opensthe door to otherapproacheswhich arewell suited
for acceleratingshortpulses,but which may not extrapo-
late to the longerpulsesneededfor IFE. The approaches
studiedarediscussedin thesecondsectionfollowing.

Transportusing solenoidfocusingscaleswell to high
line chargedensitiesandlow kinetic energies;in contrast,
multi-beamquadrupolearrayshave beenthe baselineap-
proachfor theIFE mission.Solenoidtransportexperiments
areplannedfor thenearfuture.

Temporalcompressionis carriedout using neutralized
drift compression(that is, impartinga velocity gradientor
“tilt” from headto tail on the beam,and allowing it to
drift); this contrastswith theun-neutralizeddrift compres-
sionusuallyconsideredfor theIFE mission.Spacecharge
forcesmustbe minimizedwhile the beampassesthrough
thetargetchamberandontothetarget,andsoin thisregion
thebeammustbeneutralized(for bothIFE andHEDPap-
plications).Neutralizedchambertransportandneutralized
drift compressionexperimentsandmodelingarediscussed
in thefollowing section.

An advantageof the un-neutralizeddrift compression
previously assumedis that thespacechargecausesthe in-
ward�o w (in thebeamframe)to stagnate,removing most
of thecoherentvelocity variationalongthebeamandeas-
ing thechromaticacceptancerequirementsof the �nal fo-
cusingsystem. In contrast,un-neutralizeddrift compres-
sion leavesthe beamwith a large velocity spreadat �nal
focus,whichmustbeaccommodated.Possibleapproaches
include useof a strongsolenoid,a plasmalens,and/ora
plasmachannelpinch,aloneor in combination.A solenoid
with graded�eld strengthmay be attractive, in that it can
provide adiabaticmatchingfrom the upstreamline. Up-
streamcorrectionsusing pulsedlensesare also possible.
Seethearticlesby E. P. Lee,Y-J.Chen,andS.S.Yu in [4].



For HEDP/WDM applications, the accelerator, drift
compression,and �nal focus must all work together. In
oneconcept,thebeamis acceleratedwhile beingcon�ned
in Brillouin �o w by a seriesof solenoids;given a 5-10
% velocity tilt; neutralizedas it entersa neutralizeddrift
compressionregion with a weak(kG-level) guide�eld; is
focused(while still in plasma)by a strongsolenoid;and
�nally focusedmoretightly ontothetargetby anassisted-
pinchdischargechannel.Key issuesincludetheeffective-
nessof thedipole“trap” (upstreamof theneutralizeddrift
compressionregion) at preventingplasma�o w upstream;
the transitionfrom Brillouin �o w to neutralizedtransport;
and control of beamplasmainstabilitiesand stripping in
thelongplasmacolumn.Seethearticleby Welchin [4].

NEUTRALIZED TRANSPORT,
FOCUSING, & COMPRESSION STUDIES

TheNeutralizedTransportExperiment(NTX) wasused
to study the behavior of a converging ion beamin a tar-
get chamber. The apparatus,with the �e xibility to intro-
duceplasmasof varyingdensityfrom two differentsources
alongthe beampath,is shown in Fig. 2. NTX quanti�ed

Figure2: NTX experimentat LBNL.

theimprovementin focuswhenplasmawaspresent;anex-
ample(with a 6 mA beam)is shown in Fig. 3. Detailed
LSPsimulationsshowedagreementwith data[10].

(a) (b) (c)

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

Figure4: NDCX experimentat LBNL.

Figure5: Inferredcompressionratiovs. time in NDCX, as
measuredusinga phototube.

A revision of the NTX apparatus,theNeutralizedDrift
CompressionExperiment(NDCX-1a), usesan induction
core to impart a velocity “tilt” (gradient)to a sectionof
the25 mA, 255keV beambeforeneutralization.The lay-
out is shown in Fig. 4. Compressionfactorsof order50
wererecentlymeasuredwith a phototube[11, 12, 13, 14].
SeeFig. 5. LSP simulationssupporttheseexperiments
[15, 16, 17]. Simulationsandanalysisarealsodeveloping
ourgeneralunderstandingof beammotionthroughplasmas
[18, 19].

ACCELERATOR CONCEPTS

The Workshopin October, 2004 [4] identi�ed � ve ap-
proachesto ion accelerationin an HEDP/WDM research
facility. Four of thesearediscussedbrie�y , thenthePulse-
Line Ion Accelerator(PLIA), which is the approachcur-
rently beingpursued,is describedin slightly greaterdetail.

The pulsedDrift-Tube Linac (DTL) was, in the early
daysof the U.S. Heavy Ion Fusionprogram,thoughtof
as an extendedinjector for an induction linac with mag-
netic quadrupoles;a DTL wasthe �rst major experiment
in this programat LBNL. For the HEDP/WDM applica-
tion, it is especiallywell matched,sincethe shortpulses
allow drift tubesof modestlength. At theWorkshop,and
duringfollow-on research,botha designbasedon existing



experienceandan “optimistic” variationweredeveloped.
The �rst accelerates16 parallelK+ beams,eachwith line
chargedensityof 0.25� C/m, to 10 MeV overabout10 m;
the secondusesa stripperand charge selectorat around
4 MeV beforeaccelerationto 40 MeV. Seethe article by
Faltensin [4].

Radio-frequency (RF) linacshave not traditionallybeen
usedto accelerateions at kA-level currentsto modesten-
ergies. The GSI groupis usingRF acceleration,but with
heavy ions strippedto high charge levels for experiments
at energieswell abovetheBraggpeak,soion spacecharge
is not a major dif�culty . For the presentapplication,a
numberof scenarioswereexplored. The mostpromising
employedmultiple parallelbeamsto transport,andaccel-
erate,the necessarycurrent. The many beams(about16)
arecombinedonly asthey begin to impingeon the target.
Solenoidtransportappearsto beattractive, but inter-beam
effectshaveto beminimized.An accumulatorring fedby a
single-beamlinac is anotherpossibility. A numberof nec-
essaryfurtherstudieswereidenti�ed. See[20] andthear-
ticlesby Staples,Keller, Ostroumov, andChouin [4].

A single-gapacceleratorbasedon pulsed-power tech-
nology also appearscapableof meetingthe requirements
for HEDP/WDM studiesin the regime being considered.
Indeed,pulseddiodeshave alreadygeneratedconditions
closeto 100eV. However, theshortestpulsesin thosema-
chineshave been10-20ns,not 1 ns. The transversetem-
peratureshave beenlarge,implying that thebeammustbe
drift-compressedat a relatively large radius,and thenfo-
cusedonto the targetvia a shortfocal-lengthcell. For the
HEDPapplication,in contrastwith theinertial fusionmis-
sion,ef�ciency is not a requirement,anda simplebipolar
diodewith ahigh-impedancedrivermayoffer thepossibil-
ity of betterbeamquality thancanbe obtainedin a diode
which magneticallysuppresseselectronback�ow. Seethe
articleby Olson,Ottinger, andRenkin [4].

The Ionization-FrontAccelerator(IFA) usesan intense
relativistic electronbeam(IREB) in conjunctionwith a
laser, thebeamof which is sweptsothatit illuminatessuc-
cessivepointsalongtheacceleratoraxis.Thespace-charge
�eld at the headof the IREB acceleratesthe ion bunch;
laser ionization of the working gascontrols the distance
to which the IREB canpropagate,so that theaccelerating
�eld travels synchronouslywith the ion bunch. The ap-
proachwas�rst veri�ed experimentallyin the1970's, but
in thaterathe requiredtechnologywascomplex. Thede-
velopmentof high-power short-pulselasertechnology, as
well asimprovementsin pulsedpowertechnologyover the
last20years,motivatefurtherstudyof theconcept,andin-
deednew researchin this areais underway. See[21] and
thearticleby Olson,Ottinger, andRenkin [4].

ThePulseLine Ion Accelerator(PLIA) [22, 23] is based
on a helical distributed transmissionline that acts as a
broad-bandtraveling-wave accelerator. Whendrivenby a
smoothwaveform, it operatesin a long-wavelength,non-
dispersiveregime,andallowsvoltagepulsesto travel along
the beamundistorted. A rising pulseappliedto the up-

streamendappearsat any instantin time asa spatialvolt-
ageramp;thereis a moving region containinganacceler-
ating�eld alongwith whichanion pulsecantravel andbe
steadilyaccelerated.This affords increasesin ion energy
thatcangreatlyexceedtheappliedvoltage.Thesystemis
inexpensive; it favorsshortpulsesbecausethey correspond
to higheraccelerating�elds for any givenvoltage-holding
limit. Furthervoltagemultiplication can be obtainedby
couplingin thedrive througha primary winding wrapped
aroundone end of the helix [22, 24]. Seethe article by
FriedmanandBriggsin [4].

A lumped-elementcircuit modelcandescribewave be-
havior on the helix; elementsinclude the capacitanceof
the helix to ground, the inter-turn capacitances,and the
self- and mutual- inductancesof the turns. At the long
wavelengthsof interest,thereis very little Besselfunction
falloff of theaccelerating�eld towardtheaxis.Usingsuch
a model, the two principal operatingmodescanbe illus-
trated; theseare the short-pulse(“sur�ng”) modeappro-
priate to further accelerationof an establishedbeam,and
the long pulse(“snowplow”) modesuitablefor launching
a slow-moving beamin a scenarioresembling“load-and-
�re” but with possiblepulsecompression.SeeFig.6 for an
illustrationof thesemodes.

Figure6: Modesof helix operation. Upperpanel: short
beam“surfs” ontravelingvoltagepulse(snapshotsin wave
frame); lower panel: longerbeamis acceleratedby snow-
plow (snapshotsin lab frame).

More sophisticatedsimulationstudiesof PLIA behavior
are being carriedout. WARP codesimulations(using a
lumpedcircuit model to describethe helix) areclarifying
beamdynamicsin the helix underthe in�uence of space
charge andcircuit loading, andplay a key role in exper-
iment design. See[9, 25]. Electromagneticmodelingis
alsounderway[26].

As of thiswriting, experimentsusingatestPLIA module
to acceleratea sectionof the NDCX beamarebeginning.
The module is shown in Figs. 7 and 8. Beamtransport
throughthemodulehasbeentested,andaccelerationtests
aregettingunderway.

PLANS

The ongoing and plannednear-term experimentscen-
ter on onefacility with inter-changeableparts,to be used



Figure7: PLIA modulebeforeinstallationonNDCX.

Figure8: CAD renderingof inputendof PLIA module.

Figure9: Overview of plannedNDCX-1 experiments.

for several experimentswhich will carriedout in an in-
terleaved manner. SeeFig. 9. NDCX-1a denotesstud-
ies of neutralizeddrift compression;NDCX-1b solenoid
transport;NDCX-1chigh-currentinjection;andNDCX-1d
Pulse-Lineacceleration.NDCX-1a, b, and d, to be car-
ried out over thenext 2-3 years,canbedonewith existing
equipment;NDCX-1cwill requireamodestamountof new
hardware. By 2009,it is plannedthat theseelementswill
have beenexplored,with a PLIA accelerating0.1 � C of
Na+ to 4 MeV. The next step,NDCX-2, will be an inte-
gratedexperimentat 24 MeV, heatingtargetsto a few eV,
in the2010-11time frame.Then,by addingthenecessary
target-handlingand diagnosticcapabilities,over the next
few yearstheNDCX-2 will becomethecoreof a rep-rated
(> 10Hz) userfacility.
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