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Abstractl]

Alnear-term(plasmalpropul sion(System[]
that[doul didpenluplthelsSol ar(Systemland]
beyond(ibllhuman(expl orationlis]
presented. [k i5Based(OnSomelrecent(]
experimental [fesearchl@tfhellUniversity[]
of (Michigan@nd(Several [dther[]
|aboratoriesithroughouttheorldin]
whichlitWas[shown(that Ul traf ast[(with[]
very[short[pul sellength) Tasersidan(]

accel erateldhargediparticleslibl]

rel ativisti clSpeeds. T hoseleéx perimentsl]
haveldemonstratedidramaticall ythel]
production(df [hearly[dollimatedbeams[]
of [protonslat[mean(energi eslof [Several []
MeV Wwhenllasersiwithlihtensiti es[of (11
>[10"*WV/cm?Werelthadefblimpingelon]
smal | flocal [Spotslin(Soli diargetsiwith(al]
few i cronslihi ckness. WVheniewed(]
from(alpropul sion(standpointthesel]
present-[day[Systemsldan(beldonsideredl]
aslthelprecursorsiof [deviceslihat[@rel]
capabl eldf [produci nglSpecificlimpul selof []
millionslof [Second(@l beit(atmhodest[]
thrusts. [IIf [@émpl oyed(asipropul sion(]
systems,[they[dan(@chievelinterstellar(]
fly-bylmissionslih(aScientist’ sllifetimel]
butlrequirelsignificantlénhancementin(l
thrust(iblmakelthen(suitabl elfior,[Say, ]
manned i ssionlihlthelSol ar[System.In]
thislpaper eléxami nelthelunderlying(]
physi cslof [theldoncept@ndlindicatelfhel]
stepsirequiredfor(itsiévol utionlihtoldn(]
effectivelear-termirobust[propul sion[]
device.(J

l

O

O

Nomenclaturel]
a,[1=00 Normalizedvector[potential []
ED =[] Speed@flight]

[D)D:D Linear[distancel]

EiD:D ionlénergy]

ED =0 Thrust[

U

g U=0 Gravitational [Accel eration[]
5 (=0 Relativisticlparameter[]

IDD =[] Laserlintensity[]

EpD:D Specificlmpul se]

ED =[] LaserWwavelength(]

I\D/IiB:D ion(tass]

ﬁiD:D number [On(ibnsC]

ED = ione ocity[

E} (=0 repldatel ]

ED = ionldhargel]

qDD =[] conversionlefficiencyl]
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Introduction(]

Onelof [thelremarkabl elscientific]

devel opments[of [fecentyearslikithel]
demonstration, [ih(iabl etoplexperiments, ]
that [l traf ast((very(short[pul sellength) [l

| asersldan(accel erateldhargediparti clesol]
relativisticlénergies. A sidanbelnotedin[]
TabledlandFig.[d,thellUniversity[of ]
Michigan@ndihellawrencelllivermorel]
National [lLaboratory[(LLNL),[@mong]
others, havelproducedBythisimethod]

rapidly(ih{leserfechnol ogy(thatpeak ]
powersiwill [SoonbelfeachedthatGan(]
accel eratelprotonsiblihei rlrestmass(]
energi es.[IT hisiheanslihat ftheselparti cles]
will Bele) ected(&t[0.866(af [thelSpeed(of [
light@nd(that[frans atesliblSpecificl]

impul ses(af [@bout[10million[Seconds. [
Theliimplication(of theselflacts(fior [Spacel]
propulsion(arelirul y[staggering(]
especiallylwhenldouplediwithihefact[]
thatreplrateslof (Kilohertz[hiavela sobeen]

protonBeamsldontai ninghorefhan10™" achievedorHighlintensityTasers.[]
particlesatmean(eénergieslof [fenslaf [ 0
MeV .[In[fact,[progresslikbel ngmhadelSol]
O
Table10

Recent[Resultslaf [Proton[Accel eration

Institution(] Proton(] Laser(] Target[ll Reference* [
Energyl]  Pulsel
Energyl] Yieldd| Intensityd — JO Length(
MeV W/em?0] fsll
UdfMichO] 10 100 | 3xmo®™n 40 0.40] Hell | PREB6,0]
704207
(1999)01
Rutherfordd 60 | O 5X0°0| 500 0.90 Nel | PRLB3,7370
Lab[] (1999)01
200 | 10%0 | smmo™o| 500 1.00 A10 | PRLB4,6700
(2000)01
ﬁ;g%erford[ 2200 | O 5XI0°0] 5000 1.00 Pb0 | PRLO]
85,1654
(2000)01
150 | 10°0 | 3m@o™n 10 0.40 A10 | PRLO
84.4106[]
UBfMichO (2000)0]
1000 0 6XA0™0| 40 0.40 CdO | APS-DPPOI
(2000)01
LLNLO 5001 10°0 | 1xmo®0| 600 0.40 PRL 85,
CHa [ 29450
Ay (20000
LLNLO 200 0 5X[10°0 50 0.0501 APS-DPP]
(2000)C]
0

*[J PRE=[Physical [Review[E[
[0 PRLEGPhysical [Reviewl(Letters[]
0 APSEFAmericanPhysical [$ocietyl]

[0 DPPEDivisionlof [PlasmalPhysicsi(Bulletin,[Vol.[45,No.[7) ]



Thelpropul sion(System[proposedferelikl]
illustratedih(Fig.2.[MtGonsi stslof (@[]
power[Supplyvhichi{asiwill Benoted]
shortly)Will hostikel yBenucl ear,@nd]
allbser [that(it(drivesthatwill (Beltisedfbl]
accel eratel@beam(of [protonsliol]

rel ativisti clSpeeds. [T heselprotons]
emergelihlanearlyldollimatedfiorm(]
alongwithl@anleéqual mumber[of (&l ectrons]
solthat[thelémittedbeamliklel ectrically[]
neutral \When(it Teavesihelvehiclefol]
providelthelfhrust. TEven(present-day[]
experimental [data, if [vi ewedfrom(thel]
standpoint[of [Alpropul sion(System, Wil (]
indi catelalSpecifi climpul sel{ll ) [0f [@bout ]
alhillionlSecondsiwhichiis(significantly(]
largerfhanf@ny(proj ectedfobelproduced]
by[flcompeting” [Advanced(propulsionl]
conceptsisuchl@asithoseldrivenByflusionl]
energy.[Althoughl@currentlaser]

accel erated(plasmalpropul sion(System,[]
“LAPPS’ [i5lGapabl eldf [produci nglaiery(]
largellk,, (it[doesnotproducelhi ght]
enoughlthrust[(F)fbmhakelit[Sui tabl elfior, ]
say,[dmhanned(ihterplanetarymission]
wherelatheasurelof [Bal ancelbetweenTk,]
and[Flmustbelatta nediblresul tih]
optimumi(iravel [fime.[IT hi sidanbelSeen(]
fromthelexpressionffiorfhelfoundirip]
travel [{ime, [y, Betweenfivolpoi nts[]
separatedDy[thellinear [di stance, D, ]
namely®"

O

Dm
4D L4 £

alg, F

T = O (1O
O

wherelglisitheléarth’ slgravitational [1
accel eration, [@ndiytheldrymassiof thel]
vehicle.[[Theldboveleéquationlisbasedon(]
aldonstant(thrust, Il

accel eration/decel erationliypeldf []
trajectoryWherelit[danbBelSeenlthatthel]
contribution(of [thelBnvoltermsion(thel]
right(hiand(si delmustBelSomewhat[]
comparabl elihldrder [folproducelan(]

optimumld f=q.[(1) @ sofeveal stheneed(]
forlargellk,[andHiblabtainEsmall O

travel i meButiwithinthelframework(of ]
thelBal anceljust (@l luded(io. [IF @l y-by [
roboticlthission®Eb@n(ihterstellarC]
destination[suchlasthel®ort[Cloud]
(10,000[A V) lik[dontempl ated, thenl(it[Gan[]
belshownlthatpresent-day[ll A PPS[gan(]
accomplishlsuchl@missionih@n(]
acceptablyshort(fime.[Tolputthesel]
predictionslih[proper [perspective, el
focuslon(Somelrecent fesul tsiproduced(at]
Livermore®*@nd@nal yzedlindetail
elsewhere® . [IA Summary of thel]
experimental [data, [@ ongWiththel]
characteristicsiof (A[propul sion(System[it[]
mayevolvelihto, iklgivenih[Tablel2.[]

U



Table20J

Present[Day(ll A PPS[Parametersl ]
0
1.00ProtonBeam(]
O O  i)OParticlePopulationd =0 6x10"0 O
O O ii)dMeanEnergyl 0 =M5.3MevO
O O iii)0BeamEnergyl] 0 =M50000
2.[0LaserBeamL]
O O i)dwaveengthl 0 =M1m0d
O O ii)dPulsellengthtd O =[0500s
O O iii)Ointensityd 0 =M3xA0*°m/cm?”
5 iv)OEnergyd 0 =M1RJO
O O v)dOPowerd 0 =[I1Petawattl]
3.0TargetJ
0 00O0oo O O i)OMaterial 0 =MGoldFoilO
0 0oooO O O ii)OThicknessd 0 =M1250m0
0 00O0oO O O iii)OFoca [SpotRadius] 0 =Mm9mmO
4.0LAPPS[Propul sion[System(]
O O i)ORepMRatel] 0 =M1RHzO
O O ii)OSpecificTmpulsed 0 =[03.2%010%s0
O O iii)OThrustd 0 =M3.1X10°NO
O O iv)ONuclearSystem 0 =miMwO
O O v)[VehicleryMWass 0 =M5x10°kg
O
0

| nltheseleéxperiments,[dhighlénergy ]
conversionlefficiencyWasldbservedin[]
that[hal f[of (thellbser [@nergy [(500LJ) ]
appearedlinlihelgj ectedbeams,@ndat@n(]
assumed(rep(rateldf [onelkilohertz, this[]
givesibldB00RW [jetipower. TAtEhi siep]
rate,[a[power[Sourcelthatldeliversiarl
megawatt(of (el ectriclpower [fblthellaser ]
woul dibelneeded,andbasedOn(present-[]
day[donversionldomponents,@massliol]
power [riati olof (BT [permegawatt 5[]
consi deredfeasonabl e®. Mt is0]
anticipated,[however, 0nlthelbasi slaf thel]
progressibei ngimhadelihthelNarious]
componentslaf thelpower [Suppl ythat @[]
fivelfoldlimprovementlihhelSpecificl]
mass[danbelachi evedlihlthelfear future.T
Sincelthelll APPS[propul sionlSystem(]
describedlih[Tabl e2lisfoundfbbBel]
adequatelflor[roboticlinterstel lar[]

missions'”, itisAotSuitedfor fhanned
interplanetary(missionsidueliblthel]

smal | ness[of [thelthrust(asldi scussed(]
earlier. [For(ihislreason, mhuch(of thel]
researchlthatshoul dibeldonelihltheldreal ]
of [devel opinglpresent-day Taser[]

accel erated(plasmaslintolviabl e[

propul sionldeviceslthat[Goul diheetthel]
challenges(af i ssionsiwithinlthelSolar[]
systemimust(focusloniwayslof [enhancingl]
thelthrust.]

O

Technical [Background(]
Welhaveldarried[preliminary[Studiesihl]
order [iblunderstandlihelthechanismsl]
involvedlihltheldccel eration(of [Gharged(]
parti cleslbylintensellbsers. [Bincelniol]
exacttheorylexists,[Qurlattemptiwasl]
focusedldnldevel opinglalpl ausiblel]
theory, [perhapslheuristic, thatiwoul d]




allowusiblderivelhathematical ]
expressionsiwithiwhi chiweldan(@ssess]
thelperformanceldf [l A PPSpropul sionl]
device.[Such@n@nal ysisiwoul d@ sol]
allow[Usliblidentifythelfiechnical lissuesl]
that i ght[Standlihfthelway[0f [Achi eving[]
theseldbj ectives.[Drawingonhuch
experimental [ihformation,eformul ated]
altheani ngful [Scenariolof (theldccel eration]
mechanismiwhichiwebelievelfobel
realisticlandldonsi stentwith(Sound[
physicslprinciples.[]

U

When(@high-intensitylaser[strikes@]
target, lit(produces(atthelSurfacel@ ]
plasmalwith(@lsi zeldf [@bouthal f [Alaser [
wavelength® [uelfofhellbngitudinal O

el ectronllBscill ationslresul tingfromthelll
oscillating(L orentz(force.[MMwicelh(al]

| aser [periodthelel ectronsiof [thelpl asmall
re-enter [fhelfargetwhil elfhelibnsifemainl]
virtuallyimmobilelduelibiheirlargel]
mass. [Returninglel ectronslarel]

accel eratedBythelflvacuum” (el ectricl]
fieldi@ndisubsequently[deposititheir[]
energylihsi delfheliarget. T helél ectrons(]
of [thisiplasmalbbecomelstrongl y[heatedl]
by(thellbser(light, ([penetrateldeeper(insidel]
thelSolidfargetwith(rel ativisticlSpeeds, [
andform@Ibw-density,high-energy]
component[of fhelentirelelectron]
population.ITheselhigh-energylel ectronsl]
createlanel ectrostaticlfield,vhich]

accel erateslibnslintheforward(directionl]
whileldecel eratinglthelél ectrons(until (]
bothiSpeci esldrift[dut@t[thelSamelrate. 11
Anlélectrostaticlfi el dinear thelfarget[]
surfacelhas@bi pol ar[structurewiththel]
morelpronounceddomponent(]

accel eratinglibnslihtheforward(]
direction. [I¥f fhellbser [pul seldurationlikl]

longer [thanlthelibnl@ccel erationfimelin]
thellayer, thenlihelibnsiwoul didcquirelan(]
energylequal [fblthelel ectrostati clénergy. (I
Sincelthis[fambipolar” [potential [Gausesl]
bothlthelel ectronsiandibnsliblproceedat]

thelSamelriate, [theyémergelfrom(theBack ]
surfacelof [thelfargetihl@perpendicular[]
direction(ih(aneutral ,nearl yldollimated]
beamflorm. [T hi slémergingbeam(of []
chargedIparticleslisvhat[provideslihrust]
in[@propul sionvehicle.[

U

Thelelectronsthat(arelaccel eratedBythel]
laser[hust[0vercomelthelCoulomb
energylihlthelpre-formed(plasmalinlorder ]
tolpenetratelthelfarget(folSet[Uplthel]

el ectrostaticlpotential .M oreover, [Simplel]
energybal anceldi ctateslthatthelénergy[]
impartedDy(thelbser hust@ppearin(]
theselél ectronsiat[Someléefficiency.IHincel]
theseldl ectronsidreatelfhelpotential ,[then]
thelél ectronleénergymhustléqual [that [0f []
thelpotential [énergy, [@ndthatih{urnC]
must(équal [that [0f [thelibnslactedtiponBy]
thisipotential.WWhen(al | ftheselfiactsiarel]
putfbgether,theleénergy(of [thelgj ectedl]
ion(Gan(be(éxpressed By

E>7Z %177@1 MV, 00 (2)00

O 0O

wherelZ [islthelibnlGhargeldumber, [dlthel]
speed(df [l ght, theléfficiency(df thel]
energyldonversion,rithelradi uslof thel]
focal [Spot, [@ndAlthelwavel engthlof [thel]
|aser.[[Forthelénergylihihenitsishown,]
thellaser [ihtensity MustBelih[@V/cm?@End0
thelSpatial [parametersiihimicrons.[Thel]
abovelequationlpredictedlrieasonabl y[]
accuratelyltheldnelM eV ibnslaccel erated(]
bythe10T W Ibser[inthellUniversity[of []
Michiganlexperiments'®, [@ndfhe.30
MeV [Imean) énergylibnsiproducedDy(]
thelllivermorepetawattTaser 4. 11
Clearly,[Severa M eV [ibns[producel]
specificlimpul seslof [Several [millions[]
seconds, [mhorelthanirequi red(for (@ most[]
all [missionsldurrentlylénvisagediihihel]
solar[system(andBeyond. [But, [@siwel]
noted(@arlier,[itlisthelfhrustiwhich]
present-day(lL A PPSIdan[producelthat[is[]



notladequatelforimost[of [theselhi ssions. [T
It[GanDelritten(asl]
U

F=olNM,v, O

O

wherela isthelreplriate, IN; thelnumber [Of []
ionslihfhelgjectedBeam,M; thelibn[]
mass, [@ndv;thelibnvel ocity.WVith{thel]
exception(of fhelmass(af thelproton, Thel]
remai ningltermslihthel@boveléquation]
|lendfthemsel veslibldhangel@and, @slsuch, ]
constituteltheltarget(of futurel]
investigations.[

U

Thelll APPSIDevel opment[Plan(]
Theldevel opment(of (ILA PPS[ihtolthel]
desirablelpropul sion[System, that it[Gan[]
be, hinges(driticall ylonlitsiability{ol]
producelsi zabl elthrust.[Ashoted@bove, ]
thrusténhancement(danBel@accomplished]
by)ihcreas nglthelfumber [of thel]

parti clesl{protons)ihihelémittedBeam, ]
and/orlii)[ihcreas nglthelreprate, [@nd/or[]

iii) increasi nglthelvel ocity(df thelej ected]
particles. [Increasinglthelvel ocityBeyond(]
what(isldurrently[avail abl elthaynotBel]
theffirstipriority(sSincelthat Teadsfolan(]
increaselinlthelSpecificlimpul se,which,]
for[thany[mi ssionsldf interest,[may el
inimical.[[Ihcreasinglthelbeam(]

popul ationishoul diperhapsiriecei velthel
mostimmedi atelattenti on[sincelit hayDel]
thelmostrleadil y[achi evabl eldpproach(]
withoutlihtroducinglany(Seriousl]
undesirabl eleffects. [IntheWniversity[af ]
Michiganlexperiments,dioneleV [
protonBeamGontai ning@bout10™°0]
particlesiwasligeneratedwhenthe10TW[
hybrid(Ti:sapphire/Nd: phosphatelchirped]
pul selamplificationllbserWasishineddn(@ll
50dmiSpotih@thinA 1foil . [T helfocused]
intensitylas@bout B0 W/cm?0
givinglri selibl@n(@ccel eratinglel ectricl]
fieldiof [@dbout10[GeV/cm.hltheldaseldf []
thelllivermoreléxperiment,@nlintensity ]
of [@bout B [10°WV/cm?WasfocusedOnl]

0 ()0

alSpot(of Qimadi usldivinglr selfb@n]
estimated BX 10" [parti cl es@sivas]
shown(ih[Tablel2.[Theldorrespondingt]
computedthrustWas@bout 310>
Newtonsfor@mean(protonlénergy(of[]
about[5.3[MeV .[IIf wellse,@sian(]
example,[@Bmhonthdound(ttipiolV arsl]
usinglpresent-day[Llivermorelll APPS,[0n[]
altrgj ectorylasiprescribedDyEq. (1), el
find(that(dthrust[of 250 Mvoul dibel]
required,[anB00M mes[énhancementdverl]
theldurrent(Gapability. [If Mveli shifb[]
maintai nthelSamelihtensity,then(@focal (1

spot(of [radi usléqual Tol4/800 timeslthel]
original [radi usimustDelusedih[Order o]
produceltheldesired(thrust. I hislis[Sol]
becauselthelnumber [0f [6) ected[particles[]
shoul discal elwith(thelarealof (thelfocal []
spot(for@fixedlthi cknessliof thelfarget. I
Mai ntai ninglthelSamelihtensityimpliesl]
mai ntai ningthelSamelenergy(0f [thel

gj ected(parti clesasihaybelnotedfrom(]
thelfela ontoH

V:(l‘%z)y{“a?o} c @

O

O

wherellikthelflamiliar(rel ativisticl]
parameter,[@ndl]

O

a, =8.5x10°°I"2(W /cm? [A(um) 0 (5)0

|

with[IIandA[denoti nglrespectivel ythell
intensityl@ndiwavel engthlof [thellaser. [Df []
course, 8 ectinglmorelparticlesia@lbwer]
energy(may(al solbelachievedby[]
loweringlthelintensityhichifor@fixed]
focal [Spot[@realmeansIbwerlbser(power.[]
Theldther[@pproachliblihrust]
enhancement(li eslihthelrieplriatelathvhichl]
thelSystem[Operates. WV elhaveld ready(]



noted(that(kil ohertzlrieplratesionlthellaser[]
sidelhaveld readybeenlachieved@ndl]
theylarelquitel@dequatefor@propul sion]
systemlasiwaslsuggestedlinfhelll A PPS[]
of [Table2. [T helfemai ning[parameters,]
however,WerelbasedOn(Soli dfargetsi@ndl]
itlisnot(dl ear Whether(Suchltargetsidanbel]
fedlihtolalreacti onlchamber@t[Suchlarl
rate. [T hi sihay [Belachi evabl el@nd(if [So, [
weldan(rai selthelratefurtherwhilel]
securing(theldollimation,Drightness,étc.,[]
of [thelémergingparticlelbeam. [5incel]
|aser[producedi@nd(accel erated(pl asmal’]
lies(at[thelheart(of thi s[propul sion[]
approachl{dueltblitsirel ativel ylbw(dost),[]
itlislSomewhat Ii mited Dy thelémissionldf ]
debris*¥whichifaydamagelSensitivel]
componentslpositioned(dl oselfblthel]
source.[[Tt[hasbeen(suggestedithatthi s[]
debrislémissionlGanbellowered(Several []
ordersiof thagnitude™, Br@venr]
eliminated™ Wwith[&lhi croscopicliquid-
dropl etlfarget(System. [kt [has(al solbeen(]
pointeddutSuchl@iarget(featureshighl]
flux[@ndibrightness;d | owsIbngfimel]
operationwithoutlihterruption;@nd]
providesfreshifargetimaterial [@t[Highl]
rates,[thusiall owingltheluselof [Righ-
repetition-ratellbsers.[]

O

Conclusion(]
Welhavelpresentedlih(thisipaper@novel [1
propul sion(System(Based(on(recent[]

O 0

O cfOo0oOooogao

O o

successful [experimentsishowingthel]
effectivelltilization(of [l traf astTasersih(]
accel eratingléhargedparticlestol]

rel ativisticlSpeeds. A [IL A PPS[devicel]
based(On(present-dayexperimentslis]
found(iblbeldapabl eldf [producing]
specificlimpul sesiof [Several [thillion[]
secondsd beit(atmoderatelfhrusts. [k
can,[nonethel ess,[performlinterstellar, ]
roboti clfl y—by[rissionsih@human’ sl
lifetime, Dut(rfiequiresisizable]
enhancement[of [thrust(fbldarry[out(fast[]
manned (i ssi onsiwithinlthelSolar[]
system. [It0will lhowever, fequire@]

nucl ear[power[Systemlihthelmegawatt[]
rangelibldrivelit,[But(SuchiSpacelfeactorsl]
coul diwell [Beldevel opedlinitheear]
futureldivenNASA’ sinew(Spacelnucl ear[]
power(ihitiative.WNayslof [increasing(]
thrustih{L APPShaveld soBeen(]
suggestediand(theylinclude,[@mong(dther[]
things, ltheluseldf i quididropl et[jet[]
targets,(whichidouldlihprinciple,@lowl]
for[near[Steady(stateloperation(of [this[]
propulsion(System.[]
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