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Abstract　Thedoubleionizationofheliuminthecombinedextremeultraviolet EUV pulseandextremelyshort
midＧinfrared MIR laserpulseisstudiedbynumericallysimulatingthetimeＧdependentSchrödingerequation敭In
thisprocess theEUVpulsekicksoffoneelectron andthentheproducedHe＋iseithersequentiallytunneling
ionizedbytheremainingMIRpulse ornonsequentiallyimpactionizedbytherescatteringelectrondrivenbythe
MIRlaserpulse敭Theinterferenceofthecoexistedsequentialandnonsequentialdoubleionizationeventsproducesan
unexploredelectronＧelectronjoint momentum distribution敭Thetwoelectronsreleasedviarescattering may
propagatealongthesamedirectionandalsopropagatealongtheoppositedirectionswhensuchanextremelyshort
laserpulseisimplemented敭
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氦原子在超短中红外脉冲和极紫外光场
作用下的双电离
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摘要　利用数值求解含时薛定谔方程的方法研究了氦原子在超短红外激光脉冲和极紫外激光场作用下的双电离过

程.在此过程中,一个电子首先被极紫外激光场电离,然后氦离子既可以被接下来的红光激光场直接隧穿电离,也可

以被红外激光场驱动下的电子再散射而发生非次序双电离.这两种双电离通道的干涉可以产生新颖的电子关联动

量谱分布.当驱动红外激光脉冲为周期量级时,再散射导致的双电离的两个电子的运动方向可以相同,也可以相反.
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１　Introduction
　　Thankstothegreatadvancesofultrashortlaser
technologies,ionizationofatomsand moleculesin
stronglaserfieldshasbeenextensivelystudiedinpast
decades．Onthebasisoftheunderstandingofsingle
ionization,whichcanbegroupedinto multiphoton
ionization[１Ｇ２]ortunnelingionization[３Ｇ５]accordingtothe

Keldysh parameter[６],double ionization has also
attractedattention duringthe pastyears．Asthe
simplesttwoＧelectronsystem,thehelium atom has
workedasaprototypicalsystem forunderstanding
doubleionization,aswellasthemultiＧelectronatom
Mg[７Ｇ８]．Whenaheliumatomisexposedtoextreme
ultraviolet(EUV)pulses,oneelectron mayabsorb
highenergeticphotonsandescapefromtheparention,
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meanwhiletheboundelectronisshookoff[９]．Theatom
maysimultaneouslyabsorbtwophotonsifoneisnot
enough,andthephotonenergiesaresharedbythetwo
freedelectrons[１０]．ForaheliumatominintenselongＧ
wavelengthlaserfields,theconceptoffieldionization
ismorevivid．Inthiscase,thetwoelectronsmayeject
intwoindependentsingleionization processes[１１],
whichistermedas “sequentialdoubleionization”
(SDI)．Alternatively,thetwoelectronsmaybealso
stripped off via nonsequential double ionization
(NSDI),i．e．,oneelectrontunnelsoutofthelaserＧ
distortedCoulombpotential,andlaterrescatterswith
itsparention,ultimatelyresultingindoubleionization．
Dependingontherescatteringenergy,thesecond
electron may be kicked offdirectly,identified as
recollisionＧimpactionization(RII),orbepumpedto
someexcitedstates,whichwillbetunnelingionizedin
theremaininglaserfield,astermedasrecollision
excitation with subsequentionization (RESI)[１２Ｇ１３]．
NSDI can be described reasonably well by the
recollisionmodel[１４]．TheSDIandNSDIdominatein
differentlaserintensityranges．Sometimes,theionized
electronthatdoesnotgainsufficientdriftmomentum
inthisprocesswouldberecapturedbytheCoulomb
attractingpotentialandeventuallybetrappedintothe
highＧlying Rydberg states, which we called as
“frustratedtunnelingionization(FTI)”[１５Ｇ１６]．
　InthetwoＧelectronjointmomentum distribution,
RIIcontributestothemomentumdistributioninthe
firstandthirdquadrants[１７Ｇ１９]．Asintensitiesarebelow
orclosetotherecollisionthreshold,anticorrelation
betweentheelectronshasbeenobserved[２０Ｇ２２]．Electron
anticorrelation was basically explained within the
mechanismsofrecollisionＧinducedＧexcitationtunneling
and multipleＧrecollision[２３Ｇ２５]．TherecollisionＧinducedＧ
excitationtunnelingmechanismalwayspreferstocause
backＧtoＧbackemission[２４]．Inthe multipleＧrecollision
case,theionizationeventsuniformlydistributeinthe
fourquadrantsoftheelectronＧelectron momentum
distributiondiagram[２６],andthesumＧenergyspectrum
oftwoelectronscanbefittedwiththe Maxwellian
distribution[２７]．Ifseveralexcitedstatesaremediatedin
thedoubleionizationprocess,theinterferencefrom
differentexcitationchannelswillbreakthefourfold
symmetryoftheRESIdistributions[２８]．
　Inspiteofmanyintriguingphenomenadiscoveredin
thedoubleionization,somequestionsstillremainopen．
Forexample,mayNSDIandSDIcoexistandinterfere
witheachotherinsomelaserconditions? Arethere
somenewphenomenaforthedoubleionizationifthe
drivinglaserpulseisextremelyshort?
　Thetheoreticalstudyofdoubleionizationofhelium

orothermorecomplexsystemsreliesonthenumerical
simulationofthetimeＧdependentSchrödingerequation,
orthestrongfield approximation,oreventimeＧ
dependentperturbationtheoryifonlyfewphotonsare
involved． The fully dimensional timeＧdependent
Schrödingerequation(TDSE)simulationforheliumin
infraredor MIR laserfieldsisstilloverloadedfor
supercomputers．However,thereduceddimensionalTDSE
cancapturethemaindynamicsandthusisstillusedin
many research[２９Ｇ３３]．In this paper, we numerically
simulatetheTDSEbyconfiningbothelectronsmoving
alongthelaserpolarizationaxisandstudythecorrelated
andanticorrelatedelectronjointmomentumdistributions．
Physically,oneelectronabsorbsahighＧenergeticEUV
photonandgetsreleased,andtheMIRfieldmaydriveit
backtoHe＋,resultingintheNSDI．Alternatively,after
thesingleionizationofHe,thenewproducedHe＋ maybe
furthertunnelingionizeddirectly bythe MIRfield,
resultingintheSDI．TheinterferenceofNSDIandSDIis
expectedanddemonstratedinthecorrelatedjointelectron
momentumdistribution．Surprisingly,thetwoelectrons
freedviarescatteringmayalsopropagateoppositely．

Fig．１　Combinedlaserfieldsasafunctionoftime．
(a)IRandEUVlaserelectricfields;(b)vector
potentialofthecombinedlaserfields．TheIR
pulsehasthe wavelength ８００ nm andthe
intensityI１＝１．５×１０１５ W/cm２．Timedelayis
　　　　　　td＝－１７a．u．

２　Numericalmodels
　Wehaveperformedabinitio numericalsimulations
usingatwoＧdimensionalmodel,wherethemotionofboth
electronsisrestrictedtothelaserpolarizationdirection．
Thismodelhasbeenusedtoreproduce many NSDI
features[１８,３４Ｇ３５]．TheHamiltonianisgivenby(atomicunits
areusedthroughoutunlessstatedotherwise)

H(t)＝H０＋Hint(t), (１)
asasum ofthefieldＧfree Hamiltonian H０ andthe
laserＧelectroninteractionHint．Thetimeevolutionof
the wave packet wascalculated accordingtothe
followingintegralequation[３６Ｇ３８]:
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Ψ(t)＝－i∫
t

－∞

exp －i∫
t

τ

H(t′)dt′[ ]Hint(τ)×

exp(－iH０τ)Φ０dτ＋exp(－iH０t)Φ０, (２)
withΦ０beingtheinitialwavefunction．ThefieldＧfree
Hamiltonianis

H０＝p２１/２＋p２２/２＋V(x１,x２), (３)
wherep１andp２arethemomentumoperatorsfortwo
electrons,respectively,andV(x１,x２)istheCoulomb
potentialdescribingtheelectronＧelectronrepulsionand
electronＧnucleus attraction．The modeled Coulomb
potentialiswrittenas

V(x１,x２)＝－∑
i＝１,２

２
x２i＋s１

exp(－x２i/men)＋

１
(x１－x２)２＋s２

exp[－(x１－x２)２/mee], (４)

wheremenandmeeareusedforscreeningtheelectronＧ
nucleus attraction and electronＧelectron repulsion,
respectively．ThetwosoftＧcoreparametersares１＝０．５
ands２ ＝０．３３９,whichguaranteethegroundstate
energiesofHeand He＋ [２９]tobe －２．９a．u．and
－２．０a．u．whenmeeandmenarebothinfinitelylarge．
　ThelaserＧelectroninteractionisexpressedinlength
gauge:

Hint(t)＝(x１＋x２)E(t), (５)
whereE(t)isthecombinedlaserfieldofEEUVand
EMIRwhichhavetheforms
EEUV(t)＝E１f１(t－td)cos[ω１(t－td)＋φ１],(６)

EMIR(t)＝E２f２(t)cos(ω２t＋π/２), (７)
withaGaussianenvelopefj(t)＝exp[－４ln２(t/τj)２],
whereτ１＝２．５T１andτ２＝０．５T２withT１andT２beingthe
EUVandMIRperiods．tdisthetimedelaybetweenthe
twopulses．Foranegativedelay,theEUVpulseprecedes

theMIRpulse．TheamplitudesareEi＝ Ii/３．５１×１０１６．
TheEUVintensityisI１＝１０１４ W/cm２,andtheEUV
centralphotonenergyisfixedatω１＝０．９a．u．．Notethat
theintegrationofEMIR(t)overtimeyieldszerothoughτ２
isextremelyshort．
　Insimulations,wesetthespatialgridsΔx１＝Δx２＝
０．２a．u．andthetimestep Δt＝０．０５a．u．．The
simulationboxcoverstheareas[－１０００,１０００]a．u．in
bothdirections．Weappliedafunctionofcos１/６formfor
absorber,andaccumulatedtheionizationprobabilities
absorbedbytheboundaries．ThewavefunctionΨ(x１,
x２)issymmetricwithrespecttotheexchangeofthe
two electrons because the two electrons are
indistinguishablefermions．Thedoubleionizationwhen
twoelectrons propagatein the same or opposite
directionsisnamedascorrelated oranticorrelated
ionization,respectively．In order to analyze the
correlatedandanticorrelatedionizationprocesses,we
partitionedtheplane(x１,x２)asfollows:

　correlated:|x１|＞５０and|x２|＞５０andx１x２＞０,
　anticorrelated:|x１|＞５０and|x２|＞５０andx１x２＜０．
　Insimulations,wepropagatedthewavefunctionfor
anextra２００a．u．afterthelaserfieldvanishedinorder
towaitforalldoubleionizedcomponentstoenterthe
partitionedareas．Attheendofpropagation,electronＧ
electron momenta and energy spectra of double
ionizationwereobtainedbyFouriertransformingthe
wavefunctiondistributedinpartitionedareas．The
initialstateΦ０inEq．(２)wasobtainedbyimaginary
time propagation[３９] in an unscreened Coulomb
potential,andthe CrankＧNicholson method[４０] was
usedforthewavefunctionpropagation．

３　Simulationresults

３．１　Correlateddoubleionization
　Figure１(a)plotstheEUVfield(dashedcurve)and
theMIRfield(solidcurve),andthecombinedlaser

vectorpotentialA(t)＝－∫
t

－∞

E(t′)dt′isshowninFig．

１(b)．Thetimedelaytdis－１７a．u．．Accordingtothe
classicalevaluation,thefreedelectrontriggeredbythe
EUVpulsewillbedrivenbacktotheparentionattr＝
３９a．u．withtherescatteringenergyof２．３４a．u．．
　InthecombinedEUV andIRfield,thedouble
ionizationundergoesthefollowingseveralpathways．
Firstly,theelectronproducedbytheEUVfieldis
drivenbackbytheMIRfieldandrescatterswiththe
He＋attrmarkedinFig．１(a),resultingintheRII．
Secondly,oneelectronistunnelingionizedbytheIR
fieldatt１ whentheelectricfieldreachesitsfirst
maximum,andtheproduced He＋ islatertunneling
ionizedagainatt２whenthesecondmaximumoftheIR
electricfieldcomes．Thirdly,oneelectronisreleased
byabsorbingthehighenergeticEUVphoton,andthe
producedHe＋istunnelingionizedbytheIRfieldatt２,
which is abbreviated as EUVＧassisted SDI．In
simulations, we evaluated double ionization
probabilitiesofthesecondandthirdpathwaysby
excludingorincludingtheEUVpulse,andwefound
thatthesecondpathwaycontributessignificantlysmaller
ionizationprobabilities．Actually,theroleoftheEUV
pulseis simply for enhancing the singleionization
probability．Thus,wewillnotdiscusstheionization
eventsproducedinthesecondpathway．Forthethird
pathway,twoelectronsaresubsequentlyreleasedatt１
andt２,andfinallyacquiresimilar momenta．For
extremelyshortlaser pulses,thefirstandthird
pathwaysmaycontributethesamefinalphotoelectron
momenta,andthusthesetwopathwayswillinterfere
witheachother．

０５０８０２２Ｇ３



中　　　国　　　激　　　光

Fig．２　Correlatedinformationoftheelectrons．(a)and(b)denotewavefunctionsattimet＝３２３a．u．whentheelectronＧ
electronrepulsionisexcludedorincluded,respectively;(c)momentumdistributionofcorrelateddoubleionization
in(a);(d)momentumdistributionofcorrelateddoubleionizationin(b);(e)and(f)denotethesingleelectron
momentumdistributionafterintegratingthesignalsmarkedbythetrianglesin(c)and(d)alongtheverticalaxis,
　　　　　　　　　　　　　　　　　　　　　respectively

　Todisentanglethecontributionsfromthefirstand
thirdpathways,inwhichelectronＧelectroncorrelations
aredistinct,wetailoredH(t)inEq．(２)byomitting
theelectronＧelectronrepulsion．By doingthis,the
rescatteringＧinducedNSDIisexcluded．Figure２(a)
showsthetwoＧelectronwavefunctionastheelectronＧ
electroninteractionisomitted,andthecorresponding
correlated twoＧelectron momentum distribution is
showninFig．２(c)．Thetwodimensionallatticesin
Figs．２(a)and２(c)showthecharacterizationof
sequentialdoubleionization．Byintegratingoneelectron
information,onemaygetaseriesofpeaksinanother
electron′s momentum spectrum．These peaks are
induced by the intracycle interference,i．e．,the
interferenceofthesingleionizationeventsisejectedat
t１andt２whilethelaservectorpotentialsarethesame．
BykeepingtheelectronＧelectronrepulsioninH (t)in
Eq．(２),theNSDIwillbeverydistinct．Figures２(b)and
２(d)showthetwoelectrondistributionsinthecoordinate
andmomentumrepresentations,respectively．Compared
totheleftpanelsin Fig．２,theelectronＧelectron
repulsionsqueezesthedistributionoffthediagonalline
inthefirstquadrantbyformingthedistributionwith

the shape of straight lines．By integrating the
momentuminthelowertrianglesofFigs．２(c)and
２(d)alongtheverticalaxis,oneobtainssimilarpeaks,
showninFigs．２(e)and２(f)．ThesimilarityofFigs．
２(e)and２(f)confirmsthattheEUVＧassistedSDIstill
occurs．Theinterferenceofthesetwopathwaysresults
inthejointmomentumdistributionshowninFig．２(d)．
３．２　Anticorrelateddoubleionization
　Besidesthedistinctwavefunctiondistributioninthe
firstquadrantinFig．２(b),acloserlookofFig．２(b)
giveswavefunctiondistributionsinthesecondand
fourthquadrants,whichisabsentinFig．２(a)．Since
theonlydifferencebetweenFigs．２(a)and２(b)isthe
electronＧelectron correlation, we confirmed the
anticorrelatedwavefunctiondistributioninFig．２(b)is
contributedbytheelectronＧelectronrepulsion．This
signalis morenotableif MIR pulses withlonger
wavelengthsareused．Weshowthe wavefunction
distributionin Fig．３(a),andthecorresponding
momentumdistributionisshowninFig．３(b)．The
anticorrelatedmomentum distributionsinthesecond
andfourthquadrantsyieldthetwoＧelectronjointenergy
distributioninFig．３(c)．TheconcentricarcsinFigs．

０５０８０２２Ｇ４
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３(a)and３(b),aswellasthestraightstripswiththe
slopek＝ －１in Fig．３(c),indicatethestrong
correlationbetweenthetwoelectrons．Weshouldnote
thatthestrongcorrelationinFig．３isdifferentfrom
similarstructuresin Refs．[３４,４１Ｇ４４]．Inthose
previousworks,allofthediscretepeaksinsum
energiesinducedbythe manyＧcyclelaserfieldare
spacedbyintegerunitsofaphotonenergy．However,
inourstudyatmostonerescatteringeventoccurs

becausethedrivinglaserpulseisultrashort．After
integratingtheeventsthatthesumenergiesfortwo
electronsareconstants,weobtainedthesumenergies
spectrumshowninFig．３(d)．Theenergyseparation
betweenneighboringenergypeaksisnotconstantbut
dependsonthewavelengthandintensityoftheMIR
pulse．WiththedecreasingofMIRintensities,these
concentricringsorstraightstripsinanticorrelated
doubleionizationwouldbesmoothedordisappear．

Fig．３　Correlatedinformationoftheelectrons．Photoelectron wavefunctionin (a)spaceand (b)momentum
representationsattimet＝３４４a．u．;(c)electronＧelectronjointenergyspectrum;(d)sumenergyoftwoelectrons
obtainedbyintegratingthesignalsin(c)alongthelinesE１＋E２＝const．TheIRwavelengthis１２００nm,andthe
　　　　　　　intensityI１＝８．３×１０１４ W/cm２．Thetimedelayistd＝－２５．５a．u．

Fig．４　Ratio(anticorrelateddoubleionizationprobability
tocorrelateddoubleionizationprobability)asa
functionofthescreeningparametermee．Other
parametersforthelinewithopencirclesarethe
sameasthoseusedinFig．３．Forthelinewith
crossesandlinewithstars,MIRintensitiesare
I１＝５×１０１４ W/cm２and５．３×１０１４ W/cm２．MIR
wavelengthsareboth１５００nm,andthedelay
　　　　　　td＝－３２a．u．

　 Wearestillnotsurehow thisenergysharing
between the oppositely propagating electron pair
works．Onepossible mechanism couldbethatthe
rescatteringhappenswhenboththeelectricfieldand
vector potential are close to zero．During the
rescattering,thekineticenergyofthefreedelectronis
reallocatedbetweentwoelectrons．However,fora
multicyclelaserpulse,rescatteringoccurswhenthe
temporary vector potentialis maximum and the
subsequentlaserfield willstreak the two freed
electronsandthusdestroytheconcentricarcs．

　ItisexpectedthatCoulombinteractionbetweentwo
electronsisimportantfortheanticorrelatedmomentum
distribution．ToseehowtheelectronＧelectronrepulsion
modifies the electronＧelectron joint momentum
distribution, we screened the electronＧelectron
repulsionbysettingascreeningfactormeeinEq．(４)．
Figure ４ shows the ratio of anticorrelated and
correlateddoubleionizationprobabilitiesWac/Wc．Fora
verysmallmee,therepulsionbetweentwoelectronsis
weak,and thusthetwo electrons are proneto
propagatealongthedirectioninwhichtherescattering
electronholds,i．e．,stayinginthefirstquadrant．With
theincreasing of mee,the Coulomb repulsionis
strongerandstronger,andtheratioincreases．Itisthe
Coulomb repulsion that forces one electron to
propagateoppositely withtherescatteringelectron,
i．e．,goingtothesecondorfourthquadrant．
　TheratiopresentedinFig．４dependsontheMIR
intensityand wavelength．Comparingtheline with
crossesandlinewithstars,weobservedthattheratio
Wac/Wc is smaller for laser pulses with higher
intensitiesifotherparametersarethesame．Fora
strongerlaserpulse,therescatteringenergyislarger,
andthusthetwoelectronsaremorepronetopropagate
alongthesamedirection,leadingtoasmallerratio．
Comparingthelinewithstarsandthelinewithopen
circles,theratioissmallerforashorterwavelength
eventhoughtherescatteringenergiesarethesamefor
twolaserconditions．
　In additionto modifyingtheeffectiveelectronＧ
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Fig．５　AnticorrelatedjointelectronＧelectronenergyspectra．(a),(b)and(c)arejointelectronＧelectronenergyspectrafor
anticorrelateddoubleionizationinthesecondandfourthquadrantsatmen＝２０,１０,５,respectively;(d)potentialsat
differentscreeningparameters(men＝２０,１０,５)．TheMIRlaserparametersareλ１＝２０００nm,I１＝３×１０１４W/cm２．
　　　　　　　　　　Timedelaytdbetweenthetwolaserpulsesistd＝－５６a．u．

electronrepulsion,wealsostudiedtheinfluenceofthe
Coulombattractionbetweentheelectronandnucleus．
InthepotentialdescribedinEq．(４),wescreenedthe
Coulombattractionbymodifyingmen．Figures５(a),
５(b)and５(c)showthejointelectronenergyspectraof
anticorrelateddoubleionizationwhenmen＝２０,１０and
５,respectively．Figure５(d)showsthescreened
electronＧnucleus Coulomb potentials．The overall
structuresinFigs．５(a),５(b)and５(c)aresimilar,
however,thestripesaredenserforsmallermen．Inour
testcalculations,wealsolookedintothedependenceof
thejointenergydistributionontherescatteringenergy
byusingdifferent MIRintensitiesand wavelengths．
Generally,forlargerrescatteringenergies,thetwo
anticorrelatedelectrons may ultimatelyescape．We
thusconcluded thatthe anticorrelated momentum
distribution depends on Coulomb interactions and
rescatteringenergies．

４　Conclusion
　Inconclusion,thedoubleionizationtriggeredbyan
EUV pulseandanextremelyshort MIR pulseis
studied．ForsuchanextremelyshortMIRpulse,the
rescatteringoccursatthetailofthelaserpulse,and
bothfreedelectronsarenotstreakedafterdouble
ionization．Hence,thenonsequentialandsequential
doubleionizationwavepacketsmayinterferewitheach
other．Someslowelectronstriggeredbyrescattering
maypropagateoppositelythoughtheyarestrongly
correlated．ThisstudyshowsthatthejointelectronＧ
electron momentum distribution depends on the
Coulombpotentialsandrescatteringenergies．
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