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ABSTRACT

Thispaperdiscusses recent theoreticalresultson above thresholdionization,

harmonic generation and high-frequency, high intensity suppressionof ionization. These

studies of multiphoton processes in atoms and molecules for short, intense pulsed optical

lasershave been carried out using techniqueswhich involve the explicit solution of the time-

dependent Schr&'lingerequation.

INTRODUCYION

In the past few years several developments in the use of time-dependent methods for

studying laser-atom interactions in intense, short pulsed laser fields have oecured. The

important advances include,thecalculationof above threshold ionization spectra for realistic

(three-dimensional)atomic sy_tems, the calculation of photon emission from laser excited
i,

atoms and some recent results on high frequency, high intensity suppression of ionization.

For intensities within the regime in which pmaurbative techniques are valid up to 1015- 1016

• W/cm2,time-dependent techniqueshaveprovided accurate results for the measured

photoelectron energy and angular distributionsand for photonemission for many atomic

species. Most of these results have been obtained from single-electron calculations which are

exact for hydrogenic systems, but only approximate for the multi-electron systems

considered. For the hydrogen atom, similarly comprehensive results have been obtained

using Floquet medaods.1 At even higher intensifies, multi-electron Froeesses may become

important, meaning the calculations in this regime will be significantly more complicated.

Theintensityforwhichthisistruedependsonwavelength,targetspeciesandpulselength.

Time,dependentmethodshavealsobeenemployedusingone-dimensionalmodel

potentialstostudym_tiphotonprocessesthrough"numericalexperiments."Much insight

hasbeengainedfromthesecalculations,whichrecentlyhavebeenreviewedextensivelyby

Eberly' et al'2 and therefore will n°t be discussed further here except iP connection withthe,stabilizationresults. i__
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In the next section we briefly discuss the new techniques being used to study intense

" field, multiphoton phenomena. The following section includes illustrative results for

photoelectron spectra. In the fourth section we discuss thecalculation of the single atom

photoemission spectrum including harmonic generation. The final section provides a

discussion of a systematic investigation of ionizationsuppression in an intense high-

frequency field.

MEnIOD

The time-dependentSchr0dinger equation is solved using a finite difference

representation for theelectronic wave function. Inour earlier work3 we employed cylindrical

coordinates, p, z and q), to represent the time-dependent electronic wave function. Recently,

we have developed codes which use a spherical coordinate system, r, Oand _.4 We consider

only the case of linearpolarization, so that the azimuthal quantum number is conserved.

Therefore the equations involve only the two important spatial dimensions. This is true even

in the cases of the multi-electron systems we have studied because of the form of the model

potentialswe have employed to approximatethe effects of the other atomic electrons not

explicitly included in the calculations.5 The change to sphericalcoordinates has allowedus to

(1) utilize a more compact description (fewer grid points) of the wave function, (2) reduce the

storagerequirements and increase the speed of the calculation (3) easily obtain angular

distributions and excited state probabilityamplitudesfor the electronicwave function after (or

during) the laser pulse and (4) use g-dependent effective potentials.'4'6 The time integration

still can be carried out using an alternating-directions, implicit (Peaceman-Rachford)
method,7

Because the relevant Schr6dinger equation is solved explicitly, the intra-atomic

irlteractionsare treated on an equal footing with the laser-electron interaction, i.e., no

assumptions aremade about the relative strengths of these interactions. Also, by obtaining a

solution of the time.dependent problem, the dependence of the results on the pulse shapecan

be investigated.

We expand our time-dependent wave function in spherical harmonics,

_t(r,0,tp) = Idj.m Xj.m(r) Y.0.m(0,_)/r (1)

Inserting this expansion in the time-dependent Schrtktingerequation, we obtain the following

equation for the orbital

]_.Q.0-Ir + H _')Xi'm (r) (2)i _ XAm(r)= ' _.



where

=T +V (3)Hr r r

and

H£. t'= Vi (4)

" As previously, we assume the laser is p_larized in the z-dir_tion and is sufficiently intense to

be treated classically. Thus,

V I= -e zfit)Emaxsirl((ot) (5)

whichcouples._'to.0.+ I.The envelopefunction,fit),increasestounityatthepeakofthe

pulse.The discretizedequationsarederivedvariationallyfromtheequivalentLagrangian

formulation,explicitlytakingintoaccountther--0boundary.Usinga three-pointsecond

differencefortheradialkineticenergy,T, bothpansoftheI_miltonianaretridiagonal.

Therefore,we canusethePeaceman-Rachfordtimepropagator,

vn+l = tl+ixI-l_"I[1+izVI]"I[1.i_Vll[1.izI.ir]vn (6)

• whereI:= At/2andV nisavectorcontainingthevaluesofthewavefunctionatthegridpoints

atthetimet= nat.Thispropagatorisaccuratethoughsecondorderinthetime-stepand,

' sinceitinvolvesonlytridiagonalmatrices,canbeefficientlyandrapidlyinvertedwith

vcctorizableoperations.

Similarintegrationschemeshavebccnemployedbyotherwor_rs inthisfmldto

explicitlyintegratethetime-dependentScttrtklingerequation.HermannandFleck8usedthis

coordinatesystembutemployedfastFouriertransformstoevaluatethekineticenergywitha

split-operator propagator. DeVries 9 also used spherical coordinates and finite difference

spatial derivatives combined with a different split-_ator propagator. LaGatmtal0'l I has

used a fourth-order predictor-eorrector to evolve hydrogenic wave functions on a grid in

spherical coordinates. Finally, various basis expansions have been developed to represent

the time-dependent wave function. Pimlzola and coworkers 12'13and Tang, et al.14 have

used a spline basis, Laikos and Horbatsch15 have used a gaussian function and Collins and

Mertz 16 have expanded the wave function in terms of Volkov functions. In ali these basis

expansion approaches, a system of fast order temporal equations is solved. In contrast to
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thesemethods, Faisaland Moloney17developed a formalism to study multiphoton ionization

using a non-Hermitian Schr6dingerequation.

Many properties of interestcan be obtained from the time-de_ndcnt wave function

either during or after the laser pulse. Inducextphotoemissionrates are Calculatedfromthe

time-dependentdipole of the excited system.18This technique has been used by several

researchers to obtain harmonic emission rates whichwill be discussedbelow. The energy

andangulardistributions of emitted electrons can be calculated by projecting the finalwave

functiononto field-free (mattering) eigenstates of the system.2'11 This tc'quires the

generationof these states, then the calculation of the overlap between the wave function and

this continuum of states. Similarly, transition probabilities to excited states can be

determined. We have developeda significantlymore efficient methodfor evaluating these
distributions.4,6Because our wave function is time-dependent, it contains results for all

possible energies of the electron. Using an energy "window" operator, we cen easily

determinethe total probability in the final wave function of the energyof the electron falling

in a narrow range (window) about a particular chosen energy. If the window is narrower

than any significant structure in the energy distribution, we can efficiently map out the

electron energy distributions by performing this analysis at a series of energies separatedby

the widthof the window. By precedingthis analysis with projectionsonto the spherical

harmonics,which is trivial whenusing a spherical coordinate system, we can also obtain the

angulardistributions.

Tobcmoreexplicit,wedefinetheoperator

n 2n T2nW(Ei,n,7)= y2/((ilo.Ei) + ). (7)

H°isthefield-frc_atomicHamiltonian.Thentheprobabilitywithin_+yoftheenergyEiis

givenby

P(Ei,n,T)= <VrWW(Ei,n,T)_f>. (8)

Thiscanbeevaluatedveryeasilybecausetheoperatorcanbeexpressedasaproductof

operators of the form ¥/(Ho- Ei ± i¥) operating on aknown function which, for a discretized

representationof the Hamiltonian,can by inverted very efficiently. In this way we determine

the energy and angular distributionsof the cmitmdelectrons along with the probabilities of

populating excited bound states by the pulse.

This summarizes the techniques currently being used. In the following sections we

present some recent results including electron and photon emission and for suppression of



ionization at high fl'equency and high intensity.

ABOVE THRESHOLD IONIZATION

Recently a number of theoretical studies of photoelectron energy distributions have

been carded out for realistic (three dimensional) atomic systems. Most of the effort has

focused on hydrogen for which it is possible to l_fform exact calculations. Chu and

• Coope r19, Crance 20 and Potvliege and Shakeshaft 21_2 have used Floquet methods to

calculate ATI spectra at intensities in the non-pera_ative regime. Spectra for hydrogen were

• also obtained by LaGattuta 11 who pre,jetted a time-depend_nt wave function onto Coulomb

continuum states. Using our method described above, we have obtained energy and angular

distributions for a number of wavelengths, intensifies and pulse shapes for both hydrogen

and xenon. A representative result of our energy analysis for a trapezoidal pulse which rises

linearly over two optical cycles, is constant at 2x1013 W/cre 2 for 10 cycles then is ramped

linearly down over a f'mal two cycles is shown in figure 1. The photon energy is 2.33 eV

10-5

3

i 10.7 4
_/v 5

. 10 -9 7

110 -1_

I0-Ia , . . .
-5 0 5 10 15 20

Electron Volts
Figure ].-Hydrogen ATI spectrum at 532 nm and 2xl013W/cm 2

(532 nm). The peaks for E < Ocorrespond to population remaining in bound excited states at

the end of the pulse. The AT] peaks aM denoted by s, the number of excess photons which

have been absorbed by the escaping elects'on. The expected energy of the electron emitted at

the intensity I in peak s is given by
_
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Es(I) = (n+s)_0)-Io-Ep(I) (9)

where Io is the field-free ionization potential, Ep is the ponderomotive shift given by I/4<o2 in

atomic units and n is the minimum number of photons required to ionize the atom. At this

intensity the ponderomotive shift of the ionization potential has caused the lowest peak (s=0)

to fall within the high Rydberg states. As discussed by many authors, 23"27the shift of the

peaks due to the ponderomotive potential can only be observed experimentally with pulse

lengths short compared to the time it takes the emitted electron to exit the focal volume.

TheATf peaksa_ exactlyattheshiftedenergiesgivenby equation(9)andare

separatedbyonephotonenergy.ThewidthsandshapesofthesecalculatedATI peaksare

consistentwiththeFomiertransformofthepulseshape,aswouldbeexpectedifno

resonanceenhancementsareinvolved.Sincetheriseandfallofthepulseisveryrapid,the

system spends little time on resonance _ that their effects are not seen in this energy

distribution.The ionizationratefortheseparatepeaksareobtainedbyintegratingthe

probabilityunderthepeakanddividingbythetimeintervalfortheflat(constantintensity)

partofthepulse.TheratesforthelowestATI peakagreewellwiththeFloquetresultsof

Potv!iegcandShakcshaft.22Theyarenotabletoobtainresultsforthehigherpeaksusing
theircurrentmethod.

The influenceofintcrtm_ateresonancescanbeseeninthespectrashowninfigure2,

whichcomparesatrapezoidalpulsetoa sin2 pulseat5xi013W/cm 2.StmcnneineachATI

peakcorrespondtoexcitedstateswhichareStarkshiftedintoresonanceduringtheriseand

fallofthepulse.24"27The photoelectronisthenproducedwitha ponderomotiveshift

particulartothatresonantintensityasgivenbyequation(9).

PHOTOEMIS SION/HAI_2vIONICGENERATION

Atoms being excited by a strong laser field can generate a significant amount of

radiation, particularly at frequencies which are odd multiples of the pump frequency. Recent

experiments 28_29have shown that very strong, very high-order harmonics can be produced

providext the gas density is high. This is because hamxmic conversion is a coherent process

and therefore the output is proportional to the square of the gas density. Up to the tkirty-third

harmonic of Nd:YAG has been produced in argon.30 Wave lengths as short as 15nra have

been reported28 using a KrF (248nm) pump and neon as the medium.

The theory of harmonic generation has two parts 31.33 First, the specmm3 emitted by

the individual atoms must be calculated for a range of pump intensities in order to take into

account the _atial distribution of intensities in the focal volume. The calculated harmonic
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Figure 2-ATI spectra from a trapezoidal vs. sin 2 pulse at 532 nm and
5x1013 W/cm 2.

• fieldswillhavebothamagnitudeandaphaserelativetothedrivingfield.34 Second,the

macroscopicharmonicfieldsduetothecoherentemissionfromalltheatomsarefoundby

solvingMaxwcU'sequationsusingasasourcethesingleatompolarizationfields.This

secondpartaccountsforthephasematchingconstraintsduetothedifferentindicesof

refractionfortheharmonicpndpump fieldsinthemedium.Thisphasematchingcontribution

totheoverallemittedsignalcanbeveryimportantandwilldependon ticfocalparametersof

thelaser,thedensity,theextentofionizationandthelengthoftheacdvcmedium.Further

detailsofthemethodsforsolvingthispartoftlmproblemarediscussedinanotherpaperin

thisvolume.35

The calculationofthesingleatomemissionspectrumcanbeaccomplishedby

determiningtheinducedtime<Icpendentdipoleofthelaserexcitedatom.18Thisissimplythe

eWcctationvalueoftheelectroniccoordinatealongtheaxisofpolarization:

d(t) = e <V(t) I z I_(t)>. (10)
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The squareof ;heFouriertransformof thisdipole is proportionalto the single atom emission

spectrum,

At high intensifies,the _ of harmonic intensifiesdevelops a plateauof

approximatelyconstant emission rates. Generally, the plateau foUowsarapid decrease of

intensity for the fhst few harmonics and is itself foUowedbyan abruptcutoff. This observed

spectrum, of course, includes the effects of phasematching. However, it has been found that

the single atom spectra, for almostany fo_mof potential, one- to three-dimensional, short-or

long-range,all exhibit this overallstructure._i'3s Thus, in the non-perturbativeregime, the
importanceof phasematching is consioecablyreduced compared to the weak field case.39

This conclusion is dependent on the laser being weakly focused such faat its confoeal

parameter is larger than the propagationdistance through the mediu_

We have obtained single-atomharmonic_tra for several_toms, for the hydrogen

molecule and for a model short-_ange(but three-dimensional)potential.38 In figure 3 we

show a representative result for neon, in a laser field with peak intensity of lxl014 W/cm2 at
"2 -- 1 I i ' ! " i' ! 1 ! 1 I ' !

L=616nm l=lxl014 W/cm 2
°4

.)

6

8
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-16

1 3 5 7 9 11 13 15 17 19 21 23 25

HARMONIC

Figure 3.Neon single-atom photoemission spectrum.

a wavelengthof 616 nra. The pronounced peaks, which are at the odd harmonics of the

driving frequency lie, on _abroadbackground. The width of the peaks correspond to the
inverse of the pulse width or the ionizationrate, whichever is less. The neon calculations are

performedfor a single outer shell electronmoving in thefield of the other atomic electrons,



heldfrozenm theirgroundstateorbitals.The effectivepotentialthiselectronsccshasbccn

generatedfromI-Im'nz_-Slatcrcalculationsonthegroundandexcitedstatesofthesystem.

Thesecalculationsutilized.0.-dependentpscudopotentialswhicharcsupmor tothoseused

previouslyinourcylindricalcoordinatescode.40 The p(.0.=l)potentialcomesfromthe

groundstateofthesystemandthes(.0.=0)potentialfromcalculationsonthe2p53sexcited

state.Inthesecalculationswe haveadjustedtheSlater(Xa)parametertoinsurethatthe

• groundandexcitedstateshaveexcitationenergiesasaccurateasispossiblewithinthissingle-

electronmodel.Usingthesetechniqueswe havefoundquantitativeagreement,oncethe

" phasematchingcalculationshavebeencarriedout,withexpcfin_ntalconversion¢fficicncics
foranumberofatoms.39

Inordertobetterunderstandthesourceofharmonicproduction,we studiedseveral

systemswithwidelyvaryingpotentialstosoctheireffectsonthesingle-atomemission

spectrum.Theresultsarcillustratedinfigure4 inwhichwe presentharmonicspectrafrom

thehydrogenatom,fromthehydrogenmoleculeandfroma short-rangeYukawa potentialall

ofwhichhavehavethesameionizationpotential.Ithasbeenfoundthethenumberof

i ' w _ ;..........¼ !

-2 ;=lO64nm l=2xlO W/cm2

-4

-6
-4-Yukawa

-8
. _,_

emu

= -10==
•

, 12

_=_ -14

-16

-18

-20
1 3 5 7 9 11 13 15 17 19 21 23 2.5

Harmonic

Figure 4-Single.atom harmonic intensities for the hydrogen atom_

hydrogen molecule and a short range, Yukawa potential.

harmonics obtained for a given wavelength and laser intensity depends ,_tronglyon the

ionizationpotential.TheYukawa potentialhasonlyonebotmdstate.The H2 moleculewas
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stretchedfromits equilibriumbond distance to 2.04 ao to give the desired ionization

potential. Its bond length was held fixed duringthe calculation and the axis was oriented

along the directionof polarization.The effectivepotential for the active electronin the H2
modelwas obtainedfroma Hartree-Fockcalculation in the mannerpreviouslyemployed for
helium. 41

As can be seen fromfigure4, the emission fromH and H2 are in quite good

agreementboth in magnitudeandin the numberof plateauharmonics.The emission fromthe

Yukawapotentialis ordersof magnitudeless intense, but showsa plateauof comparable

widthto the othersystems. The short-rangepartsof these threepotentials are verysimilar for

theYukawaandtheH-atom, but very differentfor H2. Thus,it seems the short-range

behaviorof the potential is not terribly crucialto harmonicemission. The H and H2
potentialsare i_ntical at long range,both supportinga Rydbergseriesconverging to the

ionizationpotential, lt is theseexcited stateswhichaffect theconversionefficiency. By

softeningthe Yukawapotential to introduce additionalstates in the well whilekeeping the

ionization potential constant,we found its spectrumconvergedto the Coulomb results by the

time fourexcited states were present. Thus, an entire Rydbergseries is not necessary to

obtain the higherresults shown in this figure.

The backgroundfound in the calculatedemission spectramay appearsimilarto that

observedexperimentally.29 However, we found that, in contrast to the harmonic emission,

the backgroundemission carries no constant phaserelative to the driving field and therefore

the phase matchingof this backgroundwill notoccur. We expect this emissionto be orders

of magnitudeweaker than the harmonicpeaks so that out"calculated backgroundis unlikely to
be responsiblefor that observed. Other mechanismsmust contributeto the experimentally
observedresulL

TRAPPING/L£X3ALIZATION

Overthepastseveralyears,Gavrilaandcoworkers42havepcrfomaedaninteresting

seriesofstudieson thebeh_.viorofatomsinhighfngluencyfields.Theyfoundthatfor

photonenergieswhichexceedtheionizationpotentialofthesystem,raisingtheintensityhigh

enough can cause stabilizationof the atom. Thatis, as the intensity increases the ionization

ratedecreases,h fact,theyhavepredictedthattlmpound statewavefunctionactually

bifurcates,havingtwomaximaatthetwoturningpointsoftheorbitofaclassicalelectron,

oscillating in the laserfield in the absenceof the potential. These turning points aregiven in

termsof the field strengthand frequencyby (in atomic units)

(x= E/(02. (11)
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These resuks are relevant to ca_s with ct >> 1. Because these caJculations w_re time

._nclent, they did not add_rcssthe effects of the turnon of s_h a strong, high fi_uency

laser. The quesxion _.xained whether the atom could survive to bc u'app_ in flds unusual

state.

Rc_ndy, Su, et al. used their om-ditmnsional soft Coulomb model to determine the

s_trvivabilityof the atom in a time-dcl_ndem high f_ucncy field.43 Their results clearly

• dctmmst=atcd that in this ld case, the electronic state dots bedim smbiliz_ The frtqu_ncy

chosen,however,correspondedto2-photonionization,.sotheassumptionsma£1cbyGavrila

• of high frequency may not.Ix,rye bocn valid. This was encouraging from in experimental

Feintofviewbecauseitispossibletofredstrong,shortpulselasenwhichcancause2-

photonionizationofmany atomi,"systems.Additionally,Su,etal.didobservetheirwave

funcuonhavingtheMrmdal structurepredictedbyGavrila.

'We have repeated the calculations of.Su, et al. and find excellent agreement with their

results. However, for some wavelengths and intensities the wave funcuon is found to have a

much more complicated structure than the two-peaked s_ of G_,_la and Su. On_

trapped, _ structureremained stable in shape and oscillated in phase w/:h the field over a

range of approximately 2a.

These results enccanagcd us to pursue these calculations for a real th.n_,-din_nsional

atom. We consider a hydrogen atom in a field with a frequency of I a.u. (27.21 eV) which is

twice its ionization potential. We present results for the following intensifies 4, 16 and

64x10 v7 W/cre2, corresponding to o_of 3.4, 6.8 and 13.5, respectively. We used pulses

which rose linearly over five optical cycles, then the intensity was held c_stant o_ the next

tencycle_;.Towardtheendofthesepulseswe observedanexponentialdecayoftheorbital

. whichisduetoabsorbingboundariesonmn"gridwhicharewellremovedfromthenucleus.

(The distance to the boundary was much larger than ct.) We believe the flux rtmching the

bourglary is truly ionized since _o mechanism existsto allow it to return m the vicinity of the

atom. The probability remaining near the atom at the end of these pulses was 0.082, 0.310

and 0_515 for the three cases dcscrib_ above, respectively, and the calclalated decay rases

were 1.1xl015, 2.7x1014 and I Ix1014 l/s. These ttsults definitely corroborate the earlier

pT_dicdons, establishing that the ld r_sults ca.qy o_ into the maI worY,d.

We find, however, that the tm_ wave funcdon again did not exhibit the Im_ctc, d,

binxxta] s_. We show in figure 5 eight snap-sho_ of the evolving wave fxmction

during the 16rh optical cycle for the 1.6x10 I8 W/cre2 case. In general, wt observe that some

structure is excited during abe mm on which, when_ h stabilizes, oscillates m the vicinity of

the nucleus with an amplitude appmximasely equal to _g. This oscillatory motion may not be

cemered ott the nucleus as lXed._ted by the Gaw_la model. Also we found that as in the 1d
ealet_;=t'i_¢ if m't _ntw,ndrv _m,,'_ Jt tl_ in t'_ mt|tta, s t'r_ah;1;_,,at_t_n ;e feu_el
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Figure S-Snapshots of the eleclron density of a trapped hydrogen

wave function during a single optical cycle. Tick marks along

bottom axis are separated by 10 ao; time increases left-to-right and

top._o.bottom in increments of 1/8 cycle. Photon energy is 27.21

eV, the intensity is 1.6x1015 W/cre 2 corresponding to (x = 6.8 ao.

This work was performed under the auspices of the U.S. Department of Energy at

Lawrence Livermore National Laboratory under contract number W-7405-Er_g-48.
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