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Bunching and Focusing of Tunneling Wave Packets in Enhancement
of High-Order Above-Threshold lonization
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Numerical solution of the time-dependent Schrédinger equation for a model argon atom subject to
an intense laser pulse quantitatively reproduces the resonance enhancements seen in the high-order
part of the above-threshold ionization (ATI) electron spectrum in earlier experiments. The calculation
reveals that the envelope of the ATI spectrum is due to bunching of the ionized wave packet on the
first reencounter with its parent ion core, followed by backscattering of such bunches on subsequent
encounters. The resonant structure is caused by interference between bunches produced in different
cycles. [S0031-9007(98)06757-X]

PACS numbers: 32.80.Rm, 34.80.Kw

Photoionization of atoms by intense lasers can producthe ionization of argon with 800 nm light is due to reso-
photoelectrons with energies corresponding to absorptionant processes; i.e., the production of photoelectrons in
of dozens of photons [1], even though only a few pho-that energy region occurs at well defined light intensities,
tons would be sufficient to overcome the ionization po-and drops by at least an order of magnitude for inten-
tential. At high light frequencies and low intensities the sities only a few percent different. Similar results were
absorption of such an excess of photons by a photoeleceported for xenon [11]. This type of behavior is well
tron [known as above-threshold ionization (ATI) [2]] can known from resonance-enhanced multiphoton ionization
be explained satisfactorily by perturbation theory [3]. Atat lower intensities [12], where it occurs because (easily
higher intensities, the perturbation series tends to divergépnizable) excited states are Stark shifted to an energy an
especially at low frequencies. This reflects the physi- integer number of photons above the ground state, where
cal fact that a free electron cannot resist acceleration bthey are resonantly populated by a multiphoton transition.
an electric fieldE. In an ac field this leads to an oscilla- Such behavior was, however, unexpected at the high in-
tory (“quiver”) motion of such an electron. The averagetensity used in the experimet) TW/cn?), since all ex-
kinetic energy associated with this motion (the pondero<ited states lie very far above the potential barrier created
motive energyUp) can be many times the photon energy.by the combined action of the nuclear Coulomb attraction

Recent high-sensitivity experiments [1,4] have revealednd the laser field [13]. Such states were thought to ion-
that the ATI spectrum extends to energies much abovie instantly (“barrier-suppression ionization” [14]), and
2Up, the maximum energy that can be acquired by andeed the perturbative lifetimes of most states extrapo-
photoelectron after its release in the field by the originalate to values much shorter than an optical cycle.
ionization event [5]. Such fast electrons are thought to The nature of the resonances causing the high-order
originate by backscattering from the core of their parenenhancement so far have remained a mystery, although
ion, when the electron reencounters this core in the coursé has been suggested [11,15] that two-electron effects
of its quiver motion [6]. Since photoelectron production are involved. Another mystery is why the enhancement
is phase locked with the light, the electron spectrumpredominantly occurs in a few high orders of the ATI
will consist of a sequence of peaks an integer numbespectrum making up a plateau.
of photon energies above the initial-state energy, but To address those questions, we performed a numerical
according to the correspondence principle, the envelopmtegration of the time-dependent Schrédinger equation
of the peaks can usually be well explained in terms of thdor a model argon atom in the single active-electron
underlying classical behavior. approximation [16]. The atom was represented by a

High-order ATI has proven to be a highly structured (three-dimensional) potential well,
process. The envelope of the ATl spectrum does not
decrease regularly, but shows regions where the peak Vr) =[1+ Ae 8" + (17 — A)e " ]/r (1)
intensities stay roughly constant or even increase with
peak order [4]. In analogy with the high-harmonic (atomic units are used throughout). Fbre= 54, B = 1,
generation [7], these regions have been called plateauand C = 3.682, the eigenenergies of an electron bound
and their occurrence was attributed to rescattering oin this potential faithfully reproduce the configuration
photoelectrons by their parent ion [8,9]. averages [17] of the binding energies of the singly excited

A recent high-resolution experiment [10] has demon-states [18], as well as th&-shell, L-shell, and 3s
strated that the very pronounced plateau that occurs inization potentials.
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To avoid numerical problems due to the rapid time 5
evolution of the inner shells, a hard-core boundary con- -
dition [W(R) = 0] was imposed on the wave function = 4
¥ at R = 0.5 bohr, and the time integration was only 5
performed outside this core. Since the first node of the g3
p wave and the first two nodes of thewave lie within =
the core, this eliminates th& and L shells. Although ~ 2
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the surface of the hard core lies very close to the natural
position of the nodes of the and p eigenfunctions, in

a region where higher angular momenta hardly penetrate,
it does disturb the energy levels [19]. To counteract this 0 ———— —— — .
disturbance, a potential
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W(r) = F{l(R, = r)/GY = [(R. — r)/GT]} (2 2 f ]
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was added forR < r < R,. With R, =3, F = 2.5, S ]
and G = 2.01785, this potential repaired the quantum 5 _f ]
defects of alls andd states to within 0.01 of the original 5 2 a2 E
ones, and that of the states to within 0.04, with an :/ C ]
exact representation of thigp energy. In the relevant 2 2 B
energy range-1 to +1 hartree) the scattering behavior % ]

of V(r) is hardly affected by these modifications. It was
assumed that the ionization process itself and subsequent
processes that help shape the electron spectrum occur
outsider,, so that the model provides a similarly accurate
description of argon in an electromagnetic field. Unlike
more common pseudopotential models [20], this modeFIG. 1. Comparison between an experimental argon

allows easy transformation to the velocity gauge in whichAT! spectrum from [10] [upper trace I (= 70 TW/env,
the calculation is done. A = 800 nm)], and some calculated spectra (lower traces) in

. - . the energy range of the plateau (indicated by the bar above
The time-dependent Schrodinger equation, in the full calculated spectrum in the inset). The calculations

are for a Gaussian focus, focal peak intensities 69.5, 64.9,
i0, W ={=1/2p>+p-Alt) + V(r) + W)}V, (3) and56.2 TW/cn?, corresponding td, = 0.0445, 0.043, and
. ) -0.04 (top to bottom). The uppermost calculated trace shows a
was integrated using a method that was fourth order ifbarely resolved) substructure of three resonances in each ATI
the spatial grid spacing\r, and second order in the peak, which becomes obvious at lower intensities where the
temporal spacingAs, which will be described in de- resonances disappear one by one.
tail elsewhere. At = 1000 an absorbing wall removed
photoelectrons that reached the end of the radial grid.
An initial 3P state oriented along the laser polarizationdisplays a pronounced plateau at about 25 eV. 5%t
[21] was subjected to an 18-cycle laser pulsé) =  higher or lower intensities, the corresponding peaks shrink
A, (1 — co$® wt/36)zsinwt, (w = 0.05773), which ef- an order of magnitude, showing that the plateau is due
fectively included a 2-cycle turn-on and turn-off 8%  to a resonance. This behavior closely resembles the
of the peak intensity. After this pulse the wave functionhigh-order enhancement observed in the experiment. By
was energy analyzed for each angular-momentum channstepping the peak laser fieldl, = A,» from 0.030 to
I with a fourth-order energy window [16]. At each en- 0.047, three such resonances were identified.
ergy, both the total ionization yield and the yield along To compare our humerical results with the experimen-
the polarization were calculated by adding the populatal spectra of Hertleiret al. [10], we summed the elec-
tions in thel components incoherently and coherently withtron spectra calculated at different intensities, weighted
the phase prescribed by the corresponding spherical hapy a factor representing the intensity distribution in a
monic, respectively. The results converged to four digitshree-dimensional Gaussian focus. The results for three
atAr = 0.2andAr = 0.1. Because of the velocity-gauge different focal peak intensities are presented in Fig. 1.
formulation [22], only 20 partial waves were needed. Apart from the lower energy resolution in the calculation
The inset of Fig. 1 shows a typical electron spectrum(mostly due to the loss of electrons from the far end of the
resulting from this procedure, containing peaks up togrid) the correspondence with the experimental spectra of
40 eV (faster electrons do reach the absorber before theef. [10] is excellent. It thus seems that the occurrence
turn-off is completed and are lost). For the intensityof high-order enhancements is well explained as a one-
shown E, = 0.044, i.e., 68 TW/cn?), the spectrum electron effect.
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To clarify the nature of the resonances that are resporhalf cycle turn-on) was studied. To this end the calcula-
sible for the observed enhancement, the wave function ition was interrupted at a zero crossing of the electric field
the presence of the laser was analyzed. Since the largdter half a cycle, at which time the ground-state popu-
population in the (dynamically polarized) ground statelation was removed. After that, the time evolution was
largely obscures anything that goes on near the nucleuspntinued for several laser cycles.
this state was first removed from the wave function [23]. Figure 3b shows the history of the resulting electron
Figure 2 shows the residual wave function5 cycle af- density on the polarization axis, plotted in the nonsta-
ter a zero crossing of(z), after transient effects due to tionary Kramers-Henneberger (KH) frame [24] (which
the turn-on had subsided. At this point a quasistationargreatly simplifies electron trajectories by eliminating the
state has developed, the wave function decreasing thregiiver motion). Figure 3 reveals that the initial ioniza-
parts in10* of each cycle through ionization, but other- tion (tunneling) event produces a single nearly unstruc-
wise repeating its evolution periodically. The most no-tured wave packet. The tail of this packet is sucked back
ticeable feature of the evolving wave function is a stringtowards the nucleus, to appear at the other side in the
of probability “bunches” ejected in the preceding quartemext half cycle. During this forward scattering event it
cycle of decreasing:(r). Most of these bunches escape gets apparently bunched and focused onto the axis. Most
to infinity, but the two innermost ones have almost zerchigh-energy electrons are formed when the last appear-
drift velocity. They are driven back towards the atom anding bunch, which has near-zero drift velocity, is scattered
collide with it in the next half cycle, to produce a burst of from the ion core at the beginning of the third half cycle
high-energy electrons on backscattering. Figure 2 showafter ionization.
that the population in these inner bunches is strongly en- Because of the compactness of the bunches, this scatter-
hanced at the resonance. ing occurs over only a limited range of impact energies just

The bunches leave the atom around a time that bunchdlow 2Up, resulting in high-energy backscattered elec-
produced in an earlier cycle collide with it from the other trons in a correspondingly limited range bel8&y. The
side. The quasistationary picture thus does not reveanvelope of the ATI spectrum is a direct image of this elec-
whether the bunches are created by the initial tunnelingron bunching, the high- and low-energy cutoffs delimiting
event, by forward scattering of the infalling electron flux, the plateau corresponding to nodal planes or other minima
or by interference of both. between the bunches.

To get a clearer picture of the events that lead to the Part of the bunch survives the encounter by scattering in
observed bunching, the time evolution of a wave packethe forward direction, to reencounter the ion core on later
resulting from a single half cycle df(z) (preceded by a cycles in a similar way. In addition, the nucleus seems to
virtually ionizationless, twice continuously differentiable, recapture part of the probability from an earlier, outward

moving bunch when the field peaks, to emit it in a similar
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FIG. 3. Gray-scale image of the electron density on the
polarization axis, for the tunneling wave packet (1) produced
FIG. 2. Electron density left after removal of the ground statein a single half cycle { = 0 — 0.5), plotted as a function of

at (a) E, = 0.0440 (on resonance) and (b, = 0.0425 (off time (a) in the lab frame and (b) in the KH frame. The packet
resonance). The main difference between the two cases is thmeaks up into bunches (2—5) on first passing the nucleus (the
presence of two lobes (marked *) with near-zero drift velocity, dark wavy band). In (b) plateau electrons can be seen speeding
from which fast electrons (visible at abogt= 20) have been to the right (6) after a bunch (5) scatters from the nucleus at
scattered as the lobes encountered the nucleus (vertical arrows)= 1.5.
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string of bunches as on the previous cycle. This process Multiphoton Processesedited by S.J. Smith and P.L.

seems to repeat a number of times. Knight (Cambridge University Press, Cambridge, England,
In real life, when new wave packets are created not only ~ 1988).

in a single but on each half cycle, the contribution from [6] P.B. Corkum, Phys. Rev. Lett1, 1994 (1993).

all of these packets has to be added coherently. This will[/] L--A. ‘Lompré, A. I'Huiller, P. Monot, M. Ferray,

usually result in destructive interference, except when the g'ggﬂ)imfray’ and C. Manus, J. Opt. Soc. Am, 754

cqntrlbgtlon to the_bunch from all previous wave packetselg] W. Becker, A. Lohr, and M. Kleber, J. Phys. &, 1325

will be in phase. Since the phase difference between wav (1994).

packets emitted in successive cycles is determined by theg) G.G. Paulus, W. Becker, W. Nicklich, and H. Walther,

(intensity-dependent) Stark shift of the ground state, this = 3. phys. B27, L703 (1994).

condition can be fulfilled only at specific intensities. At [10] M.P. Hertlein, P.H. Bucksbaum, and H.G. Muller,

such a resonant intensity the inner bunches build up to a  J. Phys. B30, L197 (1997).

large density (the two lobes in Fig. 2a), producing the high{11] P. Hansch, M. A. Walker, and L.D. van Woerkom, Phys.

order enhancement, while at other intensities it is virtually ~ Rev. A55 R2535 (1997).

absent. Because of the poor overlap with the wave packét2] R-R.  Freeman, P.H. Bucksbaum, H. Milchberg,

emerging from the initial tunneling (which happens at the ~ S: Parack, D. Schumacher, and M. E. Geusic, Phys. Rev.

side of the nucleus opposite to the lobes), the populatio Lett. 59, 1092 (1987).

. . 3] At this intensity, the barrier is centered en= 5 bohr, at
can be fed only into the lobes by the complicated sequen alevel of —11.5 eV.

of tunneling, recapture, a_md bunching. [14] S. Augst, D. Strikland, D. Meyerhofer, S.L. Chin, and
The remarkable bunching starts when part of the electron 5 gperly, Phys. Rev. Let63, 2212 (1989).

density gets trapped about 3 to 4 bohr from the nucleugis] p.H. Bucksbaum, A. Sanpera, and M. Lewenstein,
asE(r) reverses. Being increasingly pushed towards the  J. Phys. B30, L843 (1997).

nucleus it is somehow able to survive there umiils) [16] K.C. Kulander, K.J. Schafer, and J.L. Krause Atoms
reaches its peak [25]. The field ramps up fast compared in Intense Laser Fieldsedited by M. Gavrila (Academic
to the time scale of excited states, and apparently this Press, New York, 1992), p. 247; K.J. Schafer and K.C.
nonadiabatic perturbation results in the formation of a _ Kulander, Phys. Rev. 42, 5798 (1990).

radial wave packet, bouncing between the nucleus and tH&7] The model, lacking angular coupling with the ‘Accore
up-slopingE - r laser potential. On collision with the due to the single active electron approximation and spin-
nucleus, part of the packet scatters forward, to appear as a orbit splitting due to the nonrelativistic approximation, has

. all levels belonging to the same configuration degenerate.
bunch, and part scatters back (at fairly low energy) for thefls] C.E. Moore, Atomic Energy Level§NBS, Washington,

next round. 1949), Vol. I, p. 212.

In conclusion, numerical simulations reveal that the[19] The positions of the second node of thevave and the
photoionization dynamics of even a single electron near first node of thep wave differ slightly, but significantly,
the tunneling regime shows extremely rich and interesting  and, in addition, shift as a function of energy.
behavior that is capable of explaining many features of20] P.A. Christiansen, Y.S. Lee, and K.S. Pitzer, J. Chem.

high-order ATI spectra, specifically the occurrence of  Phys.71, 4445 (1979).
plateaus and high-order enhancements. [21] Other magnetic sublevels have to tunnel through a much
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[23] The laser frequency is high enough to make the polariza-
tion lag with respect td&(z). Therefore, even ak(r) = 0
orthogonalizing the wave function to the unperturbed
atomic ground state causes an amount of shakeup large
compared to the resonance. To minimize such shakeup,
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