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Single- and multiple-electron dynamics in the strong-field tunneling limit
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Evolution of atomic ionization into the strong-field limit offers the opportunity to study the fundamentals of
atom-laser interaction. In this study, we report on high precision measurements of the ion and electron distri-
butions from laser-excited helium and neon atoms which reflect the changing continuum dynamics as the
ionization process evolves into the pure tunneling regime. The experiments present evidence of both single-
and two-electron ionization. These data provide a direct quantitative test of various theories of strong-field
ionization. We show that a relatively simple semiclassical model which includes a description of a field-driven
electron elastically rescattering from an accurate ion core potential reproduces the measured electron distribu-
tions for both atoms. However, using this model to calcuti2e inelastic rescattering yields cross sections
which are incompatible with the measured two-electron ionizafi8h050-294{®8)06111-3

PACS numbg(s): 32.80.Rm, 31.96:s, 32.80.Fb

I. INTRODUCTION weaker fields a bound electron will be promoted into the
continuum by the simultaneous absorption of enough pho-
Over the past two decades, the study of the interaction afons to increase its energy above its ionization potential. This
atoms with intense laser fields has resulted in a compreheiis called multiphoton ionizatiotMPI). However, as the laser
sive understanding of the nonlinear physics and applied corintensity increases, a completely different mode of escape
cepts relevant to short-wavelength generation and electropecomes possible. At large distances from the nucleus the
acceleration 1]. However, only recently has a comparable electrostatic attraction of the ion core can be overwhelmed
understanding of the underlying dynamics of the ionizingby the laser’s instantaneous electric field, producing a barrier
electron as it leaves the atom been achiep@d This ad-  through which the valence electron can tunnel. In this regime
vance was driven by significant progress in both experimena quasistatic tunneling picture becomes appropriate: the laser
tal and theoretical capabilities. Experimentally, the advent ofield varies so slowly compared to the response time of the
kHz repetition rate, high-peak-power lasgB$ has provided electron that the ionization rate becomes simply the cycle
an essential tool necessary to span the entire intensity rangwerage of the instantaneous dc-tunneling rate. In the lan-
of importance. At the same time, numerical solutions of theguage of Keldysh, tunneling ionizatigifl) becomes domi-
time-dependent Schdinger equation have provided accurate nant when the ratio of the frequency of the applied field to
and informative views of the excited electron dynanfi¢k  the tunneling rate becomes less than unity. This ratio, known
The culmination of these is an intuitive model of strong-fieldas the Keldysh or adiabaticity parametgr is given by
rescattering[5,6] based on simple quasiclassical notions.[lp/(ZUp)]l’Z, wherel, is the binding energy of the elec-
Once an electron in a strong field has made the transition inttron, and Up:27T|/C(,U2 is the ponderomotive energy in
the continuum from its initial bound state, its motion is atomic units of a free electron in a laser field of frequency
dominated by its interaction with the external laser field. Ap-and intensityl. The essential connection between the ideas of
proximately one-half of an optical cycle after the electronKeldysh and the rescattering picture lies in a deterministic
enters the continuum, the field can drive the electron backiew of ionization predicated by an electron tunneling into
into the vicinity of the ion core, where it can undergo elasticthe continuum at a particular pha&amplitude of the field.
or inelastic scattering, or be recaptured into the initial ground The Keldysh theory prediction of the evolution to Tl in
state by emitting a high-energy photon. The essential physicstrong fields has been confirmed by other, more rigorous,
underlying the production of the observed high-energy photheoretical method8]. However, experimental access to the
tons and electrons is contained in thés®collision events.  tunneling regime has been limited, hampering quantitative
In 1964 Keldysh[7] showed that at infrared and visible comparisons with the rescattering model. The reason for this
wavelengths the dynamics of strong-field atomic ionizationis simply that for visible laser pulses, even as short as a 100
undergoes a change in character as the intensity increases.ff ionization depletes the ground sté&aturation before the
atom can experience intensities where 1. Consequently,
the majority of experimental studies on neutral atoms ex-
*Present address: Dept. of Chemistry, University of California,posed to intense, short-pulse laser fields have been carried
San Diego, LaJolla, CA 92093. out in the MPI regime ¢>1). The few experiment9—12]
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that have extended into the tunneling regime have been lim- Il. METHOD
ited to observation of total ionization rates or electron energy
distributions over a small dynamic range.

In this paper, we report on a Systematic Study of the In the eXperimentS presented here a 120-f$, 1-kHz repeti-
strong-field ionization of helium and neon atoms in the tun-tion rate, titanium sapphire laser operating at Oufff was
neling regime. It has been shoWt3,14 that because of focused byf/4 or f/6 optics into an ultrahigh-vacuum cham-
their large binding energies, these two atoms tunnel ioniz&er. Under these conditions, the system is capable of produc-
(y~0.5) near saturation with fs, titanium sapphire pulsesing @ maximum intensity of 20 PW/chwith typical pulse-
Thus, these atoms form a paradigm for our theoretical an@p-pulse fluctuations<1.5% for 1@ laser shots. The studies
experimental investigation of the subtle consequences prat 0.39um were performed by frequency doubling the out-
duced by the rescattering of a tunneled wave packet with itput in a 0.7-mm-thick BBO crystal. At this wavelength a
parent ionic core. maximum intensity of 2.5 PW/cfris obtained using/4 op-

First, the effects of elastic rescattering on the energy distics. The laser polarization i99% over the entire intensity
tribution of the electron are treated. Classically, an electromange. The laser intensity is calibrated by measuring the
oscillating in an ac field can transfer part of this energy intoshort-pulse resonant photoelectron spectrum of xenon as a
a drift motion during the momentum exchange in an elastidunction of pulse energy, and recording, during each data
recollision. While this possibility has long been recognizedrun, the xenon and helium or neon total ion yields. The cali-
theoretically, the experimental verification was beyond techpration is corroborated by a spot size measurement and ac-
nological capabilities. The reason for this is that the rescatcurate to approximately 25%. The helium and neon samples
tered component does not exceed a fraction of a percent fere high-purity 99.999% gases which were further in-line
the total ionization yield. Thus observation requires measurescrubbed to<0.1 ppm for Q, H,, H,0, CO;, and hydrocar-
ments over a more extended range of sensitivity. This capayon impurities. A 30-cm-long time-of-flight photoelectron
b|||ty became available Only recently with the advent of kHz Spectromete(PES provides energy and angu]ar resolution
repetition rate, high-peak-power las¢8. In this work, the  of 0.05 eV and 65 mrad, respectively. The spectrometer’s
study of the electron energy and angular distributions and thenergy calibration was obtained by recording the long-pulse,
total ionization rates over 12 orders of signal magnitude ushigh-order(>40 photon absorptiorabove-threshold ioniza-
ing intense, fs laser pulses at a kHz repetition rate providegon (ATI) spectrum of xenon. A 30-cm time-of-flight mass
the foundation for a quantitative testing of the rescatteringspectrometer provides sufficient resolution/¢m>300) to
model. A description of the experimental method is given ingasily separate Hand Hé* mass peaks. The/m detection
Sec. Il A. _ _ _ _sensitivity for the singly and doubly charged ions is deter-

A relatively complete semiclassical rescattering model isyined from analyzing the ion yields at the saturation inten-
developed in Sec. Il B to mimic the time evolution of a ity This eliminates any uncertainty in the microchannel
tunnel-ionized, continuum wave packet in tlembined pate response and detection electronic bias. Data collection
fields of the laser and the ion core. This permits an effectivg,seq 1-ns binning of discriminated electron and ion events
means for analyzing the essential physics. The calculatior§perating at a low event probability<0.25/sho}, ensuring
incorporate realistic core potentials for both helium andspace-charge-free conditions. For the collection of the ion
neon. The objective is to achieve a description of the singlegje|d and ratio data a veto signal derived from the laser-pulse
and multiple-electron dynamics as it pertains to the producanergy is applied to reject pulse variations outside of a pre-
tion of high-energy electrons, harmonic generation, anjefined energy window. Depending upon the study the win-
double ionization within the model's framework. We will §ow is varied betweer:1% and 5%. To ensure accuracy in
show in Sec. Ill that inclusion of rescattering is essential, andhe measure of the ratio of double-to-single ionization
yields calculated spectra which agree well with the observeg0++/g+), the ions are concurrently collected at a fixed
electron energy and angular distributions. intensity and averaged for at least®l@ser shots. The cur-

_ Asecond central issue to this paper, discussed in Sec. I\fgn; photoelectron spectra were recorded between 0.5 and 1.5
involves the nature of strong-field multielectron ionization. jmes the saturation intensityl "e=0.8 PW/cn? and INet
" sal

This long-standing, unresolved problem predates most of our. 0.6 PW/cr?) for neutral he|ius}nat_and neon, respectively.

current physical understanding of strong-field Si”gIe'eleCtro'l\ngle-resolved PESARPES were recorded at these inten-

dynam|cts, and azbm\a/{/account ct>f the h|sttory may be fou?d ”Eities, and the total distribution constructed by integration
a recent review2]. We present accurate measurements o ver the polar angle and assuming azimuthal symmetry

ﬂ:edt.?ftal y|teld for Ismglt);] an_?_thUbg |ton|zetd Qre“l-l:rpha{lq ne?_naround the polarization axis. Walket al. [13] showed that
at diterent wavelengins. 1hese dala establish that In a iz, i ytions due to sequential ionization of Heemain in-

early polarize.d field the rate for two—e_lectron ejection is or- ignificant up to an intensity of-4 PW/cn?, while the cur-
Qers c.’f magmtude larger than that .Wh'Ch v.vould.be_ eXPECtede study shows a similar behavior for neon.

if the ionization proceeded sequentially—single ionization of
the neutral first, followed by single ionization of the ion. Our
rescattering model when applied to er2e inelastic process
fails, both quantitatively and qualitatively, to reproduce the The demarcation between the ionization pathways, multi-
measured nonsequential yields of doubly charged helium anphoton versus tunneling, becomes apparent when the wave
neon atoms. Section V contains a discussion of the applicgpackets promoted from the bound state into the continuum in
bility of the rescattering model for describing single- andthese two limiting cases are considered. In the MPI regime,
two-electron dynamics in a strong laser field. an ionized population appears continuously, at all phases of

A. Experiment

B. Theory: Quasiclassical rescattering model



3944 B. SHEEHY et al. PRA 58

the field. To conserve momentum, this transition must takéelastic backscattering> w/2) when they rescatter from the
place while the electron is close to the nucleus, producing &n core. The final drift energy is determined by the phase of
continuum wave packet initially localized near the ion core.the optical field at recollision and the electron’s scattering
When the intensity increases to the point that1, Tl be- angle[17]. The elastic differential cross section in the back-
gins to dominate, and the electron is released a significarvard direction can be approximated by that for Rutherford
distance from the nucleus. During a narrow time interval(Coulomb scattering[ ()~ (1/E?)csc'(6/2)] [18], which
near the maximum in the oscillating electric field, an asym-varies slowly over the critical angular range producing the
metric, delocalized wave packet emerges at the outer edge 8t energy distribution for these PE’s. The hard collisions
the suppressed Coulomb barrier. The overall symmetry ofSmall impact parametersnecessary for producing large
the ionization process is maintained by a complementar hqnges in drift energy also result in broader angular distri-
wave packet being generated on the opposite side of theutions for these high-energy electrons.
nucleus one-half cycle later. Clearly, the evolution of the We have extended the SQC model to include the effects
continuum wave packets in these two limiting cases can b8f the first re-encounter of the tunneling wave packet with
very different, and is reflected in our experimental results. the ion core. Subsequent collisions are ignored since the
Generally in the MPI regime, the amplitude of oscillation fransverse expansion of the wave packet makes them sub-
of a free electron for optical laser frequencies is not si(‘:]mﬁ_stanually less effective. Thg rescattering model _caIcuIauons
cantly larger than the effective range of the atomic potentialProceed as follows: We divide the optical cycle into a large
which we define to be the point where the electric field of theUmber(1600 points of equal-time intervals. In each inter-
laser exceeds the Coulomb attraction of the ion core. In thi¥@l @ trajectory is launched at the outer turning point of the
case the excited wave packet continues to interact with itSUPPressed effective potential with zero velocity. We follow
parent ion core until it gains sufficient energy to escape comthe trajectory of the electron in the combined fields of the
pletely. Because this excitation is near the nucleus, the MPRSer and the heliurtneon) ion core until it either escapes or
wave packet can include Rydberg-state components, |eadi,{§turns to cross the plane perpe_ndlcular to the fu_ald polariza-
to resonant enhancement of the ionization and its correon at the nucleus. Those which escape contribute to the
sponding signature of narrow-peaked substructure in the AT$Pectrum below &, according to their drift velocities as in
spectrum. On the other hand, the motion of the continuunih® SQC model. The returning trajectories are assumed to be
wave packet in the tunneling limit is controlled mostly by its 9uiding a freely spreading Gaussian wave [/)acket whose
interaction with the laser field, since it rapidly moves beyondWwidth is given by a(7)=(a(0)*+[27/«(0)])"? where
the effective range of the ion core potential. Its evolution can(0) is the initial width and7 is the propagation time be-
be reasonably represented using the classical equations ®yeen tunneling and return. Choosingd0)=4.0a, gives a
motion for a laser-driven electron. In a simple quasiclassicaleturn width consistent with our fully quantum-mechanical
(SQO model for TI[9], the bound electron tunnels free at a Numerical studief13]. A similar value for the initial width is
particular phasewt, of the field, then undergoes oscillatory found using an exact analytic solut_lon derived for scanning
motion at the laser frequency,. The electron-field interac- tunneling microscopy19] and applied to the problem of
tion in the length gauge can be written @2 sin wt, where stro_ng-fleld above-threshold ionization in a zero-range po-
7 is the direction of polarization and=(81/c)'? is the tential [20].. We cal_culate the differential elastic scattering
slowly varying amplitude of the laser’s electric field. Assum- 0SS section for this wave packet usiig]
ing that the electron is initially at rest after tunneling, its 1 max 2
velocity is given, in a_tomlc units, by;(t)=(s/w)(co_5wt o(0)=|=- 2 a,(21+1)e?(n+p (cosd)| , (2.1)
—coswt,), where the first term represents the field-induced 2ik =1
quiver motion, and the second term the drift velocity which
is established the instant the electron appears in the comvheresd is the Coulomb phase shiftor a charge of }, and
tinuum. In a short-pulse experiment, the detected photoelecy, is the additional phase shift resulting from the short range
tron energy is determined by the drift velocity; the quiver part of the HE (Ne") potential. These phase shifts are ob-
energy is returned to the field as the intensity declinestained from numerical integration of the scattering equations
Therefore, in the absence of further interactions with the iorfor electron-Hé (Ne™) over the necessary range of energies
core(rescatteringthe maximum drift energy an electron can and angular momenta. The partial-wave amplitudggsare
have is easily shown to belp, . determined from the distribution of the impact parameler,
The rescattering pictull®,6] goes beyond the SQC model in the returning wave packet € mv b).
by recognizing that although in the tunneling regime elec- Equation(1) gives the field-free differential cross section.
trons released into the field are initially accelerated awaylhe laser field will distort this nascent angular distribution.
from the ion core, roughly half the electrons are driven backThe transverse component of the outgoing velocity is con-
across the plane of the nucleus when the direction of theerved, but the velocity along the polarization direction has
laser electric field has changed sign. During the time intervaboth a drift component and a quiver velocity which depend
between when the electron tunnels free and its return to then the phase of the laser field at the return time. Drift veloci-
ion core, the Tl wave packet propagates for at least half aties corresponding to PE energies as high ad16an be
optical cycle beyond the effective range of the ion core poproduced if the electron is scattered byl80°. The total
tential, spreading freely in the transverse directions. Analysisingle-resolved electron distribution for a given laser inten-
of classical trajectories for the ionized electrons showssity is obtained by summing the contributions from all time
[6,14—14 that photoelectrons with energies2U, are pro- intervals. The energy and angular distributions for the wave
duced by trajectories which experience very large deflectionpacket in each time interval are weighted by the instanta-
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FIG. 1. The(a) measured an¢b) calculated helium ARPES for FIG. 2. Measured neon ARPES for four different emission
five different emission angles at a saturation intensity of 0.8angles at an intensity of 1 PW/ém

PW/cn? and a wavelength of 0.78m. The abscissa is presented in ) ) o )
absolute and scaled energy units. The polar plot&irshow the At lower intensity where MP ionization dominates, broad

measured angular distributiorisrosses at the indicated energies, AT! structures are visible in the spectra from both atoms
and the solid lines are only to guide the reader. [13]. The phenomenological dlgappearance of_ ATI structure
is a consequence of the experimental averaging, and is ob-

neous tunneling rate when it was initiated. In these calcula_-sl_erved aty~0.75 or one-half the saturation intensity. In the

tions we have actually used a scaled dc-tunneling rate which | regime, the increase in the ionization rate with intensity is

when cycle averaged, gives the ac tunneling or Ammosov[huch slower than in the MP regime, =0 that the observed
Delone-Krainov(ADK) rate[21]. This accounts for the ini- photoelectrons are produced from a relatively broad range of

tial stat t bei v hvd ic Spatial and t intensities. Since the ac Stark shift of the continuum is much
lal state not being purely hydrogenic. spatial and tempor rger than the photon energy and is position dependent, the
averaging are performed for comparison to the experiment

ts. To further facilitat . th | patial averaging washes out any structure in the measured
measurements. 10 TUrmer taciitate comparison, e ca Cuénergy distributions even though our single-atom calcula-

lated angle-resolved PES are reduced to minic the exper jons show the ATI structure persists well into the tunneling

mental acceptance angle of the spectrometer. The magnitu 8gime. An experimental spectrum which somehow was con-
of _the .nonsequenUaI, double lonization ylelds due to rescaty o g 4 single-peak intensity would show the ATI structure
tering is calculated at the same time using an effective tOtaéven in the T regime

inelastic cross section which accounts f_or _both excitation The ARPES in Figs. 1 and 2 seem to be a superposition of
(‘f[Vh'Ch :cc_)v;/grs the ener_?ydthrte?h()lr}{nt(:] |on|zat|q|r|1.bln t_he_se dtwo components: a “normal” narrow distribution that falls
T o e e vtors . motvae g1 3Pl I incresingenery beeen 0 ard ana
yielding the double ion ' & much broader but weaker, almost flat energy d|str|put|on
' that extends out to (8—10),, as expected from classical
backscattering. The striking difference in angular anisotropy
Il. SINGLE-ELECTRON IONIZATION for the two components is apparent in the polar plots of Fig.
1(a). This behavior differs dramatically from all previous
experimental report2]. For example, the photoelectron dis-
Figures 1a) and 2a) show the experimental ARPES near tributions for inert gas atomf22,15 clearly show angle-
the saturation intensities for helium and neon, respectivelydependent structures, as well as an abundance of electrons
The abscissa is presented in absolute and sc&éd ) en-  with energies>2U,. We believe these differences reflect
ergy units andy=0.5 for both figures. The ponderomotive the pure tunneling nature of these results, and therefore pro-
energy associated with the peak intensity is used to defineide a unique opportunity for quantitatively testing the res-
the scaled energy. The ARPES are recorded through a 6%attering picture.
mrad solid angle while rotating the laser polarization relative Total PE distributions are shown in Figs. 3 and 4 for
to the spectrometer’s axis. The spectra extend to extremelyelium and neon in both absolute and scaled energy units.
high energy, and are structureless when compared to thEhe distributions are constructed by integrating the experi-
photon energy, i.e., no resonant or ATI peaks are discerniblanental ARPES over the polar angle and assuming azimuthal

Tunneling photoelectron distributions
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occurs above @, clearly indicates that representing the

complete ionization dynamics requires a more sophisticated

. T T T T T model. As discussed above, we expect that rescattered elec-

£ 10 trons will have a relatively broad, flat angular distribution

3 ) with a gradual fall-off with energy up te-10U,,, the maxi-

g 10 mum energy observed. We emphasize that the scaling with

£ . U, of the spectral characteristics establishes that it is the

3 10 dynamics in the continuum that is most important. There is a

c distinct correlation between the scattering direction and the

% 10” = cutoff in the energy distributiofl5,17. This is simply un-

+ derstood by considering the trajectories of elastically scatter-
£+ i S I E Y A ing electrons. The huge change in the drift energy of rescat-

0 100 200 300 400 500 tered electrons is due to acceleration by the field. As

energy (eV) mentioned earlier, the field can affect only the velocity com-
ponent along the polarization direction. This means it is po-
o SR ) tentially most effective for backscattered electrditse 0°
0.78-um excitation at 0.8 PW/cfn The measured distributigsolid n-axis spectra of Figs. 1 and,2nd less so as the scattering

line) is compared to calculated distributions using the semiclassic . : .
model. The dashed and dotted lines incorporate rescattering from angle increasesoff-axis spectrs leading to the observed

He' and pure Coulomb potential, respectively. The calculated PE§OnneCF|0n. between the d.lrec.tlon and maximum energy.
without rescattering is given by the dash-dotted line. The calculated Q_ualltatlv_ely, _the PES n F_I_gs. 3 and 4 provide SOme im-
curves include both spatial and temporal averaging for direct (:om[m'ld'ate insight into the Slgnl_flcance O,f the Spreadln_g of the
parison to the experiment. Tl wave packet and the elastic scattering cross sections. The

number of high-energy electrons is small because the trans-

symmetry around the polarization axis. Figure 3 shows th/©rSe expansion of the Tl wave packet causes most returning
helium distribution at 0.8 PW/ctand Fig. 4 plots the he- traiectories to have very large impact parameters. Our earlier
lium (solid circles and neon(open circles distributions at numerical studies on neutral helium using the single-active-
1.0 PW/cni. The figures show that, in absolute units, an€lectron (SAE) apprOX|mat|on[4] found that the returning
increasing laser intensity results in the production of higher/Vave packet at this wavelength has a radius of approximately
energy electrons, but in energy units scaledtp, the PE _30a0 as it rescatters frqm the nl_JcIeEK%]. In neon the width _
distributions for both intensities and atoms are similar in'S found.to be similar in magnitude. For a_glven.atom this
shape. This illustrates an important fundamental principld€turn width does not depend on the laser intensity but only
that the scaled classical dynamics of a tunneled electron & the free propagation time, and therefore only on the laser
intensity invariant. wavelength. Furthermore, Fig. 4 shows that at the same in-
Inspection of the spectra shown in Figs. 1-4 show a{ensity where the excitation rates for both atoms are approxi-
qualitative behavior consistent with the classical picture ofNately the same, neon yields a factor of 10 more electrons
TI discussed above. In fact, the distribution of the majorityP€Yond 2J,, than helium. This observation is compatible
of photoelectrons is predicted quite accurately by the Sdeth the Iarger neon ion core havmg_ a Iarggr elastic scatter-
model: their energies lie belowl®, and, up to this limit, are ing cross section. The result is consistent with the more than
strongly aligned along the laser polarization directisee an order of magnitude decrease in conversion efficiency ob-

the polar inset in Fig. 1L However, the striking transition that S€rved between helium and neon for high harmonic genera-
tion [23] (HHG). Note that the measured energy distribution

for neon extends further in energy than for helium partly due

FIG. 3. Total helium photoelectron energy distribution for

Ve to the better counting statistics.

1060 . ? , ? , ? ? , 1|0 12 Quantitative comparisons between the measured and cal-
0 4\ ® He (expt) _culated tqtal(;patial and temporgl averageldE spectra are
S 10 He(theory) included in Figs. 3 and 4 for helium and neon, respectively.
g F L”Zéﬁéﬂ“) In Fig. 3 three different degrees of approximation in our
% 10" [ v calculations are shown. The dash-dotted line is calculated
€ oF using the SQC model. As expected above the high-energy
g 10 b portion of the spectrum is absent. The SQC curve does not
S LF 0 e r, cut off abruptly at 2J,, since we allow our initial tunneling
3 10 ¢ wave packets to have a finite longitudinal spread along the
© 10 - T polarization direction. If the experiment did not have the

0 100 200 300 400
energy (eV)

500 600 700

dynamic range to include the high-energy taite Ref[12],
for example, one could conclude that the complete physics
is contained in the SQC model, or other models which ignore

FIG. 4. The measured total photoelectron energy distribution forescattering24]. The dotted and dashed curves are calcu-

helium (solid circle3 and neon(open circle} for 0.78.um excita-

lated incorporating the effects of elastic rescattering for a

tion at 1 PW/cri. The averaged calculated curves for helium single, initial return of the. wave _paCket. The dotted curve
(dashedl and neon(solid) incorporates rescattering from realistic assumes a pure Coulomb interaction, and the dashed curve is
He" and N€& potentials, respectively. calculated using a realistie -He" potential. The latter is
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107 _ with energies in excess of 150 eV. Thus it is not unexpected
g that such hard collisions effectively penetrate the core, sam-
pling the short-range part of the potential. This condition is
relaxed at lower intensity because the reduction in the elec-
tron’s return energy results in “softer,” less penetrating col-
lisions. Of course, experimental access to this regime be-
comes impossible due to the evolution of the ionization
dynamics into MPI {>1).
Our calculations also provide angle-resolved PES, as
10° L © e (oxp) shown in Figs. tb) and 2Zb). Although they are much
i X Ne (exp) smoother than the measured values, they reproduce the
i angle-dependent energy cutoffs and the flatness of the high-
10° L , ey energy component. This agreement exists for all other inten-
10" 10" sities studied except at the highest intensity. In this case the
intensity ( W/cm2 ) measured PE spectrum ends around 10—-20 % lower energy
than we predict. This can be attributed to the poorer statistics

FIG. 5. Compiled helium and neon experimer®mbolg and  in the measurement for the most energetic electrons at the
calculated(lines) ratio of the total number of electrons with ener- highest intensity.

10° |

10° L

electron ratio (>2Up/<2Up)

gies>2U,, over those<2U,, as a function of intensity for 0.7gm We have considered only the first return of the wave
excitation. The curves for the averaged calculated ratio are for COLpaCket, and neglected coherent terms in evaluating the dif-
lomb (dashegl He" (solid), and N€ (dotted rescattering. ferential cross sections. Although these effects may alter the

) calculated values, the agreement we obtain indicates that the
more attractive at short range due to the less completgjscrepancies are unlikely to be larger than factors of 2—4. It
screening of the doubly charged nucleus. The use of the hefas peen proposd@s] that the Coulomb field of the ion core
lium ion potential results in excellent agreement with thecan refocus the returning wave packet, making close colli-
experimental measurement over the entire energy ranggjons on the second or higher returns even more effective
while the pure Coulomb scattering result underestimates thghan the first. We believe our results provide evidence that

high-energy plateau. Equally good agreement between expjs effect cannot be as large as was predicted. We will dis-
periment(solid circles and theory(dashed lingfor heliumis 55 this further in Sec. IV.

shown in Fig. 4 at a higher intensity. PW/cn?). Figure 4
further demonstrates that the rate at which the “hard” back-
scattering collisions produce high-energy electrons is
strongly affected by the exact nature of the short-range part
of the potential. The measured enhancement for producing Many-body effects form the basis of problems which are
high-energy electrons in nedopen circley relative to he- fundamental and central to our understanding of atomic
lium is well duplicated by our calculatiogsolid line) usinga  physics. Well-documented investigations of single-photon
realistic SAEe™ -Ne" potential. double ionization of helium and other inert gases have pro-
Our measured results for helium and neon at differenwvided a wealth of information about the role of electron cor-
intensities are summarized in Fig. 5 along with calculatedrelations[26]. However, the nature of twonultiple) electron
curves. We plot the ratio of the number of electrons withejection in an intense laser field remains largely unresolved,
energies>2U, to those with energiesc2U, as a function  despite the careful efforts of many groy@s. The difficulty
of intensity. The open and filled circles are the ratios derivedies in the interpretation of the experiments which are not
from the measured total PES for helium and neon, respegcstrictly unambiguous, as is the case for single-photon ioniza-
tively. The three calculated curves are the ratios obtainetion. The same dynamics of an intense fs pulse, interacting
from the spatially and temporally averaged results using eiwith an atom responsible for determining the ionization re-
ther the pure Coulomiidashed, the He (solid), or Ne" gime, often leads to stepwise or sequential ionization of mul-
(dotted potential. The measured helium ratio agrees welltielectron atomg27]. In this scenario, ionization to higher
with the calculated curvesolid line) for the two highest charge states proceeds by a series of one-electron ejections
intensities, but differs for the lowest intensity due to the mul-from the ionic ground state, and can therefore be treated
tiphoton contributions which are not included in these calcuwithin a single-electron approximation. In this section, we
lations. This is consistent with our earlier work3] which  will concentrate on the special case where the douybte
concluded that the transition to MPI occurs below 0.6nonsequentialionization probability is orders on magnitude
PWi/cnt. The curve calculated using the N@otential also  larger than the corresponding sequential process. Further-
shows good agreement with the measured ratios. In fact, th@ore, ionization in the tunneling regime reduces some of the
calculation verifies the larger ratio for neon compared to heambiguity present in the MP regini28,29.
lium for the two highest intensities. The curve for the Cou- Beginning around 198830], there have been a series of
lomb case underestimates the ratio at higher intensities, atneasurements on helium which showed clear evidence of
though all three curves converge as the intensity decreasesnhanced double ionization above A@v/cn?. Helium
This is because at the highest intensities used in the curredbuble ionization requires a minimum of 51 Ti:sapphire pho-
study, the Tl wave packet, which has a maximum instantatons at 0.8um. The fraction of “nonsequential” ionization
neous return kinetic energy of &J2, produces collisions is observed to be Hé/He" ~1/400 [13,31] at saturation.

IV. DOUBLE IONIZATION AND THE RESCATTERING
MODEL
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and 0.001p4] for neon at their respective saturation intensi-

10 _ ties. Below saturation, the ratio of each decreases by ap-
g Ne (theory) proximately a factor of 10 over the mea_sured intensity range,
ol although the absolute rates are changing by seven orders of
10k magnitude. Furthermore, analygis4] shows that both the
i He (theory) NS helium and neon yields scale with the Tl rates, calculated
10° [ using ADK. We believe this provides an important clue to

the NS mechanism; whatever the escape dynamics of the
i ; secondinner) electron, the first electron must tunnel into the
10 | — He (expt.) continuum.
o —* Ne(expt) A number of attempts have been made to explain the dy-

X 2+ (NS)/ X+ ratio (X=He, Ne)

Y namics of this surprisingly strong NS ionization. Fittinghoff
L - : : et al.[31] proposed that correlation between the atomic elec-
10" 10" trons would cause a second electron to be either excited or
intensity (W/cm2) ionized as the first electron tunnels free. In this case, the

excitation of both electrons would be prompt and involve

FIG. 6. Compiled experimentasymbolg and calculatediiness ~ some degree of ground- or excited-state correlation. To test
ratio of nonsequential double-to-single ionization for helium andihis “shake-off’ mechanism would require a calculation of
neon at 07&1/m The Uncertainty for the measured ratio for helium the dynam|cs Of two electrons in an |ntense, pulsed’ op“cal
and neon are given by the error bars. The helium and neon calcyrequency laser field. This appears to be well beyond current
lated curves are given by the solid and dashed lines, reSpeCt'Velycomputational capabilities, so a rigorous test of this mecha-

nism has not been accomplished.

This surprisingly efficient double ejection is unlikely to be  An alternative NS ionization mechanism is based on the
attributable to resonance effects because the helium doubhgscattering model that we have shown can successfully
excited states are well above the first ionization threshold, bgharacterize photoelectron distributions. It was propdééd
over 35 eV, so that they cannot be expected to be stronglthat when the Tl wave packet recollides with the ion core the
excited by the optical field. Similar results are observed forsecond electron is promoted into the continuum viedle
neon [32], where again the doubly excited states are farcollision process. This unquestionably will occur, but calcu-
above the first ionization threshold. In fact, there have relations that have tried to estimate the significance of this
cently been reports of what appears to be direct triple ionizamechanism have given mixed resu[&13,25,32 Several
tion in rare gase$33]. The precise mechanism for simulta- independent experiments, both in heliufg1,34,35 and
neous multielectron ejection in the absence of resonameon[32], give values for the double-to-single ionization ra-
intermediates is a subject of considerable debate at this timéo at saturation consistent with the present work. General
Unfortunately it is beyond the present capabilities of anyinspection of the experiment raises several issues which must
rigorous theoretical approach to treat two electron excitatiorbe considered. First, the NS ionization in Fig. 6 is observed
and ionization for these wavelengths and intensities. Howto have no intensity threshold. Returning electrons are
ever, recently a number of approximate models have atknown to have a maximum classical kinetic energy of
tempted to address this problem. We will discuss this work~3.2U ; assuming zero initial energy which is independently
more completely below, and present an analysis of the exverified by the high-energy cutoff in high-order harmonic
periment using our quasiclassical rescattering model. spectra[5,23]. Therefore, we can determine a minimum in-

In addition to the photoelectron measurements presente@nsity required for the rescattering electron to have enough
in Sec. lll, total ion yields as a functions of intensity were energy to excite a core electron. In both He and Ne, NS
collected for both helium and neon. Walketral.[13] dem-  ionization is observed to occur at intensities well below the
onstrated the versatility of kHz laser systems for increasingxpected thresholds. Second, the NS rate is found to have a
the sensitivity of total ion yield measurements. In fact, themuch stronger dependence on the ellipticity of the laser field
dynamic range of this study of the helium ion yields sur-than the sequential proces$8,32,34,3% and is essentially
passed previous reports by five orders of magnitude. Thisxtinguished with circularly polarized light. The rescattering
data not only provide an accurate test of calculated rates buthodel can explain this decrease in the NS yield as the polar-
also offer some revealing insights into the physics of strongization departs from linear, because the field will guide the
field double or nonsequenti@NS) ionization. For instance, returning wave packet away from the ion core if the elliptic-
the NS production of H& was shown to be linked to the ity is too large. In fact, Dietricket al.[32] showed a connec-
tunneling dynamics of the first electron, even when MPItion between the polarization dependence for both the NS
dominates. and harmonic rate in neon using a rescattering approach.

A sensitive measure of the nonsequential dynamics is pro=inally, we must explain the observed magnitudes of the NS
vided by plotting the intensity dependence of t&'/X* fraction. As we show below, the width of the wave packet at
ratio (X=He or Ne for both helium(open circlesand neon the first return is so much larger than the effective inelastic
(solid circleg for 0.78.um excitation, as shown in Fig. 6. To collision cross section, that the resulti|g2e ionization
ensure accuracy, the two charge states are concurrently cgirobability is much smaller than the measured NS value.
lected at a fixed intensity and averaged for at lea&tlager The complete quasiclassical calculation, introduced in
shots. The plot shows that the measured NS vyield is similaBec. Il B, can be used to predict the double-to-single ioniza-
for both atoms, achieving a value of 0.00@&) for helium  tion ratio produced frone-2e inelastic rescattering. First we
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must make clear what the assumptions of this rescattering return energy 3.2U p (eV)
mechanism for NS ionization are. In the first step, an elec- 102 ,1,0 - .1.?0
tron tunnels free while at the same time the remaining elec- =g
tron(s) must relax into the ground state of the ion core. If the 3 ﬁ
tunneling step is at all nonadiabatic, that is, if the ion is not o 0

left in its ground state, we should consider this to be a “cor- % Wf 026
related” pathway to double ionization. At the intensities un- ‘@ 107 L classical
der consideration, all excited states of the ion can be rapidly :E threshold
ionized by the field alone without any further interaction ® 10°[ eV
with the TI wave packet. Thus we would have either simul-

taneous double ionization if the nonadiabaticity promotes the . N
second electron directly into the continuum, or resonance- 01 1
enhanced sequential ionization if the second electron is intensity (PW/cm2)

“shaken up” temporarily into an excited state. We note that
ion yield experiments alone cannot distinguish between any FIG. 7. The intensity-dependent ratio of nonsequential double-
of these mechanisms. Therefore to evaluateréiseattering tq-snngle |on|z§1t|on for helium at 0.3ﬁm: The upper abscissa scale
NS ionization yield accurately, it must be assumed that th&Ves the maximum return energy at this wavelength, and the dotted
first step is completely adiabatic. The second step in thidne marks the classical threshold.
mechanism is when the ionic ground state, which by itself is
essentially unaffected by the laser field because of its muctions is clearly observed for the PES and HHG spectra both
larger binding energy, is excited by the rescattering electronin the experiments and calculations.
at least into an excited state, eventually yielding a double A final piece of evidence that contradicts the predictions
ion. The operative threshold, then, for this energy transfer i®f the inelastic rescattering model for NS ionization is shown
on the order of the field-free excitation energy of the lowestin Fig. 7. The plot shows the ratio of HgNS)/He" as a
excited state of the ion+-40 and 27 eV for helium and neon, function of intensity for 0.39wm excitation. The shorter
respectively. Using the semiclassical rescattering model dewavelength reduces the ponderomotive energy by a factor of
scribed above, it is straightforward to perform a test of this4, since it scales a® 2, which consequently decreases the
NS ionization mechanism. return energy by the same factor. We note that this saturates
We express the effective inelastic cross-section using aefore it becomes pure tunneling. The dotted line shows the
modified e-2e Lotz-type formula[36]. The cross section intensity below which the return energy can no longer excite
used is the sum of the field-free excitation and ionizationthe core electron, that is 3J2 <40 eV, the excitation energy
cross sections for the ion. It has been sh¢@m that the use of the first excited state of helium. Again, all the nonsequen-
of field-free cross sections is a reasonable approximatiotial production is occurring below this threshold with a value
since the slowly varyindon the time scale of the collisipn  (0.0013, which is not much different from the 0.78m re-
electric field from the laser has a very small effect on thesult at saturation. These measurements reaffirm that inelastic
inelastic scattering processes. In fact it was found that theescattering cannot be the dominant mechanism for strong-
field could either enhance or inhibit the excitation of the ion,field double ionization.
but the effect was at most on the order of 10—20 %. For each Although exact two-electron numerical solutions for mul-
trajectory we determine the probability for excitation by tiphoton ionization of helium in intense pulsed laser fields
comparing the returning wave packet width to the inelastichave been obtained for shoféxtreme ultraviolet wave-
cross section at the appropriate collision energy. In Fig. 6 wéengths[38], these are far from the tunneling regime and not
show the spatially and temporally averaged results for bothelevant to the NS ionization problem considered here. There
helium (solid line) and neor(dashed ling Clearly, thee-2e have been, however, a number of model calculations for our
rescattering mechanism severely underestimates the absolgperimental parameters that have produced much larger
measured ratio, as well as differing substantially in its inten-double-ionization yields than those we obtained with our
sity dependence. The ratio of the experimental to calculatechodel. One result by Becker and Fai§89,40 using a
values at saturation are 47 for helium and 5 for neon. Thiguantum, two-electron perturbation expansion to calculate
means rescattering may play a role in neon NS ionizatiorthe Smatrix element for double ejection, leads to the conclu-
near the saturation intensity, but it is not the dominant effecsion that the fundamental mechanism is neither shake-off nor
even there. Furthermore, at lower intensities, the differenceescattering, but due to first one electron interacting with the
becomes enormous as the return energy falls below the minfield to absorbvirtually a large number of photons, which is
mum required for excitation. We believe this lack of agree-followed by the electron-electron correlation mediating the
ment is a clear indication that more than inelastic rescatteringharing of the energy until both escape together from the
is involved in the physics of NS ionization. Additionally, binding force of the nucleus. Using this approach, very im-
considering the order-of-magnitude difference in th®e  pressive agreement with the linearly polarized, 780-nm data
cross sections, it is difficult to rationalize in a rescatteringof Walker et al. [13] was obtained. Results for the strong
picture why the double-ionization ratios would be the sameellipticity dependence of the NS yields or for other wave-
for helium and neon. Obviously the calculated curves in Figlengths have not been presented. We hope the data shown
6 reflect this difference in the ionization cross sections, whilehere will encourage further applications of tidsnatrix for-
the experiment certainly does not. Complementary and cormmalism to validate the approach. Other model studies which
sistent evidence of the role of the core dependent cross seexplicitly test the efficacy of rescattering to induce NS ion-
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ization also have replicated the existing 780-nm, linear pomomentum. If the bound electron had an arbitrary, small
larization, data. We will briefly describe these other rescatdisplacement from the origin, the dynamics would be three
tering model calculations and try to explain what we believedimensional(3D), and the equations of motion would be
are the sources of the differences from our results. more complicated than those presented in their paper. It is
Using a semiclassical model for helium it was establishedhot clear whether this unnecessary restriction affects the ap-
that the oscillating laser field that tunnel ionizes the firstplicability of the results to the complete dynamics of the real
electron has negligible effect on the collision-induced transisystem, but in calculating the cross sections, the probabilities
tion probabilities of the more tightly bound ion core statesappear to have been correctly weighted according to the azi-
[37]. This means that using field-free cross sections in modeainuthal symmetry of the 3D atom. The main conclusion of
rescattering calculations for the intensities that ionize thehis study was that although there is a small probability for
first electron will give reasonably accurate results. Recentlympact ionization of the bound electron during the first return
there has been a similar, but more elaborate calculation aff the free electron, inclusion of additional returns can sig-
helium double ionization by Watsoet al. [41], where both  nificantly enhance the efficiency of double ionization by tra-
electrons were treated quantum mechanically. In this calcuectories with low drift velocities. This leads to an overall
lation the time evolution of the first “outer” electron is ob- factor of 30 increase in the total NS yield relative to that
tained by solving the SAE equation. The second “inner” obtained by considering only the first return. The authors of
electron begins in the same Hartree-Fock ground-state orbit&ef.[25] attributed this enhancement to the refocusing of the
of the neutral, and moves in the mean field of the chargédrajectories by the Coulomb field, so that later returns pro-
distribution of the first electron, the nucleus, and the laser. Aduce much higher charge density near the nucleus. They con-
direct test of the rescattering mechanism is achieved by placiuded that this refocusing overwhelms the transverse expan-
ing an absorbing boundary successively closer to the iosion of the Tl wave packet while it propagategsost of the
core, which eliminates the possibility of the Tl wave packettime) in the region beyond the effective range of the ion core
returning to excite the inner electron. The results showed @otential.
large reduction in the double-ion yield, indicating that res- We can easily test the importance of refocusing for a real,
cattering was the dominant mechanism for removing the segquantum Tl wave packet using the SAE approximation to
ond electron. The study found that the double ionizationcalculate the strength of the generated high harmonics as a
yield due to rescattering was even larger than that obtainetlinction of time after the wave packet is created. Since the
in our experiments. Again, energy transfer from the first toharmonics are produced by transitions back to the ground
the second electron is assumed not to alter the evolution dftate, this is an ideal probe of the density distribution of
the first electron, which means that the inelastic probabilitiesescattering electrons near the nucleus. For helium, only the
near threshold may be too large. A more serious error i$=1 partial wave can contribute to this emission. We use a
introduced by the mean-field approximation. During eachconstant intensity pulse to produce a Tl wave packet during
half-cycle a Tl wave packet is created which collides withthe first half cycle. At this point, the time-dependent wave
the inner electron during the following cycle. However, function is orthogonalized to the ground state, and the sub-
through the mean-field interaction, the unexcited part of thesequent evolution represents only that of the excited-state
outer electron-density distribution screens the nuclear attracsomponent of the total wave function. As this Tl wave
tion “felt” by the inner electron, reducing the effective ion- packet is driven back and forth across the ion core, we can
ization potential of the inner electron to 25 eV rather than the~ourier transform(FT) the dipole matrix element between
~b54 eV of the real ion core. Similarly, the excitation thresh-the wave packet and the ground state. This approximate di-
old will be about 20 eV instead of 40 eV. Only as the pole has been shown to give very accurate harmonic emis-
ground-state density of the outer electron is depleted by ionsion strength§42]. We can consider the spectra generated by
ization will the binding energy of the inner electron gradu- different “returns” by restricting the time interval in the FT.
ally approach the correct value. This must lead to a doubleWe find that the emission rate during the first return is at
ionization rate which is much too large, especially at lowerleast a factor of 10 stronger than that from the next two
intensities. This is evident in Fig. 2 of Rd#1], where the cycles, with later returns falling by more orders of magni-
model’s intensity threshold for NS ionization is significantly tude. We must conclude that the Coulomb focusing is not
below that found in the experiment. sufficient to explain the substantial enhancement the authors
A second important rescattering calculation in R@b5]  of Ref. [25] found in their trajectory calculations. A more
treated both electrons classically. Initially, the first electronlikely explanation for their result is that when the Tl electron
appears on the outer edge of the suppressed potential barrf@nst returns, it can transfer a small amount of energy to the
with zero velocity along the polarization axis and a distribu-bound electron, becoming trapped in a low-lying “doubly
tion of velocities in the perpendicular direction. The width of excited” state. These states, which cannot exist in the quan-
the transverse velocity distribution is inversely proportionaltum system, are allowed classically because the density of
the instantaneous dc tunneling rate. The time evolution o$tates is continuous. The Tl electrons which are most impor-
this electron is followed for five cycles with the laser inten- tant for the inelastic collisione@nd the harmonic generatipn
sity fixed, then an additional 2.5 cycles during which theare those with small drift energies. These are very likely to
field is smoothly turned off. The state of the boufidney  be captured, requiring more collisions before they can re-
electron is given by a trajectory initially at rest at the origin escape. This will produce a very large enhancement of the
of the coordinate systeifthe nucleus This initial condition NS ionization yield that would be completely absent in the
confines the motion of both electrons to the plane defined byeal quantum system.
the polarization axis and the direction of the initial transverse At this time, with perhaps the exception of tamatrix
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results, there has been no convincing theoretical demonstraf this interpretation substantiates that the regime of ioniza-
tion of any explicit mechanism for the observed NS ioniza-tion achieved in the current experiment is tunneling. The
tion. In the work of Becker and Faisg$9,40, the nature of excellent agreement between the complete semiclassical res-
the “correlation” which causes the transitions is still diffi- cattering model calculations and measurements for the elec-
cult to envision. Insight into thé&s-matrix method can be trons makes the disagreement with the NS ionization yields
realized by application to the shorter wavelength results preall the more compelling. There is clearly a real need for more
sented here, and to an investigation of the known ellipticityrealistic two-electron calculations which can exactly treat the
dependences. We believe progress in solving this probleroorrelated dynamics in order to establish the mechanism for
conclusively will await more ambitious two-electron time- double ionization firmly. Further experimental studies in the
dependent calculations which can be analyzed to uncover thenneling regime could also provide some insight into the

details of the double-emission dynamics. underlying dynamics. The kHz laser technology provides an
efficient tool to utilize coincidence measurement techniques,
V. CONCLUSIONS while investigations at longer wavelengths could broadening

) - investigations into different atomic systems.
This study exemplifies how over the past decade our per-

spective of the single electron dynamics has matured to a
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