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Elastic Rescattering in the Strong Field Tunneling Limit
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High precision measurements of helium photoelectron energy and angular distributions for a
broad intensity range reflect the change in the continuum dynamics that occurs as the ionization
process evolves into the pure tunneling regime. Elastic rescattering of the laser-driven free
electron from its parent ion core leaves a distinct signature on the spectra, providing a direct
guantitative test of the various theories of strong field multiphoton ionization. We show that it
takes a relatively complete semiclassical rescattering model to accurately reproduce the observed
distributions. [S0031-9007(96)01922-9]

PACS numbers: 32.80.Rm, 31.90.+s, 32.80.Fb

Strong field photoelectron spectra have attracted corfollows the change in the electron spectrum and angular
siderable attention over the past decade and a half, bdlstributions as the ionization evolves from predominantly
a comprehensive understanding of the underlying dynamMPI to pure tunneling. We find that the electron distribu-
ics which produce these spectra and related phenometians in the tunneling regime are very different from any
has solidified with the development of high repetition-previous reports obtained in the MPI or mixed regimes
rate, short pulse lasers which can span the entire intef7—9]. We achieve a quantitative description of these
sity range of importance [1]. Keldysh [2] showed that atspectra using a rescattering picture [9,10] which mimics
infrared and visible wavelengths the dynamics of stronghe time evolution of a tunnel-ionized continuum wave
field atomic ionization undergoes a change in charactepacket in thecombinedfields of the laser and ion core.
as the laser intensity increases. In weak fields electronSince rescattering events are known to be important in
are promoted into the continuum by the simultaneous abether short-pulse, strong-field emission phenomena (e.g.,
sorption of enough photons to increase their energy abovgarmonic generation), this investigation better defines the
the ionization potential. This is called multiphoton ion- underlying dynamics of these processes.
ization (MPI). However, as the laser intensity increases, In the experiments presented here, a 150 fs, 1 kHz
a completely separate mode of escape becomes possibtepetition rate, titanium sapphire laser operating at
At large distances from the nucleus, the electrostatic atd.78 wm was focused byf/4 optics into an ultrahigh
traction of the ion core can be overwhelmed by the lasersacuum chamber, producing a maximum intensity of
instantaneous electric field, producing a barrier througl20 PW/cn?. The sample gas was 99.999% helium, which
which a valence electron can tunnel. In this regime a quawas further scrubbed te0.1 ppm for G, H,, H,O, CG;,
sistatic tunneling picture becomes appropriate: the laseand hydrocarbon impurities. A 30 cm long time-of-flight
field varies so slowly compared to the response time ophotoelectron (PE) spectrometer provides energy and
the electron that the ionization rate becomes simply thangular resolution of 0.05 eV and 65 mrad, respectively.
cycle average of the instantaneous dc tunneling rate. Turata collection used 1 ns binning of discriminated elec-
neling becomes important when the ratio of the frequencyron events operating at low event probabilitsQ25/
of the applied field to the tunneling rate becomes smalleshot), ensuring space charge free conditions. The spec-
than unity. This ratio, known as the Keldysh or adiabatictrometer’s energy calibration was obtained by recording
ity parameteryy, is given by+/1,/(2U,), WhereIf is the the high order$40 photon absorption), long pulse above-
binding energy of the electron and, = I/4w* is the threshold ionization spectrum of xenon. The intensity
ponderomotive energy in atomic units of a free electron invas calibrated using measurements of the total ion yield,
the laser field of frequency and intensityl. xenon short-pulse PES resonances, and spot size [11]. The

The majority of experimental studies on neutral atomsuncertainty in the reported intensities425%. The cur-
exposed to intense, short—pulse laser fields have been caent PE spectra were recorded between 0.5 and 1.5 times
ried out in the MPI regimey = 1). A few experiments the saturation intensityl{; = 0.8 PW/cm?) for neutral
[3—6] have extended into the tunneling regime, but thesdelium. Walkeret al. [11] showed that contributions due
measurements have been limited to observations of totéab sequential ionization of Heremain insignificant up to
ionization rates or electron energy distributions over aan intensity of~4 PW/cnt. A small fraction of the PE’s
small dynamic range. In this Letter, we report upon theare produced via direct double ionization. It is not clear
first systematic experimental investigation in the strongwvhat the spectral characteristics of these electrons are, but
field tunneling limit. Our study, by virtue of the enhanced their low abundance probably precludes their observation
dynamic range accessible with kilohertz laser technologywithout some sort of coincidence measurement.
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Our recent ion and electron measurements [11] have Total PE distributions are obtained by integrating the
confirmed that helium tunnel ionizes near saturation. Thigngular distributions over the polar angle and assuming
was established by comparing experimental helium iorazimuthal symmetry about the polarization axis. These
yield curves with calculations using time-dependent quandistributions are shown in Fig. 2 for three different inten-
tum mechanical (total) and ac-tunneling rates. The ratisities in both absolute and scaled energy units. The dis-
of the tunneling rate to the total rate for the intensities oftributions are constructed by integrating the experimental
0.4, 0.8, and 1.2 PW&em? used in this study are 0.7, 1.0, ARPES over the polar and azimuthal angles. In absolute
and 1.0, respectively. Therefore, helium ionization hasinits, an increasing laser intensity results in the produc-
some MPI component at the lowest intensity consideredion of higher energy electrons. However, in energy units
here, evolving into pure tunneling by saturation. Althoughscaled taU,, the PE distributions at all intensities are simi-
Keldysh theory predicts tunneling ionization for all threelar in shape. If these three distributions are scaled such that
intensities, the more complete calculations [11] predict thatheir low energy maxima are made equal, one sees that the
the transition occurs at a slightly higher intensity. fraction in the high energy plateau drops with increasing

Figure 1 shows the angle resolved PE spectrunintensity, scaling approximately ds2>. As will be dis-
(ARPES) for helium at the saturation intensity. Evidentcussed below, all these features result from a consistent and
is the preponderance of PE energies lying be®i,,
which is the upper limit predicted by a simple quasi-
classical (SQC) model [3]. The angular distributions

(AD) of these electrons are strongly aligned along the E/UP
laser polarization direction (see polar inset), becoming 0 2 4 6 8 10 12
narrower toward the2U, limit. However, a striking L L
change occurs in the AD of electrons with energies above
2U,. Here the AD’s are significantly broader with a @
weak narrowing as the energy increases towkdd . =04
In fact, this ARPES seems to be a superposition of two
components: a “normal" narrow distribution that falls off
rapidly with increasing energy between O &id,, anda 1E2F = T\ ..
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0 100 200 300 400 500 FIG. 2. Total helium PE energy distributions for 780 nm
energy (V) excitation at (a) 12, (b) 8, and (¢} X 10'* W/cn?. The
gy experimental and calculated distributions using the complete
FIG. 1. Measured helium ARPES for four different emission semiclassical theory presented here correspond to the solid and
angles at the saturation intensity. The polar plots show thelashed lines, respectively. In panel (b) the dotted line results
measured ADs (crosses) at the indicated energies and the sofi@m pure Coulomb rescattering and the dash-dotted is without
lines are only to guide the reader. rescattering (SQC model).
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quantitativepicture of elastic rescattering of a field—driven [8,12] shows that PE’s with energies2U,, are produced
electron in the tunneling limit. by trajectories which experience very large deflections
The demarcation between the ionization pathways men(elastic backscatteringd > 7 /2) when they rescatter
tioned above becomes apparent when the wave pack-om the ion core. The electron’s scattering angle and
ets promoted from the bound state into the continuunfinal drift energy are closely correlated. The elastic
in these two limiting cases are considered. In the MPUifferential cross section in the backward direction
regime, ionized population appears continuously, at alcan be approximated by that for Rutherford scattering,
phases of the field. To conserve momentum, this transitioar () ~ (1/E?) csd#/2) [13], which varies slowly over
must take place while the electron is close to the nuthe critical angular range, producing the flat energy distri-
cleus producing a wave packet, initially localized nearbution for these PE’'s. The hard collisions (small impact
the ion core. When the intensity increases to the poinparameters) necessary for producing large changes in drift
that y < 1, tunneling begins to dominate and the elec-energy also result in the broader angular distributions
tron is released a significant distance from the nucleusobserved in the high energy electrons.
During a narrow time interval near the maximum in Our earlier numerical studies on neutral helium found
the oscillating electric field, an asymmetric, delocalizedthat the returning wave packet at this wavelength has a
wave packet emerges at the outer edge of the suppressetlius of approximately30a, as it rescatters from the
Coulomb barrier. However, the overall symmetry ofnucleus. For a given atom this width does not depend on
the ionization process is maintained by a complementarthe laser intensity, but only on the free propagation time
wave packet being generated on the opposite side of trend therefore only on the laser wavelength. The transverse
nucleus one-half cycle later. Clearly, the evolution ofexpansion causes most returning trajectories to have very
the continuum wave packets in these two limiting casearge impact parameters. This explains the observed small
can be very different, which is reflected in our experimentfraction of electrons with energies2U,, in Figs. 1 and 2.
The motion of the tunneling wave packet is controlled We can extend the SQC model to include the effect
mostly by its interaction with the laser field since it of the first rescattering on the tunneling wave packet.
rapidly moves beyond the range where the ion coréAs in the SQC model, we divide the optical cycle into
potential is effective. Its evolution can be reasonablya large number of equal time intervals. In each interval
approximated using the classical equations of motiora trajectory is launched at the outer turning point of the
for a laser—driven electron. In the SQC model [3], thesuppressed effective potential with zero velocity. It is
bound electron becomes free at a particular phasg, propagated in the combined fields of the laser and the
of the field, then undergoes oscillatory motion at thehelium ion core until either it escapes or returns to cross
laser frequencyw. The electron—field interaction in the the plane of the nucleus. Those which escape con-
length gauge can be written asf'Zsinwt, wherez is  tribute to the spectrum belo®U, according to their
the direction of polarization and&E = /87I/c is the drift velocities as in the SQC model. The returning
amplitude of the laser’'s electric field. Assuming thattrajectories are assumed to be guiding a freely spread-
the electron is initially at rest after tunneling, the timeing Gaussian wave packet whose width is given by
dependent electron velocity is given in atomic units asa(7) = \/a(0)*> + [27/a(0)]?, where a(0) is the initial
v(t) = (£ /w) (coswt — coswty), where the first term is  width and r is the propagation time between initiation
the field—induced quiver motion and the second term thand return. Choosing (0) = 4.0a gives a return width
drift velocity which is established the instant the electronconsistent with our numerical studies [11]. We calculate
appears in the continuum. In a short pulse experimenthe differential elastic scattering cross section for this
the detected PE energy corresponds to this drift energwave packet using [13]

Therefore, in the absence of further interactions with Cima it b5 2
the ion core (rescattering) the maximum drift energy o(0) = ¥ D a2t + e P y(cosh) | . (1)
an electron can have i8U,. This is borne out in a =1

SQC calculation of the PE energy distribution whichHereé, is the Coulomb phase shift (for a charge of 1) and
is shown by the dashed-dotted line in Fig. 2(b). Then, is the additional phase shift resulting from the short
obvious failure of the SQC model in predicting the highrange part of theHe* potential. These phase shifts
energy portion of the spectrum indicates the necessity adre obtained from numerical integration of the scattering
including rescattering from the ion core potential in orderequations for electrore™ over the necessary range of
to reproduce our measured ARPES. energies and angular momenta. The partial wave ampli-
In the tunneling regime electrons released into the fieldudesa, are determined from the distribution of impact
are initially accelerated away from the ion core. Roughlyparameters in the returning wave packet muv.b).
half the electrons will recross the plane of the nucleus Equation (1) gives the field—free differential cross sec-
when the field has changed sign, having propagated for éibn. The laser field will distort this distribution. The
least half an optical cycle beyond the range of the ion coréransverse component of the outgoing velocity is con-
potential. During this interval the wave packet will spreadserved, but the velocity along the polarization direction has
freely in the transverse directions. Classical analysidoth a drift component and a quiver velocity which depend
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on the phase of the laser field at the return time. Drift ve-be due to poorer statistics in the measurement for the most
locities corresponding to PE energies as high®$, can  energetic electrons at the highest intensity.
be produced if the trajectory is scattered by80°. The In this Letter we have presented the first careful study
energy and angular distributions from the wave packet irof PE distributions obtained in the tunneling regime. The
each time interval are weighted by the instantaneous turdistinctive energy and angular distributions are shown to
neling rate. In these calculations we have actually used be a clear signature of this limit. We showed that we
scaled dc-tunneling rate which, when cycle averaged, givesould quantitatively reproduce these spectra using a more
the ADK rate [14]. This accounts for the initial state not complete quasiclassical model which includes the effects
being purely hydrogenic. The total ARPES for a givenof recollisions with the ion core. Our calculation ignores
laser intensity is obtained by summing the contributionshigher order rescattering processes which we believe are
from all time intervals. much less significant because the continuing transverse
Spatial and temporal averaging provides the total PEpreading rapidly diminishing the effect of further inter-
spectrum shown by the dashed lines in Fig. 2. The agreections with the nucleus. If these subsequent collisions
ment with the experimental results is excellent over thewvere important, the comparison between the measured and
entire energy range for both “pure” tunneling cases. Thealculated spectra would be much less favorable. The
poorer agreement seen in Fig. 2(c) signifies the transitiooharacteristics of the ARPES, the flat distribution above
into the mixed regime where the MPI contribution is be-2U,, and especially the well defined angle and energy cut-
coming significant. In fact, because of the low intensityoffs, strongly support the tunneling wave packet picture.
contributions to the measured PE signal from the outer re©ur analysis shows that the strength of the high energy
gions of the focal volume, there are “MP” components toplateau is sensitive to the initial width of the tunneling
all three cases shown. However, the strong intensity dewave packet. The agreement we have obtained supports
pendence of the ionization rate means the fractional corthe value we have determined and probably rules out any-
tribution of these electrons to the total yield is small andthing substantially different from this. We note also that
decreases with intensity, and they will appear within thethe previous quasiclassical studies by Lewensstiral.
lower energy portion of the spectrum. This may accoun{l12] give qualitative agreement with our new measure-
in part for some of the disagreement between the calculanents, but are not at all quantitative for any reasonable
tions and the measurements for lower PE energies. Finallget of input parameters. This is possibly in part due to ap-
Fig. 2(b) also shows a PES calculated using a pure hydrgroximations used in modeling the ion core potential.
genic potential. This significantly underestimates the high We gratefully acknowledge the technical assistance of
energy plateau because the backscattering which producBsbert Lafon, Mark Widmer, and Alok Gambhir. This
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