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Above-Threshold lonization by an Elliptically Polarized Field:
Quantum Tunneling Interferences and Classical Dodging
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Measurements of above-threshold ionization electron spectra in an elliptically polarized field as a
function of the ellipticity are presented. In the rescattering regime, electron yields quickly drop with
increasing ellipticity. The yields of lower-energy electrons rise again when circular polarization is
approached. A classical explanation for these effects is provided. Additional local maxima in the
yields of lower-energy electrons can be interpreted as being due to interferences of electron trajectories
that tunnel out at different times within one cycle of the field. [S0031-9007(97)05059-X]
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The interaction of strong laser fields with matter hasthree-dimensional tunneling more than one most probable
become a rapidly evolving discipline in recent years.escape path may exist [6] and the contributions from
One typical phenomenon is above-threshold ionizationthese paths may interfere. In fact, the interference effect
(ATI) of atoms, i.e., the absorption of more photons thanmeasured here in intense-field ionization with elliptically
necessary for ionization, leading to a series of peaks in thpolarized laser light is exactly such as interference of
electron energy spectra; for a review see Ref. [1]. Abovetwo tunneling paths, whose experimental observation is,
threshold ionization spectra display various characteristito our knowledge, described here for the first time.
properties, such as the plateau [2] and side lobes ikuthermore, there is a close connection to the problem
the angular distributions [3]. Remarkably, these andf tunneling times, in our case for a dynamic tunneling
other features are qualitatively similar for different atomicphenomenon. The theory outlined below to explain the
systems, in particular for the rare gases. A lot ofinterference effects in the ATl spectra also provides
insight was gained from a classical model that treatsneans to extract from the data complex times with
the atom as just a source that provides electrons vian imaginary part that sets the scale for the tunneling
tunneling [4]. Subsequently, the atomic binding potentiatime. ATI by an elliptically polarized field has been
is ignored and the electrons are described by their classicalvestigated before [7], but with different emphasis.
trajectories merely in the laser field. This simple picture The experimental setup consists of a femtosecond
has explained [5] both the plateau and the side lobeglye laser whose pulses are brought to an energy of
Thus many strong-field effects are “universal” since theyabout 15 uJ in a two-stage optical amplifier pumped
do not qualitatively depend on any particular property ofoy a copper-vapor laser with a repetition rate of
the individual atom, as much as they are “classical” to thes.2 kHz. The amplified pulses have a FWHM dura-
extent that they can be qualitatively explained by the justion of 50 fs at a wavelength of 630 nm and can be
mentioned classical model. focused down tol2 um giving rise to intensities in

In this Letter we report novel features in the ATI excess ofl0'* W/cm?. For the analysis of the kinetic
spectra generated by an elliptically polarized laser fieldenergy of the photoelectrons we use a high-resolution
All of them are universal, i.e., have a similar appearanceéime-of-flight spectrometer capable of recording several
for all rare gas atoms studied, but only two of themelectrons per laser shot with a collecting angle 6f 5
are classical in terms of the above classification. Th&he ellipticity of the laser polarization is controlled by
third effect owes its existence to a genuine quantuna quarter wave plate mounted on a stepper-driven rotary
phenomenon: interference of electrons that reaches trstage. The big axis of the polarization ellipse always
continuum via tunneling at different times. The quantumpoints in the direction of the electron detector. In a
interferences reported in this Letter are observed andcheasurement of an ellipticity distribution, the ellipticity
discussed for elliptically polarized laser fields. They arejs scanned several times in order to minimize artifacts
however, present for other polarizations as well, althougtirom possible long-term drifts in the laser intensity. The
more difficult to detect in experiments. respective ATl spectra are recorded with a computer

In addition to establishing the relevance of quantumthat mimics 73 different multichannel analyzers, one
interference to intense-field physics, this Letter presentfor each position of the quarter-wave plate. Data have
an interesting link to other tunneling phenomena: Inbeen taken for all the rare gas atoms. The effects to
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be discussed do not qualitatively differ for the various The EDs of the plateau electrons are readily explained
atomic species. using the well-known rescattering model which assumes
We begin the discussion of the experimental resultghat the electron yield in the plateau is proportional to
with the ellipticity distributions (EDs) of the plateau elec- the overlap of the initial and the returning wave packet,
trons for which a typical result at 32.6 eV is shown inthe same mechanism that has been evoked for high-
Fig. 1. In the main part of this figure the normalized harmonic generation and nonsequential double ionization
electron yield in the direction of the large axis of the[9]. Since the dispersion relation of a wave packet is
polarization ellipse for energy intervalsE with differ-  known, the only remaining parameter is its initial width
ent mean energ¥ is plotted versus the ellipticity of the ay. In the quasistatical limit, there is a simple expression
laser polarization. We have chosen the energy intervalfor this quantity [10]. Let us consider the electric field
in accordance with the peaks of the ATI spectrum for lin-E(T) = E (X sinwt — £§ coswt), and let |Ey| denote
ear polarization. This spectrum is displayed in the insethe ionization energy of the atom. Then, in atomic
of Fig. 1. The appearance of the ED is rather simple andinits, aq = (1/(2|Eo|) + 2|E| /E.)'/?>. The result of
very similar for all energies in the plateau region: Thethis semiclassical analysis is given by the bold curve of
electron yield drops very quickly for increasing elliptic- Fig. 1 which matches the data almost perfectly. Electron
ity &; for & > 0.35 it is more than 2 orders of magnitude yields below the plateau decrease as well with increasing
lower than the maximum. Note the logarithmic scale ofellipticity, but for a different reason. These electrons (the
the figures. The width of the EDs is similar for all the “direct electrons”) predominantly leave the field region
ATI peaks in the plateau region indicating their commonwithout rescattering. A simple analysis of the classical
origin. However, a small trend towards narrower EDsequations of motion shows that electrons released in
for higher electron energies is observed. the elliptically polarized field near its maximum tend to
For energies below the plateau region the EDs changeéodge the large component of the field. With increasing
dramatically. The corresponding curves are in generallipticity they move away from the atom more and
significantly broader and for all ellipticities the electron more in the direction of the small component. This
yield is well above the detection limit; see Figs. 1 andalso follows from an investigation [11] of the quantum
2. The most conspicuous effect is a local maximummechanical expression such as Eq. (1) below. When
in the electron yield for circular polarization, called a circular polarization is approached this effect decreases as
“wing” in Ref. [8]. Since the peak electric field strength all directions become more and more equivalent, and the
is lower for circular polarization and since the electronrates rise again. There is no reason for such a rise in the
has to overcome the angular momentum barrier, thisescattering regime and, indeed, no such rise is observed.
is counterintuitive. The ratio of the local maximum In order to understand the moving maxima, a quantum
at £ =1 and the maximum at = 0 decreases for description turns out to be necessary. The simplest
increasing electron energy. In the plateau region ther&nown possibility is the Keldysh-Faisal-Reiss (KFR)
are no electrons fof = 1. Superimposed on this general approximation [12,13] using a zero-range potential for the
structure is another local maximum as well as one oatom. The results of a numerical evaluation of this model
several “shoulders,” most clearly visible in Fig. 2. In
contrast to the case discussed above, this whole structure
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- FIG. 2. Ellipticity distributions of xenon at an intensity of
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107 % 050 000 050 100 the vertical direction for visual convenience. They show

ollipticity & two interference maxima moving towards linear polarization

for increasing electron energy. The maxima closer to linear

FIG. 1. Ellipticity distributions of xenon at an intensity of polarization have already merged with the global maximum for

~0.8 X 10" W/cnm?. The inset displays the ATI spectrum for linear polarization. The inset displays the ATI spectrum for
linear polarization. linear polarization.
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, , o respective ATl peak isE = nfiw — U, — |Ey| where
FIG. 3. ATI electron yields in the direction of the large

o ; S the integern denotes the number of photons absorbed
component of the elliptically polarized driving field calculated . "
for a zero-range atom including rescatterin@,(= 15.76 ev,  {fom the ground state. In agreement with the conditions
o =196 eV, and U, = 3.68 eV). Yields are given for Of the experiment the ponderomotive potentid], =
various energieg.. The curves are labeled by the number ein(l + £2)/4mw? is kept constant while the ellipticity
of photons absorbed from the ground state,= nficw — is varied.
|Eol = U If the matrix element were to describe some process
having a classical limit then the integral (1) would be
dominated by contributions from those timesgvhere the
augmented to include rescattering [14] are shown iraction (2) is stationary, viz4S,(r)/dt = 0. lonization,
Fig. 3. They nicely reproduce all of the features observediowever, involves tunneling which has no classical limit
in the data, in particular the local maxima for circular and, as a consequence, there are no real times for which
polarization and the moving maxima which degeneratehe action is stationary [15]. In the spirit of the Landau-
into a shoulder as they approach linear polarization. IrDykhne approach to tunneling ionization [16], we make
order to trace these features to a quantum interferenagse of the fact that there are points of stationary action
we investigate the rate of direct emission (not including(saddle points) in the complexplane, given by(¢s =
rescattering). wts)
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which, for sufficiently high intensity and energy, domina'tehaving Reps = 7 and symmetric to Imbs = 0. Now
the integral in close analogy to the classical case. Indeedhe contour is routed through the one saddle point in the
some features of the EDs can be understood just bypper half plane nearest the real axis and there is no
inspection of the dependence of the saddle points omterference. The corresponding approximation is just like
the ellipticity which is shown in the main part of Eq. (4), only the cosine is absent.
Fig. 4. Let £max denote the ellipticity for which the The two insets of Fig. 4 separately depict the squared
second square root in the parenthesis of Eq. (3) vanishesagnitude of the two factors of Eq. (4). The left inset de-
(émax = 0.755 in Fig. 4). We have to discriminate two scribes the dodging phenomenon which can be explained
cases: (i) Fob = ¢ = £ax COS@s is complex and there classically as mentioned above. FHr= &nay, it is the
are four saddle points within the interv@l= Redg =  cosine in Eq. (4) that is responsible for the moving max-
27 situated symmetrically with respect to the real axisima and the shoulders. The maxima and minima of the
Im¢s = 0, as well as to R¢s = 7. We may deform the curve displayed in the right inset are due to constructive
contour in the integral (1) so that it passes through the twand destructive interference of the contributions of the two
saddle points in the upper half plane at some appropriatelevant saddle points (3). The ellipticities where interfer-
angle. The contributions from these two saddle pointence is destructive are particularly well defined and can be
interfere and the integral is approximated by [11,17] (hereaccurately calculated by equating the cosine term to zero.
we are omitting some unessential factors) They move towards linear polarization for increasing elec-
tron energy and match the minima of the numerical solu-
M, ~ exdRed(¢psi)]cogimd(ops) + ] (4)  tion (cf. Fig. 3) very well.

The saddle pointg g have an important physical inter-
with v = —(1/2) argsings;) and ¢g; the saddle point pretation as complex tunneling times [16]. The imaginary
with Im¢gs; > 0 and0 < Reps; < 7. (ii) On the other part sets the scale for the “tunneling time,” i.e., the time the
hand, foréma = € = 1, there are four saddle points all electron spends in the classically forbidden region. Taking
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~ 10 effect is clearly visible in the experimentally observed el-
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FIG. 4. Positions of the saddle point$s in the upper-
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