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Above-Threshold Ionization 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 a
function of the ellipticity are presented. In the rescattering regime, electron yields quickly drop w
increasing ellipticity. The yields of lower-energy electrons rise again when circular polarization
approached. A classical explanation for these effects is provided. Additional local maxima in
yields of lower-energy electrons can be interpreted as being due to interferences of electron trajec
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 ha
become a rapidly evolving discipline in recent years
One typical phenomenon is above-threshold ionizatio
(ATI) of atoms, i.e., the absorption of more photons tha
necessary for ionization, leading to a series of peaks in t
electron energy spectra; for a review see Ref. [1]. Abov
threshold ionization spectra display various characteris
properties, such as the plateau [2] and side lobes
the angular distributions [3]. Remarkably, these an
other features are qualitatively similar for different atomi
systems, in particular for the rare gases. A lot o
insight was gained from a classical model that trea
the atom as just a source that provides electrons v
tunneling [4]. Subsequently, the atomic binding potentia
is ignored and the electrons are described by their classi
trajectories merely in the laser field. This simple pictur
has explained [5] both the plateau and the side lobe
Thus many strong-field effects are “universal” since the
do not qualitatively depend on any particular property o
the individual atom, as much as they are “classical” to th
extent that they can be qualitatively explained by the ju
mentioned classical model.

In this Letter we report novel features in the ATI
spectra generated by an elliptically polarized laser fiel
All of them are universal, i.e., have a similar appearanc
for all rare gas atoms studied, but only two of them
are classical in terms of the above classification. Th
third effect owes its existence to a genuine quantu
phenomenon: interference of electrons that reaches
continuum via tunneling at different times. The quantum
interferences reported in this Letter are observed a
discussed for elliptically polarized laser fields. They are
however, present for other polarizations as well, althoug
more difficult to detect in experiments.

In addition to establishing the relevance of quantum
interference to intense-field physics, this Letter presen
an interesting link to other tunneling phenomena: I
0031-9007y98y80(3)y484(4)$15.00
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three-dimensional tunneling more than one most probab
escape path may exist [6] and the contributions from
these paths may interfere. In fact, the interference effe
measured here in intense-field ionization with elliptically
polarized laser light is exactly such as interference o
two tunneling paths, whose experimental observation i
to our knowledge, described here for the first time
Futhermore, there is a close connection to the proble
of tunneling times, in our case for a dynamic tunneling
phenomenon. The theory outlined below to explain th
interference effects in the ATI spectra also provide
means to extract from the data complex times with
an imaginary part that sets the scale for the tunnelin
time. ATI by an elliptically polarized field has been
investigated before [7], but with different emphasis.

The experimental setup consists of a femtosecon
dye laser whose pulses are brought to an energy
about 15 mJ in a two-stage optical amplifier pumped
by a copper-vapor laser with a repetition rate o
6.2 kHz. The amplified pulses have a FWHM dura
tion of 50 fs at a wavelength of 630 nm and can be
focused down to12 mm giving rise to intensities in
excess of1014 Wycm2. For the analysis of the kinetic
energy of the photoelectrons we use a high-resolutio
time-of-flight spectrometer capable of recording severa
electrons per laser shot with a collecting angle of 5±.
The ellipticity of the laser polarization is controlled by
a quarter wave plate mounted on a stepper-driven rota
stage. The big axis of the polarization ellipse alway
points in the direction of the electron detector. In a
measurement of an ellipticity distribution, the ellipticity
is scanned several times in order to minimize artifact
from possible long-term drifts in the laser intensity. The
respective ATI spectra are recorded with a compute
that mimics 73 different multichannel analyzers, one
for each position of the quarter-wave plate. Data hav
been taken for all the rare gas atoms. The effects
© 1998 The American Physical Society
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be discussed do not qualitatively differ for the variou
atomic species.

We begin the discussion of the experimental resu
with the ellipticity distributions (EDs) of the plateau elec
trons for which a typical result at 32.6 eV is shown i
Fig. 1. In the main part of this figure the normalize
electron yield in the direction of the large axis of th
polarization ellipse for energy intervalsDE with differ-
ent mean energyE is plotted versus the ellipticity of the
laser polarization. We have chosen the energy interv
in accordance with the peaks of the ATI spectrum for lin
ear polarization. This spectrum is displayed in the ins
of Fig. 1. The appearance of the ED is rather simple a
very similar for all energies in the plateau region: Th
electron yield drops very quickly for increasing elliptic
ity j; for j . 0.35 it is more than 2 orders of magnitude
lower than the maximum. Note the logarithmic scale
the figures. The width of the EDs is similar for all the
ATI peaks in the plateau region indicating their commo
origin. However, a small trend towards narrower ED
for higher electron energies is observed.

For energies below the plateau region the EDs chan
dramatically. The corresponding curves are in gene
significantly broader and for all ellipticities the electro
yield is well above the detection limit; see Figs. 1 an
2. The most conspicuous effect is a local maximu
in the electron yield for circular polarization, called
“wing” in Ref. [8]. Since the peak electric field strength
is lower for circular polarization and since the electro
has to overcome the angular momentum barrier, th
is counterintuitive. The ratio of the local maximum
at j  1 and the maximum atj  0 decreases for
increasing electron energy. In the plateau region the
are no electrons forj  1. Superimposed on this genera
structure is another local maximum as well as one
several “shoulders,” most clearly visible in Fig. 2. In
contrast to the case discussed above, this whole struc
moves to lower ellipticities with increasing energy. In
this process, the local maximum is softened into anoth
shoulder.

FIG. 1. Ellipticity distributions of xenon at an intensity of
ø0.8 3 1014 Wycm2. The inset displays the ATI spectrum for
linear polarization.
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The EDs of the plateau electrons are readily explain
using the well-known rescattering model which assum
that the electron yield in the plateau is proportional
the overlap of the initial and the returning wave packe
the same mechanism that has been evoked for hi
harmonic generation and nonsequential double ionizat
[9]. Since the dispersion relation of a wave packet
known, the only remaining parameter is its initial widt
a0. In the quasistatical limit, there is a simple expressio
for this quantity [10]. Let us consider the electric fiel
EsT d  ELsx̂ sinvt 2 jŷ cosvtd, and let jE0j denote
the ionization energy of the atom. Then, in atom
units, a0  s1ys2jE0jd 1

p
2jEj yELd1y2. The result of

this semiclassical analysis is given by the bold curve
Fig. 1 which matches the data almost perfectly. Electr
yields below the plateau decrease as well with increas
ellipticity, but for a different reason. These electrons (th
“direct electrons”) predominantly leave the field regio
without rescattering. A simple analysis of the classic
equations of motion shows that electrons released
the elliptically polarized field near its maximum tend t
dodge the large component of the field. With increasin
ellipticity they move away from the atom more an
more in the direction of the small component. Th
also follows from an investigation [11] of the quantum
mechanical expression such as Eq. (1) below. Wh
circular polarization is approached this effect decreases
all directions become more and more equivalent, and
rates rise again. There is no reason for such a rise in
rescattering regime and, indeed, no such rise is observ

In order to understand the moving maxima, a quantu
description turns out to be necessary. The simple
known possibility is the Keldysh-Faisal-Reiss (KFR
approximation [12,13] using a zero-range potential for th
atom. The results of a numerical evaluation of this mod

FIG. 2. Ellipticity distributions of xenon at an intensity of
ø1.2 3 1014 Wycm2. The curves are separated slightly in
the vertical direction for visual convenience. They sho
two interference maxima moving towards linear polarizatio
for increasing electron energy. The maxima closer to line
polarization have already merged with the global maximum f
linear polarization. The inset displays the ATI spectrum fo
linear polarization.
485
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FIG. 3. ATI electron yields in the direction of the larg
component of the elliptically polarized driving field calculate
for a zero-range atom including rescattering (jE0  15.76 eV,
h̄v  1.96 eV, and Up  3.68 eV). Yields are given for
various energiesE. The curves are labeled by the numbern
of photons absorbed from the ground state,E  nh̄v 2
jE0j 2 Up .

augmented to include rescattering [14] are shown
Fig. 3. They nicely reproduce all of the features observ
in the data, in particular the local maxima for circul
polarization and the moving maxima which degener
into a shoulder as they approach linear polarization.
order to trace these features to a quantum interfere
we investigate the rate of direct emission (not includi
rescattering).
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This rate is proportional to the square of the matri
element

Mn 
X
n

d

µ
p2

2m
1 jE0j 1 Up 2 nv

∂ Z T

0
dteiSp std, (1)

where the phase is just the classical action

Spstd  jE0jt 1
Z t

dt0fp 2 eAst0dg2y2m . (2)

The integral in the matrix element (1) extends over on
period T of the driving laser field. The energy of the
respective ATI peak isE  nh̄v 2 Up 2 jE0j where
the integern denotes the number of photons absorbe
from the ground state. In agreement with the condition
of the experiment the ponderomotive potentialUp 
e2E2

Ls1 1 j2dy4mv2 is kept constant while the ellipticity
is varied.

If the matrix element were to describe some proce
having a classical limit then the integral (1) would be
dominated by contributions from those timest where the
action (2) is stationary, viz.,dSpstdydt  0. Ionization,
however, involves tunneling which has no classical lim
and, as a consequence, there are no real times for wh
the action is stationary [15]. In the spirit of the Landau
Dykhne approach to tunneling ionization [16], we mak
use of the fact that there are points of stationary actio
(saddle points) in the complext plane, given bysfS ;
vtSd
cosfS 

p
1 1 j2

1 2 j2

(
2

s
E

2Up
6

s
E

2Up
j2 2

jE0j

2Up
s1 2 j2d 2 j2 1 2 j2

1 1 j2

)
, (3)
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which, for sufficiently high intensity and energy, dominat
the integral in close analogy to the classical case. Inde
some features of the EDs can be understood just
inspection of the dependence of the saddle points
the ellipticity which is shown in the main part of
Fig. 4. Let jmax denote the ellipticity for which the
second square root in the parenthesis of Eq. (3) vanish
(jmax  0.755 in Fig. 4). We have to discriminate two
cases: (i) For0 # j # jmax, cosfS is complex and there
are four saddle points within the interval0 # RefS #

2p situated symmetrically with respect to the real ax
ImfS  0, as well as to RefS  p. We may deform the
contour in the integral (1) so that it passes through the tw
saddle points in the upper half plane at some appropria
angle. The contributions from these two saddle poin
interfere and the integral is approximated by [11,17] (he
we are omitting some unessential factors)

Mn , expfReFsfS1dg cosfImFsfS1d 1 cg (4)

with c  2s1y2d argssinfS1d and fS1 the saddle point
with ImfS1 . 0 and0 , RefS1 , p. (ii) On the other
hand, forjmax # j # 1, there are four saddle points al
e
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having RefS  p and symmetric to ImfS  0. Now
the contour is routed through the one saddle point in t
upper half plane nearest the real axis and there is
interference. The corresponding approximation is just li
Eq. (4), only the cosine is absent.

The two insets of Fig. 4 separately depict the squar
magnitude of the two factors of Eq. (4). The left inset de
scribes the dodging phenomenon which can be explain
classically as mentioned above. Forj # jmax, it is the
cosine in Eq. (4) that is responsible for the moving ma
ima and the shoulders. The maxima and minima of t
curve displayed in the right inset are due to constructi
and destructive interference of the contributions of the tw
relevant saddle points (3). The ellipticities where interfe
ence is destructive are particularly well defined and can
accurately calculated by equating the cosine term to ze
They move towards linear polarization for increasing ele
tron energy and match the minima of the numerical sol
tion (cf. Fig. 3) very well.

The saddle pointsfS have an important physical inter-
pretation as complex tunneling times [16]. The imagina
part sets the scale for the “tunneling time,” i.e., the time th
electron spends in the classically forbidden region. Taki
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FIG. 4. Positions of the saddle pointsfS in the upper-
half complex f plane in the intervalpy2 # Ref # 3py2,
calculated from Eq. (3) for the conditions of Fig. 3 andn 
17. The arrows indicate the motion of the saddle poin
for increasingj. For several values of the ellipticity, inset
depict the ellipse described by the electric-field vector, and
positions of the latter at the emission timesvt  RefS are
marked by solid dots. For0 # j , jmax there are two such
positions whose contributions interfere, forj $ jmax there is
just one corresponding to emission atvt  p. Emission at
vt  0 has its drift velocity in the opposite direction an
does not interfere with the former. Forn  17, jmax  0.755.
Additional insets depict, forn  17, the squared magnitude
and the squared cosine of the phase of the approximation
The ellipticities where the cosine vanishes or is maximal agr
respectively, with the minima and maxima of the ED of Fig.
Notice that the imaginary part of the relevant saddle point is
the order of the Keldysh parameter.

typical values for the parameters yields tunneling tim
of the order of a quarter of an optical cycle. The tu
neling barrier, of course, is not constant at all during th
interval; rather we deal with a dynamic tunneling proble
The real part can be attributed to the time at which t
electron “leaves the tunnel.” Thus the formal interferen
discussed in the preceding paragraph has physical sig
cance: in order to reach the detector with a specific ene
for j # jmax the electrons may enter the continuum at o
or the other of two specific times during one optical cyc
In Fig. 4 these two times are marked by solid dots on
field ellipse; cf. the ellipses forj  0.1 and 0.6 in the left-
hand and in the right-hand part of the figure. The con
butions from emission at these two times interfere. F
j $ jmax, there is only one such and, correspondingly,
interference. In this regime, RefS  p indicating that
emission occurs when thesmall component of the driving
field is maximized, cf. the ellipse forj  0.78 in Fig. 4.

Interference of different tunneling trajectories h
already been conjectured to be responsible for ma
seemingly erratic features observed in calculations
high-harmonic generation in the context of the Lewenst
model [18].

In conclusion, we have reported several novel distin
tive phenomena in ATI by elliptically polarized laser field
The origin of one of them is interference of electrons tu
neling at different times during the optical cycle. Th
ts
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effect is clearly visible in the experimentally observed el
lipticity dependence of emission rates into individual AT
peaks. The data are qualitatively matched by calculatio
performed with a zero-range atom in the context of th
KFR theory. This is the first time interference between dif
ferent tunneling trajectories can be unambiguously iden
fied in experimental data. Analysis of the data on the bas
of the theory allows, in principle, for the determination o
complex tunneling times.
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