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In a strong laser f ield, electrons tunnel from an atom at a rate determined by the instantaneous f ield. If
the pulse is only a few cycles in duration, the highly nonlinear nature of tunnel ionization ensures that the
resultant electron wave packet is primarily formed in less than one period. Measuring the direction of abovethreshold-ionization electrons produced by circularly polarized light provides a direct method of measuring the
absolute carrier phase of a single pulse. The method is robust, surviving spatial and temporal integration as
well as intensity f luctuations.  2000 Optical Society of America
OCIS codes: 270.1670, 270.4180, 270.6620.

Although it is possible to produce high-power laser
pulses with durations of a few periods both directly
from oscillators1 and by optical pulse compression,2
so far the absolute carrier phase is undetermined.
Changes in the carrier phase from one oscillator pulse
to the next can be minimized by introduction of dispersive material inside the cavity,3 but, without a method
for measuring the absolute carrier phase, it is not possible to know the phase or to prevent its slow drift. We
show that the absolute carrier phase can be measured
by use of the angular distribution of above-threshold
electrons.
Quantum mechanically, phase dependence (including sensitivity to the absolute carrier phase) arises
from interference of multiple pathways to the same
final state.4 Only short pulses, or high-order nonlinear phenomena, permit this kind of interference
from within the same pulse. High harmonic generation (HHG) is a high-order process, and its use
for measuring the absolute carrier phase has been
proposed.5 However, HHG requires the coherent response of many atoms in a complex, ionizing environment. Therefore a dependence on the absolute carrier
phase is found only for the highest harmonics and is
highly sensitive to intensity f luctuations, making its
use difficult.
If the pulse is short enough, high-order nonlinearities are not necessary. By selecting electrons that
can be produced by two or more low-order pathways,
one can observe a dependence on the absolute carrier
phase.6 Compared with HHG, multiphoton ionization
is less complex because it is a single-atom process.
Such low-order processes, however, place severe constraints on the electron spectral resolution unless the
pulse is short indeed.
Here we concentrate on the single-atom abovethreshold-ionization (ATI) response, using circularly
polarized light. We study processes in which more
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than 100 photons are absorbed, so a classical description of strong-field ionization is appropriate. We use
circularly polarized light for several reasons. First,
the amplitude of the electric field varies smoothly with
time (Fig. 1). Therefore ionization is not modulated
by the rapidly changing electric field as for linearly
polarized light. Second, once it is ionized, circularly
polarized light prevents electron rescattering off
the parent ion.7 Consequently, the direction of the
above-threshold electrons is uniquely determined by
the absolute carrier phase of the laser at the time of
ionization.
We apply the quasi-static procedure8 to describe
ATI. It makes our approach intuitively clear because it naturally follows the oscillations of the electric field. The quasi-static procedure can be derived
from a quantum-mechanical treatment9 and has been

Fig. 1. Angular electron distribution for tunnel ionization
of He with circularly polarized light at 800 nm with
4.8-fs duration. The absolute phase f was set to 0. The
distribution peaks in the direction 270± 苷̂ 290±. Inset,
the time-dependent electric field vector rotating around the
direction of propagation. Changing the absolute phase of
the pulse will rotate the electric field so the direction at
t 苷 0 is changed.
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conf irmed by measurements of the ATI10 and the
HHG.11 First we determine the probability of ionization as function of the instantaneous laser field,
using Ammosov –Delone–Krainov tunneling rates.12
Second, the motion of the electrons after ionization is
calculated from Newton’s equations.
The final direction of the electron rotates with the
electric field vector. This motion consists of a large
drift in the direction 90± ahead of the electric field direction at the time of ionization and a circular component whose velocity goes to zero as the field goes
to zero. For a long pulse the angular electron distribution is isotropic because tunneling is equally likely
for any phase, but for short pulses signif icant ionization occurs during less than an optical cycle. Thus the
absolute carrier phase determines the direction of the
field at the moment of maximum ionization and therefore the direction of the electrons (but not the total ionization yield). Although changes in the f luence will
change the total yield, for circular polarization it is possible to find conditions in which the phase dependence
of the angular distribution is robust.
Figure 1 shows the angular distribution of the ATI
electrons from He for a 4.8-fs pulse and a peak field
of 6 3 1010 V m21 . We calculate the number of electrons per time step (less than 1023 of the optical period) brought into the continuum. Then the equations
of motion for the electrons in the time-varying field
E共t兲 苷 Eenv 共t兲 关ex cos共vt 1 f兲 1 ey sin共vt 1 f兲兴 are integrated analytically with the initial condition
v0 苷 0.
R
The final velocities vx, y 共`兲 苷 2共e兾m兲 t0 ` Ex, y 共t兲dt 苷
共e兾m兲 关Ax, y 共`兲 2 Ax, y 共t0 兲兴 are given by the vector potential A at the time of the ionization t0 and the end
of the pulse. The final angle u is given by tan u 苷
vy 共`兲兾vx 共`兲 (i.e, u 苷 0 corresponds to the x direction),
from which we obtain the angular distribution by summing all trajectories with their respective weights that
are due to the ionization probability. We use f 苷 0
throughout these calculations. A change Df of the
absolute phase rotates the angular distribution by
Df. The envelope of the electric field is assumed to
be Eenv 共t兲 苷 E0 cos2 共pt兾t兲, with t [ 关2t兾2, t兾2兴. The
difference from a Gaussian prof ile in the wings of the
prof ile is not significant because ionization occurs in
the central part of the pulse. The half-width of the
intensity is Dt 艐 0.3640t, the peak intensity is I0 苷
e0 cE0 2 兾2, and the f luence of the pulse is F 苷 I0 3t兾8.
We characterize the angular distributions by the direction u0 of the angular distribution S共u兲 and by the
contrast Rc 苷 Smax 兾Smin . In Fig. 1 the direction is
u0 苷 270± or u0 苷 290± and the contrast is Rc 苷 1.9.
No spatial intensity distribution was taken into account in this example.
The solid curves in Fig. 2 represent results without spatial integration. Figure 2(a) shows the angle
of the peak of the electron distribution as a function
of the peak electric field for ionization of He with
pulses of 4.8-fs duration (FWHM) and a center wavelength of l 苷 800 nm. For low fields the direction is
290± and the contrast Rc is high because ionization occurs mainly during a small fraction of the pulse about
the peak. With increasing intensity, ionization occurs
preferentially on the rising part of the pulse, and the
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direction changes [solid curve in Fig. 2(a)]. The direction of the electrons is thus a measure of the phase at
which most ionization occurred. With increasing field
the angular distribution also becomes more isotropic,
with minimum contrast at a field where ionization
starts to saturate [Fig. 2(a)]. Increasing the field further increases the contrast again because ionization
is conf ined to an increasingly shorter part of the rising edge [solid curve in Fig. 2(b)]. From Fig. 2 we
conclude that the angular electron distribution does
not change with changes in the peak field for low
intensities.
It is experimentally diff icult to place He atoms only
at the center of the laser focus, so we must treat
the spatial field distribution. First, the pulses have
a transverse intensity distribution that is assumed to
be Gaussian. At the spatial center of a high-intensity
pulse, ionization will occur before the temporal peak
of the pulse. In contrast, in the wings of the radial
prof ile, ionization occurs mainly at the temporal peak.
Inasmuch as the direction of the angular distribution
depends on the direction of the electric field at the
time of ionization, integration over the radial intensity
distribution will smear the angular distribution, thus
reducing the contrast. The dashed curves in Fig. 2
show the results for the direction and the contrast after
radial integration. The results are unchanged as long
as the intensity is below saturation because ionization
occurs only in the center of the beam.
The second effect that reduces the contrast is the
intensity variation in the propagation direction. The
effects are similar to the inf luence of a radial variation.
In addition, there are phase variations of the pulse
in the radial direction owing to the curvature of the
focused wave fronts and axially owing to the Guoy
phase. Both variations further smear the angular
distribution at high intensities, and the resultant
anisotropy is small (dotted curves in Fig. 2).

Fig. 2. (a) Direction (right-hand axis) and (b) contrast of
the angular electron distribution as a function of the peak
electric field for strong-field ionization of He by circularly
polarized light (800 nm, 4.8 fs). The ionization probability
is given in (a), left axis, without spatial integration.
Solid curves, no spatial integration; dashed curves, radial
integration; dotted curves, full spatial integration.
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Fig. 3. Contrast of the angular electron distribution as
a function of pulse duration calculated for a constant
ionization yield of He 共1023 兲.

density of 1023 Torr (achievable in a supersonic jet
expansion), there are 107 atoms in the focal volume.
We can limit ionization probability to 1024 and still
produce 1000 electrons per pulse, suff icient for singleshot electron imaging.15
In conclusion, femtosecond science aims to produce
intense electric fields with almost arbitrary time structure (consistent with Maxwell’s equations). Doing so
requires measurement and control of the absolute carrier phase. Multiphoton ionization with circularly polarized light offers a realistic single-shot measurement
method.
P. Corkum’s e-mail address is paul.corkum@nrc.ca.
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