Search and Discovery

Attosecond Bursts Trace the Electric Field of
Optical Laser Pulses

The familiar textbook sketch of light’s oscillating electric field can now be

drawn directly from measurements.

ast year, Ferenc Krausz, Theodor

Hénsch, and their collaborators
used femtosecond laser pulses to
make isolated attosecond bursts of
UV light.! To pull off the feat, the team
wielded precise and reproducible con-
trol over the five or so electric field os-
cillations that fit inside the amplitude
envelope of a femtosecond pulse. With
the right phasing between field and
envelope, one specific oscillation in
each pulse spawned an attosecond
burst on demand (see PHYSICS TODAY,
April 2003, page 27).

Getting the phasing right de-
pended on measuring the bursts’ UV
spectrum, which was fed back into a
sophisticated setup of amplifiers, in-
terferometers, and other equipment.
But now Krausz, who has joined
Hansch at the Max Planck Institute
for Quantum Optics in Garching, Ger-
many, can see the phasing directly. In
a new experiment, he and a group led
by Ulrich Heinzmann of the Univer-
sity of Bielefeld in Germany have
used attosecond bursts to map the
electric field of femtosecond pulses—
the same pulses that begat them.?

Electromagnetic waves have been
mapped before, in the terahertz
regime, using a technique called elec-
tro-optical sampling (EOS). Developed
in the 1980s, EOS relies on the Pock-
els effect, the dependence of the polar-
ization of certain crystals on an applied
electric field. As a terahertz wave trav-
els through a Pockels cell, the change
in polarization induced by the wave’s
electric field can be probed with an op-
tical pulse. Varying the time delay be-
tween the terahertz wave and the op-
tical pulse maps the terahertz electric
field as a function of time.

EOS can’t resolve optical waves.
Because the probe pulses must be
shorter than the wavelengths under

Figure 1. When an attosecond burst
(blue) ionizes neon atoms, photoelec-
trons receive a momentum kick
(black arrows) determined by the
electric field (red) at the time of the
burst. (Adapted from ref. 2.)

investigation, mapping an optical
wave would require an extreme UV
probe. In that waveband the trans-
parent crystals in Pockels cells are
uselessly opaque.

Krausz’s mapping method eschews
light as a probe. Instead, it uses an at-
tosecond burst to create a precisely
timed flash of photoionization in a gas
just as a femtosecond pulse passes
through. The electric field of the pulse
accelerates the photoelectrons, which,
depending on the pulse phase, are ei-
ther hastened or delayed on their
journey to a time-of-flight detector.
The TOF measurement captures in-
formation about the field at the in-
stant of ionization; repeating the
measurement on identical pulses at
different time delays captures the
whole field.

A new challenge

Krausz and his collaborators can rou-
tinely create identical femtosecond
pulses and precisely timed attosecond
bursts, although the procedure re-
mains complex and difficult. To meas-
ure the electric field of the femtosec-
ond pulses, the team faced a new
challenge: to ensure the photoioniza-

tion occurs at an adjustable value of
the field’s phase. Here’s how they do it.
First, they shoot femtosecond laser
pulses into a target of neon atoms to
produce bursts of 93-eV photons that
last 250 attoseconds. The pulses and
bursts travel together in a collimated
beam, but the pulses, because of their
longer wavelength, diverge more than
the bursts. That difference is crucial
and comes into play when the bursts
and pulses reach a specially prepared
two-part mirror. Whereas the pulses
spread over a 25-mm-wide circular re-
gion of the mirror, the bursts are con-
fined to a much smaller concentric
spot. By moving the small central part
of the mirror back and forth, the ex-
perimenters can adjust the delay be-
tween the bursts and the pulses. The
nanometer precision of the mirror’s
translation stage corresponds to at-
tosecond precision in time delay.
Figure 1 shows schematically what
happens next. After bouncing off the
mirror, the pulses and bursts con-
verge on a second neon target. The
pulse photons lack the intensity to
ionize the gas, but the burst photons
each pack enough energy to ionize a
neon atom. Once freed, a photoelec-
tron acquires a momentum kick per
unit charge that equals the time inte-
gral, from the time of release to infin-
ity, of the electric field of the pulse—
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Figure 2. Time-of-flight data trace the electric field of the femtosecond pulses.
The upper panel shows the kinetic energy spectra in 200-attosecond-wide ver-
tical slices as a function of time delay. The dynamic range of the spectra is
large enough and time step small enough that numerically differentiating the
vector potential yields the field, which is shown in the lower panel. (Courtesy
of Eleftherios Goulielmakis, Max Planck Institute for Quantum Optics.)

that is, the vector potential.

On average, the TOF detector cap-
tures only about 1 photoelectron per
pulse. But the high firing rate of the
laser and robust reproducibility of the
pulses and bursts ensure that a com-
plete picture of the pulse field can be
put together.

That’s what appears in figure 2. The
top panel shows kinetic energy spectra
of the detected electrons. Because the
kinetic energy the photoelectrons ac-
quire from the electric field is small
compared to their initial energy, the
change in kinetic energy is propor-
tional to the momentum kick—and
hence to the field’s vector potential.
The lower panel shows the field itself,
obtained by taking the time derivative
of the vector potential. As the units on
the y axis attest, the experiment yields
not only the variation of the electric
field, but also its absolute strength.

Doubtless the shape of the field
traced in figure 2 would not surprise
James Clerk Maxwell or Heinrich
Hertz—Ilet alone a 21st-century physi-
cist. But the figure embodies an un-
precedented degree of control over
light on the attosecond timescale. Co-
lumbia University’s Tony Heinz
points out that major developments in
such fields as communications and
magnetic resonance imaging resulted
from the precise control of electric
fields in the RF regime. He adds,
“This new step of full amplitude and
phase control of electromagnetic radi-
ation at much higher frequencies of-
fers great potential for both scientific
and technological advances.”

Charles Day
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New All-Electrical Measurement Schemes
Can Detect the Spin State of a Single Electron

Spin-to-charge conversion improves prospects for semiconductor-based

quantum information processing.

The basic steps of quantum informa-
tion processing are relatively
straightforward, at least on paper: Pre-
pare qubits in an appropriate initial
state, let them evolve under the influ-
ence of one- and two-qubit gate opera-
tions, and read out the results. But
obtaining scalable physical implemen-
tations of these steps continues to chal-
lenge researchers, in part because of
the conflicting requirements of ensur-
ing sufficient isolation from the envi-
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ronment to maintain qubit coherence
and allowing sufficient coupling be-
tween qubits to enable the requisite
two-qubit operations.

Spins in semiconductors have
many desirable properties that make
them candidates for quantum infor-
mation implementations.! The spins
can have very long coherence times,
and an extensive repertoire of fabri-
cation expertise, amassed over
decades, can be exploited for sample

preparation. Such properties have
also raised hopes for spintronics—ex-
ploiting the spin degree of freedom in
addition to the charge degree of free-
dom in electronic circuits. Spintron-
ics, too, will require the ability to con-
trollably generate, manipulate, and
detect spins in the solid state.

Most studies of semiconductor
spins—at least in gallium arsenide—
have relied on optical techniques for
creating, manipulating, and detecting
the spin states (see the article by
David Awschalom and Jay Kikkawa
in PHYSICS TODAY, June 1999, page
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