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The birth of Attosecond Science
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It all began with the observation of photoionization of atoms by lasers. With the shortening of laser pulses and the
increase in their intensity, a variety of novel phenomena were observed. Experiment and theory became intertwined,
clarifying the mechanism of tunneling ionization and showing that high-order harmonics are generated when a
tunneling electron recollides. It was then demonstrated that these high-order harmonics in the time domain form
attosecond light pulses. By making use of these attosecond pulses, fundamental and applied research is now being
developed to investigate phenomena occurring in the extremely short attosecond time domain.
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Measurement of wave form of attosecond laser pulses
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Controlling electrons by light
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Since the late 1980s when high-order harmonics were discovered, many researchers.in Japan have also contributed to Fhe L —H'— ‘
the development of this research field. In 2004, Watanabe and his colleagues at the Institute for Solid State Physics, the
University of Tokyo, succeeded in measuring an isolated attosecond pulse of 950 as using the autocorrelation method. ARATHI AL
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In 2002, Midorikawa and his.colleagues at RIKEN developed atechnique that enhanced the intensity of high-order = =

harmonics by more than two orders:of magnitude toobserve a variety of nonlinear phenomena in the attosecond I:“—Ldz?i“l/—'}?—
domain. In 2006, they demonstrated the mechanism of the generation of high-order harmonics by electric-field
interferometric autocorrelation'measurements. A'series of experiments based on Midorikawa’s electric-field 7 RFHEEE A & > TT FNL RO EIETF S E SEEERE
interferometric autocorrelation measurements:marked the beginning of pump-probe experiments conducted using #HRETHH T

attosecond pulses only.
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Attosecond science and Nobel Prize
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In 2001, Agostini’s group generated high-order harmonics by focusing intense femtosecond pulses into an Ar gas and, using the
two-wavelength two-photon interference method, confirmed that a train of attosecond pulses each of which has a temporal width of 250 as
was produced. In the same year, Krausz’s group focused few-cycle intense femtosecond pulses into a Kr gas to generate a single attosecond
pulse and confirmed that the pulse width was 650 as by a method called photoelectron streaking. The series of studies that began with ATI
finally reached in 2001 a milestone of generating attosecond pulses and demonstrating that they are indeed attosecond pulses.
Furthermore, it was revealed that when a photoelectron is emitted from an atom, a slight difference in the attosecond domain exists
depending on which orbital the electron is ejected from. Thus, moments once through to occur “instantaneously” could be monitored with
attosecond precision. Thanks to the generation of attosecond pulses, humanity has become able to observe in real time how electrons
move in matter, or a charge distribution varies in a material. Agostini, Krausz, and L’ Huillier were awarded the Nobel Prize in Physics in
2023 for their major contributions to this dawn of attosecond science from the standpoint of experiments and measurements.

E E R . © Nobel Prize Outreach. Photo: Nanaka Adachi The Nobel Award Ceremony

Anne L’Huillier

Pierre Agostini Ferenc Krausz
1. Niklas Elmehed 1. Niklas Elmehed 11l Niklas Elmehed

©Nobel Prize Outreach ©Nobel Prize Outreach ©Nobel Prize Outreach

Laser light interacts with atoms in a gas

Experiments that created overtones in laser light led to the discovery of the
mechansim that causes them. How does it work?
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'I An electron that is bound to an atom’s nucleus The atom’s field is distorted when it is 3 The free electron is still affected by the To reattach to the atom’s nucleus, the electron must rid
cannot normally leave its atom; it does not affected by the laser pulse. When the laser field and gains some extra energy. itself of the extra energy it gained during its journey.
have enough energy to lift itself out of the well electron is only held by a narrow barrier, When the field turns and changes This is emitted as an ultraviolet flash, the wavelength of
created by the atom’s electrical field. quantum mechanics allow it to tunnel out direction, the electron is pulled back in which s linked to that of the laser field, and differs
and escape. the direction it came from. depending on how far the electron moved.
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Electrons’ movements in atoms and molecules are so rapid that they are measured in attoseconds.
An attosecond is to one second as one second is to the age of the universe.

©Johan Jarnestad/The Royal Swedish Academy of Sciences
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The observation of ultrafast phenomena using attosecond laser pulses has deepened our fundamental understanding
of changesin materlalmntrlbuMdvancement of basic sciences. Contributions of attosecond
science are also expected in the field of elecmough the development of next-generation semiconductor
devices having ultrq\fast\response in the attosecond time domain. In addition, attosecond light sources are expected to
contribute to innovation m\lilology, drug discovery, and medicine through live-cell imaging because they cover the
water window region, i.e. the wavelength region of 2-4 nm where water is transparent.
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Strong fie d,science is a field that arose from the study of photoionization of-atoms. With tne develop

technology, laser pulses became shortened and their intensity increased, and researchers dlscovered new e omena
er another such as above-threshold-ionization and.high-order harmonlcs generation using ultrash
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laser pulses. The observatlons of the new phenomena stimulated the development of theoretical research, and new
research areas have been explored through the interplay between experiment and theory. Frontiers in attosecond

science that emerged from intense laser field science still keep expanding. . : ’ " .
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