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As scientivc research continues
to explore the limits of smaller
(nanometer and sub nanometer)
and faster (femtosecond and at-
tosecond) phenomena, light pulses
are commonly used as probing
tools. Investigating such phenom-
ena requires a hard x-ray pulse of
femtosecond duration or less. Hard
X-ray sources exist at light sources
around the world. However, their
duration is typically tens of pico-
seconds (one picosecond is 1,000
femtoseconds) because the x-ray
pulse duration is determined by the
electron bunch duration. Although
femtosecond x-ray pulses can be
obtained by using only a short tem-
poral slice of an electron bunch,
these fislicedd x-ray sources have
signiycantly reduced pux and are
incoherent.

Alternatively, in free electron la-
sers (FELs) electrons of a single
bunch wiggle their way through an
undulator, initiating instability. Ex-
ponential growth of this instability
greatly enhances the peak power
of the FEL emission toward satura-
tion. FELs are therefore capable of
generating light levels that exceed
those of conventional synchrotron
sources by many orders of magni-
tude. Yet, the duration of this FEL
emission is still comparable to the
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We have achieved a crucial step that bridges the femtosecond high-order
harmonic generation (HHG) community and the free electron laser (FEL)
community. This research provides convincing proof that a femtosecond
HHG seed with a wavelength of tens of nanometers can be up-converted
in frequency to produce hard x-ray FEL emission with both spatial and
temporal coherence. The duration of the seeded x-ray FEL emission is
still tens of femtoseconds, almost the same as the HHG seed duration.
Thus, fully coherent hard x-ray femtosecond FELs are feasible.
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electron bunch duration. By simply
relying on the FEL instability, with
a 100-meter long undulator, x-ray
FEL emission can have good trans-
verse (spatial) coherence, but lacks
longitudinal (temporal) coherence.
This is because the FEL instability is
initiated by spontaneous undulator
radiation, which is not temporally
coherent.

A proposed solution is seeded FEL
emission, in which the instability is
initiated by a coherent seed laser
pulse. In this scheme, electrons are
modulated by the seed laser such
that they know each otherts rela-
tive phase. Fortunately, FEL emis-
sion can also occur at harmonics of
the seed laser wavelength. This is
crucial, because we can then up-
convert the seed laser frequency
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to hard x-ray regime. However,
there are upper limits to the FEL
up-conversion factor. In such a
seeded FEL scheme, the final
FEL pulse duration is determined
by the seed laser pulse duration,
which can be much shorter than
the electron bunch duration.

A promising seed candidate is the
high-order harmonic generation
(HHG) generated by ultrashort in-
frared or visible laser pulses in gas
targets. The HHG wavelength can
be as low as tens of nanometers.
But the HHG generation efyciency
imposes lower limits to the seed
pulse wavelength. So up-conver-
sion in the FEL process by a factor
of 100 would bring us to the excit-
ing Angstrom wavelength regime.
The HHG pulse duration is typically
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