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We demonstrated two different methods to increase the x-ray conversion efficency
of laser-produced plasma by modifying the target surface structure. One way is
making a rectangular groove on a target surface and confining a laser-produced
plasma in it. By the plasma collision process, a time and wavelength (4-10 nm)
integrated soft x-ray fluence enhancement of 35 times was obtained at a groove
width of 20 /xm and a groove depth of 100 fim on a Nd-doped glass target. The
other way is making an array of nanoholes on an alumina target and increasing
the laser interaction depth with it. The x-ray fluence enhancement increases as the
ionization level of Al becomes higher and the x-ray wavelength becomes shorter.
Over 50-fold enhancement was obtained at a soft x-ray wavelength around 6 nm,
which corresponds to the emission from Al8+>9+ ions.
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X-ray generation from femtosecond laser-produced plasma is an attractive way to obtain
short pulse x-rays. However, due to the formation of solid density plasma at the target surface, [1]
most of the incident femtosecond laser pulse is reflected[2] and this limits the conversion effi-
ciency. Thus, there is a need for the laser-pulse energy to be more efficiently converted to the
x-ray wavelength region from the viewpoint of practical application. One of the attractive way
to increase the efficiency is to adopt a structured surface target which has a low average density
with a high local density. Experiments have been conducted with colloidal metal (gold and
aluminum) targets[3, 4] made by evaporating metal in a background of several Torr of gas and
porous Si targets[5, 6] made by anodizing. In hard x-ray energy regions (>1 kev), they achieved
large x-ray conversion efficiency enhancement of one or two orders of magnitude.[3, 6] On the
other hand, no large enhancement was obtained in soft x-ray energy regions (<1 kev).[4, 6]
This report demonstrates two different methods to increase the soft x-ray conversion efficency
of laser-produced plasma by modifying the target surface structure.

The targets were mounted on an xyz translation stage in a vacuum chamber and was rastered
to expose a fresh surface at each laser shot. The Ti:Al2O3 laser beam at 790 nm was focused on
the target at a normal incidence. The pulse duration was 100 fs and the spot size at the focal
point was about 30 fim. The peak laser intensity on the target was 1.5 x 1016 W/cm2. The soft
x-ray spectrum was measured with a flat-field grazing-incidence spectrograph and the soft x-ray
pulse shape was measured by a single-shot x-ray streak camera. They were mounted at a 45°
angle to the target normal.

The first method is confining a laser-produced plasma in a rectangular groove formed on a
target. In order to make a narrow gToove width similar to the laser beam spot size, Nd-doped
glass targets [7] were used. A minimum groove width of 20 /xm can be made on the target. The
Ti:Al2O3 laser pulse was focused on the bottom of a groove at a normal incidence as shown in
Fig. 1.

Figure 2 shows the soft x-ray pulse shapes dependence on a groove width measured from a
45° angle to the target normal and parallel to the groove direction. The time-integrated soft
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x-ray fiuence on the groove target increases as the groove becomes narrower and deeper. The
35 times x-ray fiuence enhancement was obtained with a grooved Nd-doped glass target with
a groove width of 20 fim and a depth of 100 /mi. It is also observed that the soft x-ray pulse
shape consisted of two components. The primary part was an x-ray pulse with a short pulse
duration (several picoseconds) generated just after the laser pulse irradiation. The secondary
part was an x-ray pulse with a long pulse duration (sub-nanosecond) generated after the primary
part with sub-nanosecond delay. The delay time and the x-ray pulse duration of the secondary
part became longer as the groove became wider and deeper. It is found that this delay time
corresponds to the expanding plasma arrival time at the groove sidewall calculated with the
plasma expansion velocity[1]. This result indicates that the secondary x-ray part was generated
by the collision of the laser-produced plasma from the bottom of the groove with the plasma
reflected at the groove sidewall. The enhancement of the soft x-ray fiuence was obtained by this
plasma collision process. The peak intensity of the primary x-ray pulse can also be increased as
the groove becomes narrower due to the plasma confinement, and an enhancement of 2.4 times
was achieved.

The second method is making an array of nanoholes which are perpendicular to the target
surface on an Al plate. The targets were made by utilizing the anodic oxidation of an aluminum
plate. After degreasing an Al (99.99%) plate in acetone, a mirror surface was achieved by
electro-polishing it in a solution of perchloric acid and ethanol. Then, the anodizing was carried
out at a constant voltage of 40 V in a 0.5 wt% oxalic acid solution at 17°C for several hours. By
a field-assisted dissolution mechanism, [8] an anodic-alumina layer which has central, cylindrical,
and uniformly sized pores that run perpendicular to the surface is formed on the aluminum
plate.[9, 10] Figure 3 shows the schematic diagram of this structure.[9] The mean cell size
(distance between the adjacent pores) which can be controlled by the anodizing voltage was
around 100 nm. The mean pore diameter of the target was around 40 nm. This pore diameter
can be widened by dipping it in 5 wt% phosphoric acid after the anodizing. Therefore, the
porosity of the target can also be controlled by the dipping time. The structure of these targets
are quite different from the previously reported colloidal metal target [3, 4] which consists of
fractal chains of clusters and the porous Si target[5, 6] which has winding pores.

Figure 4 shows the time-integrated soft x-ray spectral fiuence from the target obtained with
the 150 minutes dipping. In order to clearly show the x-ray fluence enhancement effect with
this target, soft x-ray fluence from an ordinary flat surface (electro-polished) aluminum plate
was also shown by the dotted line. The intensity scale on the aluminum plate was expanded
10 times. The fluence drop seen below 8 nm is due to the low sensitivity of our measurement
system in this wavelength region. Around 30 times x-ray fluence enhancement was achieved by
the anodic-alumina target over the entire soft x-ray wavelength region from 5 to 25 nm. The
conversion efficiency was estimated as 0.008%/(A-sr) at a wavelength of 14 nm. This value is
almost the same as that obtained by the pre-pulse technique.[11] At a wavelength longer than 15
nm, the anodic-alumina target has several emission lines which do not appear on the aluminum
target. These lines correspond to the emission lines from oxygen ions (O3+, O4+, O5+). It is
also observed that the enhancement increases as the soft x-ray wavelength becomes shorter and
the ionization level of Al becomes higher. Over 50-fold enhancement was obtained at an x-ray
wavelength around 6 nm. There are no emission lines from oxygen ions in this spectral region,
and this emphasis was occured on the emission from highly charged Al ions (Al8+, Al9+).

The mechanisms of this large soft x-ray intensity enhancement by the nanohole-alumina
target can be explained as follows. On the usual solid density material, energy penetration
depth of the femtosecond laser pulses is much shorter than the laser wavelength, i.e., around
50 nm.[3, 12] Thus, the interaction volume between the laser light and the solid material is
limited. However, laser penetration depth can be expanded by using a structure which has
cylindrical pores that run perpendicular to the surface on the anodic target. In order to estimate
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the laser penetration depth of our target, nanohole-alumina layer thickness dependence of the
generated soft x-ray intensity was measured. Various targets with different nanohole-alumina
layer thicknesses were made by controlling the anodizing time. The soft x-ray intensity from
these targets increases as the nanohole layer becomes thicker until the thickness reaches 20 /im
which is much larger than the laser penetration depth of the solid density material. The larger
surface area of the target also increases the size of the area that interacts with the femtosecond
laser pulses. Furthermore, by widening the pore diameter of the anodic target by dipping it in
phosphoric acid, the wall thickness of each pore becomes thinner than the energy penetration
depth of the solid density matter and the whole volume of the material can be heated by the
laser, and plasma cooling due to heat conduction into the underlying cold bulk is suppressed.
These mechanisms increase the amount of the material which can interact with the femtosecond
laser pulses and rise the plasma temperature. Thus the soft x-ray emission enhancement can be
obtained especially at the shorter wavelength region.

Figure 5 shows the x-ray (> 0.1 keV) pulse shapes measured with an x-ray streak camera
(time resolution of 3 ps). The x-ray pulse duration (full width at half maximum) generated from
the anodic-alumina target obtained with the 150 minutes dipping in phosphoric acid was 17 ps.
We also measured the x-ray pulse duration generated from the ordinary flat aluminum target
with the same conditions, and that was 5 ps. Due to the lower heat conductivity of the anodic-
alumina target, the x-ray pulse duration expands 3 times. However, it still much shorter than
that obtained by using a pre-pulse technique (over 100 ps).[ll] The x-ray pulse peak intensity
of the anodic-alumina target was 5 times higher than that of the flat aluminum target, and 3
times higher than that obtained with a pre-pulse.

By making a rectangular groove and nanohole arrays on the target surface, the laser produced
plasma formation process can be controlled. With this methods, both the time-integrated soft
x-ray emission fluence and the peak intensity of the x-ray pulse can be increased.
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Shapes of soft x-ray pulses from the grooved Nd-doped glass target.
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Fig. 5. Shapes of the soft x-ray pulse
from the anodic alumina target.
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