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Nanofocused x rays are indispensable because they can provide high spatial resolution and high
sensitivity for x-ray nanoscopy/spectroscopy. A focusing system using total reflection mirrors is one
of the most promising methods for producing nanofocused x rays due to its high efficiency and
energy-tunable focusing. The authors have developed a fabrication system for hard x-ray mirrors
by developing elastic emission machining, microstitching interferometry, and relative angle
determinable stitching interferometry. By using an ultraprecisely figured mirror, they realized hard
x-ray line focusing with a beam width of 25 nm at 15 keV. The focusing test was performed at the
1-km-long beamline of SPring-8. © 2007 American Institute of Physics. [DOIL: 10.1063/1.2436469]

Advances in synchrotron radiation facilities have been
accelerating the progress of various x-ray analysis methods.
Focused hard x-ray beams are employed in various scanning-
type microscopes to give precise spatial information for
signals such as fluorescence, absorption, and diffraction x
rays. There are many types of hard x-ray focusing devices
that utilize reﬂection,l_3 refraction,4 and diffraction™® optics.
In the past decade, rapid advances in microfabrication tech-
nology, high-precision surface finishing, crystal growth,
controlled-layer deposition, and precision metrology have
led to the realization of hard x-ray focusing to nanometer
dimensions. Most hard x-ray focusing methods have the abil-
ity to focus hard x rays down to the 100 nm level.'™®

The inherently nondispersive nature of total-external-
reflection mirrors for x-ray nanofocusing is one of their most
attractive features from the viewpoint of spectroscopic appli-
cations that usually require broad bandpass or energy tun-
ability. Kirkpatrick-Baez (KB) mirrors are being developed
for this purpose. These mirrors are based on a classical
method that utilizes two concave mirrors at a glancing angle
to collect and focus x rays in both vertical and horizontal
planes. Recently, construction of an x-ray free-electron laser
has been planned as a next-generation x-ray source.” Total
reflection mirrors are considered to be the best focusing op-
tics for such an x-ray source because of their high efficiency
and radiation hardness.

The physical limit for the spot size to which hard x rays
can be focused using total-reflection-based optics has already
been discussed and estimated.* An ultimate diffraction-
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limited size can easily be calculated using the formula N\/NA
for the case of a rectangular aperture, where NA is the nu-
merical aperture and \ is the wavelength of the x rays. The
NA is fundamentally limited by the critical angle 6. of the
external total reflection. In the hard x-ray region, it is well
known that 4, (rad) can be expressed as 1.6X 1072\ p'/2,
where p (g/cm?) is the density of the mirror material and \
(nm) is the x-ray wavelength. Performing this calculation
gives a size that is slightly smaller than 10 nm, when avail-
able heavy materials such as platinum, are employed for the
surface material.

However, the working distance needs to be long for
practical applications, the mirror length is also limited and
two identical mirrors are required in the KB arrangement.
For this reason the smallest practical beam size is considered
to be around 20 nm. To obtain a smaller size using reflective
optics, multilayer coating is necessary on mirror surfaces to
realize higher-NA design.

In this letter, we report the fabrication of an ultraprecise
x-ray mirror for hard x-ray focusing and realization of the
diffraction-limited line focusing that results in a beam width
of approximately 25 nm. The mirror was fabricated using a
computer-controlled surface figuring system, in which elastic
emission machining (EEM) was employed as the machining
method and microstitching interferometry (MSI) and relative
angle determinable stitching interferometry (RADSI) were
used as surface figure measurement methods. A surface fig-
ure accuracy of 2 nm (peak to valley) was achieved. The
one-dimensional hard x-ray focusing test was performed at
the 1-km-long beamline (BL29XUL) of SPring-8. The mea-
sured beam size is in good agreement with the theoretical
one, that is, the diffraction-limited size.

© 2007 American Institute of Physics
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FIG. 1. Schematic illustration of experimental setup for evaluating x-ray

nanofocusing mirror. The intensity profile on the focal plane is measured by
the wire scanning method.

An elliptic function was used to design the surface pro-
file of the mirror. The designed surface profile has the partial
profile of an elliptic function, one focal point of which is at
the incident slit, which is the x-ray source, while the other
focal point is at the point where the x rays are collected. By
employing a heavy metal surface as the reflective surface, an
incident ray can be totally reflected even at large glancing
angles. In this study, the silicon substrate surface was coated
with platinum. The optical design was determined by taking
into account the properties of the 1-km-long beamline of
SPring-S.10 ! Figure 1 shows a schematic illustration of the
optical design in the experiment. The distance between the
incident slit and the mirror was 975 m. The mirror length
was 45 mm. The maximum incident angle was 4.2 mrad,
which is approximately equal to the critical angle of the
platinum surface at 18 keV. When the incident angle is
4.2 mrad the x-ray reflectivity is approximately 70% at
15 keV. In this study, to obtain high reflectivity at the entire
mirror area, an x-ray energy of 15 keV was selected. The
average incident angle was approximately 3 mrad. The focal
length was set to be 50 mm.

Figure 2(a) shows the elliptical profile that was designed
for this experiment. The estimated focal size, defined as the
full width at half maximum in the intensity profile, is 25 nm
at 15 keV for diffraction-limited conditions. The relationship
between the figure error characteristics and the focusing
properties of the mirror was investigated previously using a
wave-optical simulator and is described in previous study..12
In this case, in order to realize the ideal beam focal size, the
figure accuracy needed to be at least 3 nm (peak to valley) at
spatial wavelength ranges larger than 10 mm. In addition, the
high-frequency figure error and the surface roughness should
be less than 0.2 nm (rms) to realize ideal focusing efficiency.
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FIG. 2. Elliptical profile (a) and figure error profile (b) of the fabricated
ocusing mirror. A figure accuracy of 0.15 nm (rms) was achieved. This
surface is produced by EEM.
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The silicon substrate surface shape of the tested x-ray
mirror was fabrlcated using EEM figuring at the required
accuracy % There are two types of EEM; the difference
between them lies in the EEM head, which is the device
for supplying particles to the processed surfaces. One
method is called nozzle-head-type EEM, and it is employed
for computer-controlled figuring. The other method is called
rotary-spherical-head-type EEM, and it is used for surface
supersmoothing.17 By combining these two methods, it is
possible to produce surfaces that have a previously unobtain-
able accuracy and smoothness, namely, a figure accuracy and
a roughness of 0.15 nm (rms).

Metrology plays an important role in figuring because
computer-controlled figuring is performed using measured
surface profiles.'® " We developed MSI, which uses micro-
scopic and large-area phase-shifting interferometers, to
measure the surface profiles of x-ray mirrors with a repro-
ducibility of smaller than 1 nm (peak to valley) and with a
spatial resolution of approximately 20 um. ' RADSI was de-
veloped to measure strongly curved profiles to the required
accuracy 2 In this stitching system, several partial profiles
that span the entire area are measured using a Fizeau inter-
ferometer. These profiles are then stitched together to gener-
ate a profile of the entire surface. The stitching method em-
ployed uses stitching angles that are determined, not by the
conventional method, which utilizes the overlapping areas of
adjacent profiles, but by a new method that utilizes the tilt
angles of the mirror measured when the profiles are acquired.

The key point for fabricating designed elliptically curved
surfaces is improvement of the metrology, because the mea-
surement accuracy determines the final figure accuracy of the
fabricated mirror. The de31gned surface profile is steeply
curved profile. In RADSIL,'? the measurable area is smaller
than that obtained for our previously x-ray mirror. In this
study, before fabricating the mirror, the RADSI system was
improved by recoding the surface-profile stitching program
and stabilizing the measurement environment, in particular,
the vibration. By combining MSI and improved RADSI, it
was possible to acquire surface profiles to the required de-
gree of accuracy.

Figure 2(b) shows the surface figure error profile ob-
tained after platinum deposition. Film thickness is approxi-
mately 40 nm. A figure accuracy of 0.15 nm (rms) was
achieved. Platinum deposition was finally performed using
an electron-beam evaporation system. In this system, the
mirror surface is passed over a small aperture located ap-
proximately 400 mm above the evaporation source, while the
source power is controlled by a feedback system to maintain
a constant deposition rate. The surface profiles before and
after platinum coating were compared and found to be in
good agreement at the subnanometer level.

The line-focusing test was performed at the 1-km-long
beamline (BL29XUL) of SPring-8, which produces hard
x rays of sufficiently high coherence for nanofocusing.lO i
Monochromatic x rays at 15 keV were produced with a cryo-
genically cooled double-crystal silicon (111) monochromator
and guided to an experimental hutch located 1 km from the
monochromator. Wire scanning was used for measuring the
intensity profiles. A piezoactuated translation stage enabled
wire scanning to be performed at 1 nm increments. A gold
wire having a diameter of 200 wm was placed at the de-
signed focal position. An avalanche photodiode detector
placed behind the wire was used for measuring the beam
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FIG. 3. Relationship between wire position and beam intensity measured by
an x-ray photon detector located behind the wire. Plot interval is from
5 to 50 nm.

intensity during wire scanning. All alignment parameters, ex-
cept for the glancing angle, were preadjusted when the mir-
ror was placed into position. Precise adjustment of the glanc-
ing angles was performed while monitoring the intensity
profile until optimum focusing was achieved.

Figure 3 shows the relationship between the measured
intensity using the avalanche photodiode and the wire posi-
tion. In order to investigate focusing efficiency, which is de-
fined as the ratio of the number of photons in the focused
beam to the number of photons reflected from the mirror
surfaces, relatively long distance wire scanning using a plot
interval of 50 nm was carried out. When the wire did not
obscure the beam completely, the detected x-ray intensity
was almost equal to unity, which is the theoretically ideal
value when the ideal reflectivity and the effect of absorption
in air are taken into account. The steep decline in the graph
indicates that 90% of the photons are reflected x rays col-
lected in a focused region smaller than 100 nm. Figure 4
shows the intensity profile of the focused beam calculated by
differentiating the curve using a data interval of 5 nm, to-
gether with the ideal profiles simulated using wave-optical
theory. The focal size, defined as the full width at half maxi-
mum of the intensity profile, is 25 nm. Figure 4 shows raw
data, which were affected by the transmission and reflection
effects of the passage of the x ray through the wire. How-
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FIG. 4. Intensity distribution profile of focused beam. This profile was ob-
tained by differentiating the curve shown in Fig. 3 using a 5 nm interval.
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ever, the measured profile in Fig. 4 agrees reasonably well
with the ideal profile. This fact indicates that both beam pro-
file measurement and mirror figure quality are at a satisfac-
tory level for 25 nm focusing in the hard x-ray region.

In conclusion, we have realized hard x-ray line focusing
having a focal size of approximately 25 nm. By coupling one
more mirror having a relatively long focal length and work-
ing distance, two-dimensional focusing producing a beam
size of less than 30 nm is possible. In addition, it is possible
to realize low background noise around the main peak,
which is very important for achieving good visibility in x-ray
microscopy analysis.
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