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The idea to split soft X-ray and hard X-ray beams on the same axis into different
Edited by R. W. Strange, University of Essex, UK directions is presented. A thin-film beam splitter can serve this purpose.

Performances of thin-film beam splitters made of carbon and aluminium were
Keywords: beam splitter; soft and hard X-rays; examined. The idea of thin-film beam splitters expands possibilities in the design
two-colour beamline. of two-colour beamlines.

1. Introduction

Synchrotron radiation science includes many scientific fields.
Various experiments have been performed at synchrotron
radiation facilities using a wide range of X-ray energies.
Technically and habitually, we have two regions of X-rays: soft
X-rays and hard X-rays. Soft X-rays have energies up to
~2 keV, while hard X-rays have photon energies higher than
~2 keV. X-rays in the 2-4 keV range are sometimes called
tender X-rays. The 2 keV boundary between soft and hard
X-rays is technically defined by the type of monochromator
and the vacuum requirement conditions. Below 2 keV, grating
monochromators are typically used and vacuum conditions
are required. Above 2 keV, double-crystal monochromators
made of Si are mostly used and measurements can be carried
out under ambient conditions.

Moreover, properties that can be observed are essentially
different for the two energy regions. Consider, for example,
X-ray photoelectron spectroscopy (XPS) and X-ray absorp-
tion spectroscopy (XAS). XAS in the hard X-ray region is
known as X-ray absorption fine-structure (XAFS) spectro-
scopy (Sayers et al, 1971; Bunker, 2010; Evans, 2018). In the
soft X-ray region, we can measure the ls core electrons of
organic elements such as C (284 ¢eV), N (410eV) and O
(543 eV) (Stohr, 1992). For the 3d transition metals, 2s and 2p
electrons can be measured. Hard X-ray XAFS experiments
give information on the electronic structures of unoccupied
states (near-edge regions) and local atomic structures typically
for 3d transition metals and heavier elements (Bunker, 2010;
Evans, 2018).

Small-angle X-ray scattering (SAXS) and wide-angle X-ray
scattering (WAXS) provide structural information over a wide
length range (Bras et al., 1993; Portale et al., 2013; Shimizu et
al., 2013). Grazing-incidence SAXS (GISAXS) has attracted
attention and GISAXS beamlines have recently been built
(Hexemer et al., 2010; Igarashi ef al., 2013). A combined
method of SAXS and XAFS has also been reported (Niki-
tenko et al., 2008; Bras et al., 2010). In addition, there are a
© 2019 International Union of Crystallography variety of experimental methods. Combinations of the
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experimental methods mentioned above and others, and
utilization of both soft and hard X-rays will produce new
multi-modal experimental methods. Here, it should be noted
that soft and hard X-rays each provide specific and unique
information.

The same samples could be used at both soft and hard X-ray
beamlines in order to understand their properties from
various points of view. There are strong demands to use both
soft and hard X-rays to measure the same samples under the
same experimental conditions at the same place and same
time. To understand catalytic chemical reactions, for example,
both reacting molecules and catalysts should be observed.
Reacting molecules, which usually contain C, N and O, should
be observed by soft X-ray methods (Toyoshima et al., 2012,
2014). Catalysts, which are typically 3d or heavier metal based
materials, can be characterized by hard X-ray methods
(Uemura et al., 2011; Newton et al., 2016; Abe et al., 2017).

Beamlines where both soft and hard X-rays are available
are strongly desired; let us call such beamlines two-colour
beamlines hereafter. A two-colour beamline, beamline 109
(Lee & Duncan, 2018; Mudd et al., 2014), is in operation at
Diamond Light Source, Oxfordshire, UK. Beamline 109 has
two insertion devices (IDs) for its light sources: one is a soft
X-ray undulator and the other is a hard X-ray in-vacuum
undulator. They are canted by 1.3 mrad, and the two beams
are emitted in different directions. Each beam can be inde-
pendently handled and delivered to the endstation at 109.
Surface and bulk properties of V in LiVOPO, have been
reported (Wangoh et al., 2016) by performing XPS for V 2p
and XAFS for the V K-edge at beamline 109.

Beamline 109 is a clever design for building a two-colour
beamline, but other ideas will be required to split a mixed
beam from tandem coaxial IDs into soft X-rays and hard X-
rays. A set of tandem coaxial IDs would fit extremely low
emittance synchrotron radiation rings. A beam splitter for
such a mixed coaxial beam will help in the design of two-
colour beamlines.

In this paper, the idea of beam splitters to split a mixed
coaxial beam into soft X-ray and hard X-ray beams is
presented. Thin films can be used to split the beam of soft and
hard X-rays: these are called thin-film beam splitters (TFBSs).
TFBSs expand the possible optical layouts for designing two-
colour beamlines.

2. Method

The reflectivity for soft X-rays of 200-2000 eV and transmis-
sion for hard X-rays of 2-20 keV were calculated to examine
the feasibility of TFBSs. TFBSs can split a mixed beam of soft
and hard X-rays into two beams, as shown in Fig. 1: one beam
consists of soft X-rays reflected at the surface of the TFBS, and
the other consists of hard X-rays passing through the TFBS.
X-ray interaction properties (Henke et al., 1993; Hubbell et al.,
1975), which are available from the database of the Center for
X-Ray Optics (CXRO; Berkeley, California, USA), were used
for these calculations. Two elements, carbon and aluminium,
were selected as the materials for the TFBSs. Several incident

Thin Film Beam Splitter

HX (Transmission)

Soft x-ray + Hard x-ray
SX

(Reflection)
Figure 1
Schematic concept of TFBS. Soft X-rays (SX) are reflected at the surface
of the TFBS, and hard X-rays (HX) pass through it. TFBSs can split a
mixed beam of soft and hard X-rays into two beams.

angles were simulated for the reflectivity calculations. The
thickness dependence of the transmission was examined.

3. Results and discussion

The feasibility of TFBSs is examined. TFBSs should show high
reflectivity in the soft X-ray region and high transmission for
hard X-rays. The reflectivity strongly depends on the angle of
the incident radiation, and the high transmission requires light
elements for the materials of TFBSs. TFBSs made of lighter
elements placed at smaller incident angles will work better.
Here, TFBSs made of two different elements, carbon and
aluminium, were studied.

3.1. TFBS made of carbon

The reflectivity of soft X-rays by a carbon TFBS is shown in
Fig. 2. The dot-dashed, dashed, dotted and solid lines denote
the incident angles of 3, 2, 1.5 and 1°, respectively. The sharp
dip at 280 eV is due to the absorption by carbon, and we
will discuss the usability of soft X-rays from ~300eV up
to 2000 eV.

An incident angle of 3° reflects less than 50% of the
incoming X-rays over the whole soft X-ray range considered
here. A reflectivity of less than 50% is useless for our purposes
because it is weaker than the way which geometrically splits
a beam into two beams. The smaller the angle becomes, the
stronger and wider the reflectivity increases. At an incident
angle of 1°, more than 70% of the incoming X-rays from ~300
to 1730 eV are reflected. Therefore it is useful if carbon TFBSs

--- 3 degrees
-- 2degrees
- 1.5 degrees
— 1 degree

Reflectivity
o
o
T

500 1000
Photon Energy (eV)

0.0

Figure 2

Reflectivity of soft X-rays by a carbon TFBS. The dot-dashed, dashed,
dotted and solid lines denote incident angles of 3, 2, 1.5 and 1°,
respectively. The sharp dip at 280 eV is due to absorption by carbon.
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Table 1

Angle o and related values.

o (°) sina 1/sino ~1/sina
1 0.01745 57.298 60

2 0.03489 28.653 30

3 0.05233 19.107 20

6 0.10452 9.567 10

are placed at incident angles of 1° for soft X-ray measure-
ments in this energy range.

A carbon TFBS should transmit hard X-rays if it is to work
as a beam splitter. The transmission of hard X-rays through a
carbon TFBS has been examined. Consider X-rays passing
through a carbon TFBS with an effective length L, which is
the thickness ¢ divided by the sine of the incident angle «,
i.e. L =t/ sin «; thus the effective length L depends on both the
TFBS thickness ¢ and the X-ray incident angle «. When angle
ais1°,1/sina=157.298 ~ 60, and L =t x 60. Values for angle
o, sina and 1/ sin o are summarized in Table 1. An effective
length L of ~600 pum corresponds to a 10 pm-thick carbon
TFBS placed at o = 1° or a 20 um-thick carbon TFBS placed at
o = 2°, for instance.

Let us consider placing a carbon TFBS at an X-ray incident
angle o = 1°, where the reflectivity of the soft X-ray range is
useful. The transmission of hard X-rays is shown in Fig. 3 for
different effective lengths L, from L = 600 pm down to L =
12 pm. Less than 50% of incoming X-rays below ~7.5 keV
can pass through the the TFBS with L = 600 um. This is not
useful, so we would like to use thinner TFBSs, i.e. those with
smaller values of L. The TFBSs with L = 300, 120, 60, 30 and
12 pm give ~6, 4.5, 3.6, 2.9 and 2.1 keV as the onset of 50%
transmission, respectively. Thinner TFBSs are better, but a
TFBS with L = 60 pum, i.e. a carbon TFBS of thickness 7 =1 pum
placed at o = 1°, enables 50% transmission above ~3.6 keV
and 70% transmission above ~4.5 keV. More than 90% of
incoming X-rays are available above ~6.6 keV, which can be
regarded as almost transparent for this energy region.

3.2. TFBS made of aluminium

The reflectivity of soft X-rays by an Al TFBS is shown in
Fig. 4. The dot-dashed, dashed, dotted and solid lines repre-
sent the reflectivity at incident angles of 3, 2, 1.5 and 1°,
respectively. The sharp dip at ~1560 eV is due to the
absorption by aluminium. An incident angle o = 3° reflects
only the range ~200-560 eV with the 50% criterion of the
incoming flux. The upper limit of the energy range for the 50%
criterion increases to ~1530 eV with decreasing incident
angle down to 1°.

The transmission of hard X-rays through an Al TFBS is
shown in Fig. 5. The same discussion as for the carbon TFBS is
applied, and effective lengths L of 600, 300, 120, 60, 30, 12, 6
and 3 pm were examined. When the incident angle is set at o =
1°, these L values correspond to actual thicknesses ¢ of 10, 5, 2,
1, 0.5, 0.2, 0.1 and 0.05 pm, respectively. TFBSs with L = 600
and 300 pum are useless because only X-rays above ~15 keV
can pass through with 50% criterion. Thinner ones provide

Transmission

--- L =600 pm

L 1 L L 1 L L
10000 15000 20000

Photon Energy (eV)
Figure 3
Transmission of soft X-rays through a carbon TFBS. Each line denotes a
certain effective length L as indicated in the legend.
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Figure 4

Reflectivity of soft X-rays by an aluminium TFBS. The dot-dashed,

dashed, dotted and solid lines denote incident angles of 3, 2, 1.5 and 1°,

respectively. The sharp dip at ~1560 eV is due to absorption by
aluminium.
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Figure 5
Transmissions of hard X-rays through the aluminium TFBS. Each line
denotes a certain effective length L as indicated in the legend.

X-rays of lower energy range. The energy range provided by a
TFBS with L = 30 um is above 6.5 keV by the 50% criterion.
This condition is somewhat useful. If it is possible to prepare a
thin film with L = 12 pum (¢ = 0.2 pm), we can use hard X-rays
above ~4.8 keV with the 50% criterion.

3.3. TFBS and two-colour beamline layouts

Fig. 6 summarizes the performances of carbon and alumi-
nium TFBSs over the whole energy range discussed here.
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Figure 6

TFBS performances of carbon (black line) and aluminium (red line) from
200 eV to 20 keV. These are the 1 pm carbon TFBS (L = 60 pm) and the
0.2 pm Al TFBS (L = 12 um) both placed at o = 1°.

Curves are plotted for a t =1 pm carbon TFBS placed at « = 1°
and a ¢t = 0.2 pum Al TFBS placed at « = 1°. Using the carbon
TFBS, soft X-rays up to ~1780 eV and hard X-rays above
3.6 keV are available with the 50% criterion of the incoming
flux. Even with the 70% criterion, we can use soft X-rays of
~300-1730 eV and hard X-rays above ~4.5keV. The Al
TFBS provides soft X-rays up to ~1530 eV and hard X-rays
above 4.8 keV with the 50% criterion of the incoming flux.
The 70% criterion gives us soft X-rays up to ~1520 eV and
hard X-rays above ~6 keV.

Thus, TFBSs made of carbon and aluminium have great
potential to be used as beam splitters for building two-colour
beamlines. The reflectivity of aluminium
TFBSs is higher than that of carbon
ones in the soft X-ray range. For

@ Thin Film Beam Splitter

chromators, one for soft X-rays and the other for hard X-rays,
can be installed at 20 m from the TFBS with a separation
distance of 0.7 m as shown in Fig. 7(a). The two beams will be
independently handled and can be focused at the same posi-
tion. Variations of layouts are schematically depicted in Fig.
7(b). Fig. 7(b-1) shows a two-colour use in the literal sense.
The two beams are focused at the same point at the same time.
Parallel-use and connected-use layouts are presented in Figs.
7(b-2) and 7(b-3). These layouts provide opportunities to
carry out two measurements at the same time. Two-colour
beamlines of these types can accept two different groups at the
same time.

Two issues that need to be overcome should be mentioned
in order to use TFBSs in two-colour beamlines: one is the
fabrication of uniform thin films of a certain size, and the other
is the heat load from the incoming X-rays. The former will
become easier when small-sized beams are available at new or
next-generation light sources. When a beam is incident on a
TFBS at an incident angle of 1°, its footprint on the TFBS
becomes ~ 60 times larger than the beam size. A beam size of
1 mm yields a ~60 mm footprint, and thus a TFBS larger than
60 mm would need to be installed and kept stably flat. It would
be difficult to meet this condition, but a far smaller beam
should allow us this possibility. If the beam size becomes
smaller, down to ~10 pm, a TFBS smaller than 1 mm can be
used. Actually, a 150 nm-thick Ni thin film, whose diameter is
larger than 3 mm, has already been installed and used at a slow

Mono

the hard X-ray range, carbon TFBSs
provides more flux than the aluminium
ones. A downside of the carbon TFBS is
the dip by the absorption of the carbon
K-edge at 280 eV. Drawbacks of the Al
TFBS are the dip by the absorption of
the Al K-edge at ~1560 eV and the
relatively low transmission of hard
X-rays compared with the carbon ones.

We would like to avoid the dip at
280 eV for carbon measurements, and

30-40m -

also higher transmission for the hard

X-ray range is desired. One solution is
to fabricate an Al-coated carbon TFBS.
A surface Al layer will exhibit a similar

SX+HX

at the same time
at the same point

reflectivity as the red line shown in Fig. 6

up to 2000 eV, and a similar transmis-
sion as the black line above 2000 eV will
be provided because the main body is
made of carbon. An Al-coated carbon

TFBS will have the best of both ranges.
Finally, possible layouts of mono-
chromators and beamline optics are
suggested. When a TFBS is placed at an
incident angle o = 1°, the splitting angle

HX
Parallel use
SX Two different groups
can use each branch. ;
HX
connected
X (sample exchangeable)

between soft X-rays and hard X-rays is
2°, which is ~35 mrad. Two mono-

Figure 7

(a) Possible layout of a TFBS and two monochromators. (b) Variations of two-colour beamlines.
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positron facility (Fujinami et al., 2008; Wada et al., 2018). The
fabrication of such thin films has a long history (Zafar et al.,
1988, 1989), and it will become possible to prepare suitable
films for TFBSs in the near future. The latter issue, the heat
load issue, would be serious but cryogenic nitrogen can be
used to handle such heat loads. Further ways to overcome the
heat load issue are expected in the future.

4. Summary

The idea of using thin-film beam splitters to split soft X-ray
and hard X-ray beams in the same axis has been presented.
The performances of TFBSs made of carbon and aluminium
were examined. TFBSs are useful for building two-colour
beamlines, where soft X-ray and hard X-ray measurements
can be performed for the same sample at the same time.
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