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Abstract—We present the conceptual design of a universal materials-research beamline based on the undula-
tor of a fourth-generation synchrotron-radiation source. The distinctive feature of the beamline is its capa-
bility to work with both spectrally narrow (ΔE/E ~ 10–4) and relatively broad, high-intensity radiation beams
(5 × 10–2). The optical scheme enables rapid switching between diffraction, radiographic, and spectroscopic
experimental methods while keeping the beam’s position fixed on the test sample and varying the spot size of
the radiation from 100 nm to 1 mm.
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ing, XAFS, extended undulator harmonics, submicrometer focusing, double-mirror multilayer monochro-
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INTRODUCTION
X-ray diffraction and radiography methods,

including coherent diffraction imaging and ptychog-
raphy, are among the most sought-after techniques in
materials science. Therefore, we designed a beamline
to implement these methods using both monochro-
matic and “pink” beams. It was created to facilitate
research using techniques such as small-angle and
ultra-small-angle X-ray scattering, anomalous scat-
tering, diffraction anomalous fine structure (DAFS)
spectroscopy, X-ray f luorescence analysis, X-ray
absorption fine structure (XAFS) spectroscopy, and
quick X-ray absorption fine structure (QXAFS) spec-
troscopy. The beamline can also implement X-ray dif-
fraction tomography and X-ray microscopy, including
phase-contrast methods.

The developed beamline can be reconfigured rap-
idly (on the order of seconds) between diffraction and
radiographic methods. It is optimized to operate in
three modes with characteristic spot sizes on the sam-
ple of 1 mm (nonfocused, collimated beam), 10 μm,

and approximately 100 nm with focusing. It enables
the same spot on the sample to be maintained during
energy scanning (including in broad ranges) or recon-
figuration of the main optics.

The following operating modes are suggested (final
focus optics can be introduced into the beam as
needed): for traditional diffraction methods, a trans-
focator, a double-mirror monochromator, and a four-
crystal monochromator in various combinations can
be utilized. The insertion device operates in the stan-
dard mode (energy range 10–30 keV); for Laue dif-
fraction, it operates in the extended-harmonic gener-
ation mode (energy range 15–25 keV, tuning to the
fifth and seventh harmonics separately), with the pri-
mary optical elements being the transfocator and/or
the double-mirror monochromator. In XAFS studies,
the insertion device also works in the extended-har-
monic generation mode, with the main optical ele-
ments being the transfocator, double-mirror mono-
chromator, and four-crystal monochromator. The use
of the four-crystal monochromator also enables
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Fig. 1. Optical scheme of the beamline: ID is the insertion
device; FM is the fixed mask; AM is the adjustable mask;
Transfocator is a set of composite refractive lenses; DMM
(double multilayer monochromator) is a two-mirror
monochromator; QCM (quadruple crystal monochroma-
tor) is a four-crystal monochromator; CRL is a set of com-
posite refractive lenses of final focus; KB is Kirkpatrick–
Baez mirrors of the final focus.
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QXAFS methods with data-acquisition frequencies up
to 1 kHz; for microradiography methods (including
3D microtomography and ptychography), the transfo-
cator and the double-mirror monochromator can be
employed. We assume that the primary operating
mode of the insertion device is standard, but opera-
tions in the extended-harmonic generation mode can
also be performed. To address tasks using small-angle
and ultra-small-angle X-ray scattering, a combination
of optical components, including a transfocator, a
double-mirror monochromator, and a four-crystal
monochromator, is used in different configurations
(the insertion device operates in its regular mode).
X-ray f luorescence analysis is regarded as an auxiliary
research technique, and its implementation can be
easily carried out in conjunction with other methods
by installing a semiconductor detector.

BEAMLINE DESIGN

The optical scheme of the beamline is shown in
Fig. 1. To obtain radiation spots of various sizes on the
sample (ranging from 100 nm to 1 mm), the following
optical components are used: a transfocator (a set of
beryllium refractive lenses), compound refractive
lenses, and Kirkpatrick–Baez (KB) mirrors.

The following operating modes of beamline focus-
ing optics are assumed: optics removed from the beam
(without focusing); collimation of the radiation by a
transfocator; 1 : 1 focusing using a transfocator (work-
ing in converging beams is possible); 25 : 1 focusing
using compound refractive lenses (no collimation);
focusing using composite refractive lenses (with colli-
mation by a transfocator); 100 : 1 focusing using KB
mirrors (without collimation, composite refractive
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHROT
lenses removed from the beam); focusing using KB
mirrors (with collimation by a zoom lens, composite
refractive lenses removed from the beam).

In each of the listed modes, the primary mono-
chromatization of radiation (1 or 5%) is carried out
using a two-mirror monochromator. To obtain nar-
rower spectral bands, a four-crystal monochromator is
used, and a two-mirror monochromator ensures a sig-
nificant decrease in the thermal load on the first crys-
tal of the four-crystal monochromator.

In X-ray optical calculations, the following param-
eters of the SKIF source were used: electron energy of
3 GeV, operating current of 400 mA (under injection
conditions at full energy (top up)), emittance of 76 pm
rad, and the values of βx and βy at the center of the rec-
tilinear gap are 0.53 and 3.04 m, respectively.

Insertion Device
A two-section short-period superconducting

undulator has been considered as a synchrotron-radi-
ation source (insertion device). It is assumed that the
sections are connected with a three-pole phase correc-
tor. The presence of two sections and the ability to
adjust currents in the coil sets (segments [1]) allow for
the generation of harmonics with spectral widths of
1% (standard mode) and 5% (extended harmonics,
“pink” beams). Optimization of the insertion-device
parameters was carried out for the energy range of 10–
30 keV (primary range), with the condition of maximiz-
ing the radiation flux through the front-end aperture.

Calculations for the insertion device were carried
out using the SPECTRA 11 program [2] based on the
specified magnetic field of the undulator. The optimal
device parameters are as follows: two sections (with
both sections being identical), a magnetic-field period
of 13.5 mm, 140 periods in each section, 10 segments
(each segment containing 14 periods), a magnetic-
field strength of 1.08 T, and a total radiation power
from the insertion device of 10 kW. The maximum
magnetic field corresponds to an undulator parameter
of K = 1.36, with the energy of the first harmonic being
3.3 keV. A phase error of 3° was assumed.

Angular and spatial parameters of harmonics in the
standard mode were as follows: divergence (root-
mean-square value, RMS) was 14.3 × 0.2, 13.6 × 10.2,
13.2 × 10.2, and 12.6 × 10.5 μrad for harmonics nos. 3,
5, 7, and 9, respectively; the source size (full-width at
half maximum, FWHM) was 18.3 × 15.4, 17.7 × 15.4,
17.3 × 15.8, and 16.7 × 16.0 μm for the same harmon-
ics, respectively. The angular aperture of the primary
slits corresponds to  of the first operating
harmonic of the undulator (the third harmonic); it is
86 × 61 μrad.

In the mode of extended (5%) harmonics, the
beam profiles in the center of the insertion device are
calculated in the wiggler approximation and are
(FWHM) 17.5 × 24.2 and 17.5 × 22.5 μm for the fifth

σ × σ' '6 6x y
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Fig. 2. Spectral f lux density (in the range of a width of 0.1% of the energy E) through an aperture of (a) 86 × 61 μrad and its enve-
lope when varying the coil currents (without filters) in the standard mode of the insertion device, and 45 × 45 μrad (with a dia-
mond filter) in the modes (5%) of (b) the fifth and (c) seventh extended harmonics.
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and seventh harmonics, respectively. We selected an
angular aperture of 45 × 45 μrad to transmit a rela-
tively uniform central part of the extended harmonic.

The spectral radiation density is shown in Fig. 2. By
varying the currents in the coils of the insertion device,
we can select an energy suitable for experiments in the
range of 10–30 keV (envelope in Fig. 2a). To suppress
unused fundamental harmonics and decrease the
thermal load on the optics, we planned to install a
400-μm-thick diamond filter in the front end. The
spectral density in the standard mode when using a
diamond filter is shown in Fig. 2a. The radiation
power emerging from the front end in the 86 × 61 μrad
aperture is 286 W; the diamond filter absorbs 239 W.
The radiation power in the 45 × 45 μrad aperture in
the extended fifth and seventh harmonic modes is
approximately 124 W; the diamond filter absorbs
about 86 W. In further thermal calculations of the
beamline optics, the standard operating mode of the
insertion device was considered the one with the high-
est load.

Transfocator
The transfocator is located in an optical hutch

immediately after the radiation-shielding wall (the
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHRO
first interface is situated 26 m from the radiation
point) and is used for collimating or focusing the radi-
ation in a 1 : 1 ratio. We selected the optimal radius of
curvature (R) for lenses based on the criteria of maxi-
mizing the radiation f lux while minimizing the num-
ber of sets of lenses needed to operate at different
undulator harmonics. The radius of curvature, which
ensures the lenses’ geometric aperture is sufficient for
transmitting each of the working harmonics, is R =
500 μm. In the calculations, standard beryllium lenses
were used [3].

The parameters of the radiation, collimated or
focused to a 1 : 1 ratio by the transfocator at a distance
of 52 m from the radiation source, are presented in
Table 1. Calculations were performed using the
Shadow 3 program [4]. They accounted for double
reflection from the multilayer mirrors of the double-
mirror monochromator and absorption by additional
filters. The Si/Be and Cr/Be multilayer mirrors are
intended for the monochromatization of radiation in
the standard undulator operating mode, and the mir-
rors with a W/Be coating are used for the undulator
with extended harmonics (indicated by “e” in Table 1).
The W/Be mirrors can also be used in the standard
undulator operating mode. Figure 3 shows examples of
images obtained from the source at a distance of 52 m.
TRON AND NEUTRON TECHNIQUES  Vol. 17  Suppl. 1  2023
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Table 1. Beam parameters for collimation and 1 : 1 focusing modes (hereinafter, H and V are the horizontal and vertical
spot sizes, respectively; FWHM is the full-width at half maximum)

Radiation parameters in the collimation mode

photon energy, keV 
(harmonic no.)

number 
of lenses

focal 
length, m

size of the radiation spot 
on the sample, FWHM, μm photon flux, photons/s

H V 1%, Si/Be 1%, Cr/Be 4.6%, W/Be

9.9 (3) 3 24.0 690 490 7.09 × 1015 – –

16.4 (5) 8 24.7 660 510 3.40 × 1015 2.57 × 1015 2.36 × 1015

23 (7) 14 25.9 710 580 – 8.57 × 1014 6.29 × 1014

29.6 (9) 25 25.7 600 520 – 2.46 × 1014 –

16.4 (5e) 7 24.0 1086 1086 – – 1.18 × 1015

23 (7e) 14 25.3 1112 1113 – – 2.13 × 1014

Radiation parameters in the 1 : 1 focusing mode

photon energy, keV 
(harmonic no.)

number of 
lenses

distance 
to the neck, m

size of the radiation spot 
on the sample, FWHM, μm photon flux, photons/s

H V 1%, Si/Be 1%, Cr/Be 4.6%, W/Be

9.9 (3) 5 29.9 27 21 6.57 × 1015 – –

16.4 (5) 14 28.6 33 27 3.10 × 1015 2.35 × 1015 2.15 × 1015

23 (7) 28 27.0 29 26 – 7.38 × 1014 5.41 × 1014

29.6 (9) 47 26.6 23 23 – 2.03 × 1014 –

16.4 (5e) 13 28.9 35 45 – – 1.04 × 1015

23 (7e) 28 26.5 29 35 – – 1.72 × 1014
For comparison, an image of the source in the absence
of a transfocator is also given.

Monochromatization of Radiation

We plan to install two monochromators in the
beamline: a horizontally reflecting double-mirror
monochromator and a vertically reflecting four-crys-
tal monochromator. It is assumed that the double-
mirror monochromator is present in the beam in all
beamline operating modes. It consists of a pair of f lat
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHROT

Fig. 3. Image of a source at a distance of 52 m, calculated for t
(c) without optics; the f lux density is given in arbitrary units.
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multilayer mirrors and is designed for monochromati-
zation of the synchrotron-radiation beam with ∆E/E
of about 1 and 5% or, when used in conjunction with a
four-crystal monochromator, for primary monochro-
matization and removal of the heat load from the first
crystal of the four-crystal monochromator. This
monochromator consists of a mirror-symmetric pair
of Si(111) channel-cut monochromators and is
intended for final monochromatization of the radia-
tion (∆E/E ~ 10–4). The main advantage of using a
four-crystal monochromator is preservation of the
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Table 2. Parameters of multilayer coatings of a two-mirror monochromator (N is the number of layers, γ is the ratio
of the thickness of the even sublayer to the thickness of the structure period)

No. Coating Period, Å N γ Operating energy range, keV ΔE/E, % Grazing angle, deg

1 Si/Be 76.6 300 0.33 9–16 1 0.3–0.5

2 Cr/Be 30 300 0.33 16–30 1 0.4–0.75

3 W/Be 38 150 0.40 16–25 4.6 0.4–0.6
position of the X-ray beam on the sample when imple-
menting various research techniques at a single energy
upon changing the radiation energy, introduc-
ing/withdrawing the four-crystal monochromator
from the optical path, reconfiguring it for different
undulator harmonics, or its operation with extended
undulator harmonics in an experiment. An additional
advantage of using a four-crystal monochromator is
the ability to perform rapid energy scanning (QXAFS)
with XANES-spectrum acquisition rates of up to 1 Hz.

The coating of the mirrors of the two-mirror
monochromator consists of three strips 5 mm wide:
Si/Be, Cr/Be, and W/Be. The Si/Be and Cr/Be pairs
with ΔE/E = 1% cover the main energy range of 10–
30 keV, and the W/Be pair with ΔE/E = 4.6% is
designed to operate in the fifth and seventh extended
harmonic modes (15–25 keV). The characteristics of
the coatings are summarized in Table 2. Calculations
were carried out taking into account a substrate rough-
ness (RMS) of 3 Å and an interlayer roughness (RMS)
of 3 Å using code [5] and XOP [6]. The grazing-angle
range is from 0.3° (the fifth harmonic of the undula-
tor, Si/Be mirrors) to 0.75° (the fifth harmonic of the
undulator, Cr/Be mirrors). The optimal mirror length
is around 300 mm. A schematic diagram of the mono-
chromator is presented in [7].

Heat absorption by the mirrors is one of the most
critical considerations when designing such a mono-
chromator [8]. In the calculations, the operating mode
with the highest load of the double-mirror monochro-
mator was considered, with the highest grazing angle
of 0.75° for the fifth harmonic of the undulator and
Cr/Be mirrors (Fig. 4a), assuming complete radiation
absorption. Thermal simulations of the mirror were
conducted using the ANSYS 2020R2 software (Fluent
module), using the steady-state temperature-field
approximation with a surface heat distribution on the
mirror’s working lamella. The multilayer coating was
not taken into account. The model specified condi-
tions for radiative heat exchange with the surrounding
environment for the lateral and lower surfaces of the
mirror. Copper cooling radiators were placed on the
lateral surfaces of the mirror. Following the methodol-
ogy used in [8, 9], the radiators themselves were not
included in the model; a heat transfer coefficient of
3000 W/(m2 K) and a temperature of 295 K were set.
The simulations considered the temperature-depen-
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHRO
dent thermophysical properties of silicon [10–13].
Deformation calculations (Fig. 4b) were performed
using the ANSYS 2020R2 software (Static Structural
module) while accounting for the data regarding the
stationary volumetric temperature distribution. The
main conclusion is the feasibility of using water-cool-
ing for the double-mirror monochromator.

The first lamella of the four-crystal monochroma-
tor experiences the highest thermal load when trans-
mitting the third harmonic (strip of the double-mirror
monochromator from Si/Be), with a total radiation
power of approximately 14 W. The corresponding
Bragg angle for the maximum of the third harmonic
is 11.63°. The power density in this case is illustrated
in Fig. 4c.

To simplify thermal analysis, the temperature cal-
culations and deformation simulations of the first
crystal of the four-crystal monochromator were con-
ducted using models constructed for the double-mir-
ror monochromator. The results obtained (Fig. 4d)
indicate that in the case of cryogenic cooling, the larg-
est displacements are observed at the periphery of the
beam and amount to approximately 0.3–0.4 μrad.
This level of displacement is acceptable since it is sig-
nificantly smaller than the linewidth of the Si(111)
rocking curve at the corresponding energy.

The emission spectra after two reflections from the
mirrors of the double-mirror monochromator in the
standard mode, as well as the fifth and seventh extended
harmonics, are presented in Fig. 5. To suppress the soft
component of the total external reflection (TER) in the
beamline, we proposed to install a set of foils made of
various materials. The filter materials and their thick-
nesses are given in the figures. To assess the spectral
purity, we used the harmonic coefficient Chn, defined as

follows:  × 100%, where i is the
number of the undulator harmonic, n is the number of
the working harmonic, and F is the corresponding val-
ues of the spectral density of the photon f lux. An
example of the spectral photon-flux density (the fifth
harmonic) after monochromatization by a two-
mirror + four-crystal monochromator system in the
normal mode and the extended-harmonic mode is
shown in Fig. 5f.

≠
= 

2
n i ni n

Ch F F
TRON AND NEUTRON TECHNIQUES  Vol. 17  Suppl. 1  2023



DESIGNING A UNIVERSAL UNDULATOR BEAMLINE FOR MATERIALS SCIENCE S83

Fig. 4. Thermal calculations: (a) power density (W/mm2) of radiation incident on the first multilayer mirror at a grazing angle
of 0.75°; (b) temperature and displacement profiles in the middle sections for the first mirror; (c) power density (W/mm2) of radi-
ation incident on the first lamella of the four-crystal monochromator at a Bragg angle of 11.63°; (d) temperature and displacement
profiles in the middle sections for the first lamella.
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Final-Focus Optics

The first refractive surface of the composite refrac-
tive lenses designed for 25 : 1 focusing is located at a
distance of 50 m from the center of the insertion
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHROT
device. The results of calculations of the final-focus
lenses (made of beryllium) are presented in Table 3.
The lens parabola radius R = 200 μm was selected so
that its geometric aperture completely transmitted the
beam collimated by the transfocator.
RON AND NEUTRON TECHNIQUES  Vol. 17  Suppl. 1  2023
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To enhance the beamline radiation f lux on the
sample, we considered a scheme in which the com-
pound refractive lenses of the final focus are used
together with the transfocator in the collimation
mode. The calculation results are presented in Table 4.
In this case, the spot size on the sample increases to
2.5 μm, approximately 1.6 times larger, and the radia-
tion f lux increases threefold.
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHRO
The Kirkpatrick–Baez (KB) mirrors consist of a
pair of orthogonal mirrors with an elliptical profile. In
the proposed scheme, the first mirror focuses the
beam vertically, and the second one focuses it hori-
zontally. To enable use across the entire working
energy range and to have the ability to focus the radia-
tion from extended harmonics, the use of TER mirrors
was also suggested.
Fig. 5. Spectral photon flux density (in a range of a width of 0.1% of the energy E) after the two-mirror monochromator (a–c) in
the standard operating mode of the insertion device and (d, e) in the mode of the fifth and seventh extended harmonics. Spectral
photon flux density after the two-mirror and four-crystal monochromator (f) in the standard operating mode of the insertion
device and (g) in the fifth extended-harmonic mode. Ch is the harmonic coefficient. The filter materials and their thickness are
given.
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Fig. 5. (Contd.)
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We considered iridium as a coating for the KB mir-
rors. The grazing angle for the energy range up to
30 keV, at which no less than 50% of the radiation is
reflected during double reflection, is 2.75 mrad. The
calculations were carried out, taking into account a
surface roughness (RMS) of 3 Å, using the XOP code.

We optimized the mirrors based on the following
conditions: the distance from the end of the second
mirror to the focal plane (sample) should be at least
200 mm; the typical spot size on the sample is around
100 nm; the KB mirror system should capture the
entire SR beam collimated by the transfocator. The
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHROT
200-mm distance (with a free distance of 150–
170 mm) was selected to ensure the placement of sub-
stantial power equipment for the sample environment.
With mirror lengths of 300 mm, the geometric aper-
ture of the system is approximately 825 × 825 μm. In
this geometry, the center of the first mirror should be
located at a distance of 51.34 m from the center of the
insertion device, and the center of the second mirror,
at a distance of 51.65 m. In this mode, the composite
refractive lenses are removed from the optical path.
The results of KB mirror calculations, using the
Shadow code, are presented in Table 5. In the calcula-
RON AND NEUTRON TECHNIQUES  Vol. 17  Suppl. 1  2023
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Table 3. Beam parameters upon focusing with final-focus lenses

Photon energy, keV 
(harmonic no.)

Number 
of lenses

Distance 
to the neck, m

Size of the radiation spot 
on the sample, FWHM, μm Photon flux, photons/s

H V 1%, Si/Be 1%, Cr/Be 4.6%, W/Be

9.9 (3) 14 2090 1.64 1.4 9.76 × 1014 – –

16.4 (5) 40 2038 1.74 1.62 4.39 × 1014 3.32 × 1014 3.05 × 1014

23 (7) 81 2011 1.48 1.66 – 8.54 × 1013 6.26 × 1013

29.6 (9) 138 2044 1.31 1.27 – 1.69 × 1013 –

16.4 (5e) 35 2170 1.84 2.24 – – 7.73 × 1013

23 (7e) 72 2229 2.08 2.48 – – 1.11 × 1013

Table 4. Beam parameters in the “transfocator + final-focus lenses” focusing mode

Photon energy, keV 
(harmonic no.)

Size of the radiation spot on the sample, 
FWHM, μm Photon flux, photons/s

H V 1%, Si/Be 1%, Cr/Be 4.6%, W/Be

9.9 (3) 2.65 2.1 3.16 × 1015 – –

16.4 (5) 2.89 2.6 1.38 × 1015 1.04 × 1015 9.56 × 1014

23 (7) 2.38 2.14 – 2.38 × 1014 1.74 × 1014

29.6 (9) 2.06 2.06 – 5.62 × 1013 –

16.4 (5e) 2.88 3.92 – – 2.83 × 1014

23 (7e) 2.88 3.52 – – 3.76 × 1013

Fig. 6. Image of the source for the third harmonic of the
undulator at a distance of 52 m when focusing: with (a) a
set of composite refractive lenses of the final focus, (b) a
transfocator and refractive lenses; (c) ideal KB mirrors,
(d) KB mirrors with a standard deviation of 1 nm from the
ideal mirror profile, and (e) a transfocator and KB mirrors
with a standard deviation of 1 nm from the ideal mirror
profile. The flux density is given in arbitrary units.
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tions, a generated Shadow profile with a figure error of
1 nm (root-mean-square deviation from the ideal pro-
file) was used. The slope error is approximately
70 nrad. The power of the radiation focused by the sys-
tem can reach 3.2 W, and the power density at the cen-
ter of the spot is 79 μW/nm2.

To increase the radiation f lux on the sample, a
scheme was considered in which KB mirrors are used
together with the transfocator in the collimation
mode. In this case, the size of the radiation spot on the
sample increases to 1.2 μm. The examples of images
obtained using final-focus optics at a distance of 52 m
from the source are shown in Fig. 6.

The above calculations are carried out in a geomet-
ric approximation. The transverse coherence length
for radiation with the wavelength λ at a distance R
from the source with RMS σx,y is determined as [14]

for the third harmonic at a distance of 52 m from the
source,  ≅ 260 μm, which is significantly smaller
than the apertures of KB mirrors (825 μm) and com-
posite refractive lenses of the final focus (880 μm). At
1 : 1 focusing or collimation of the radiation with the
transfocator, the transverse coherence length at a dis-

λ
=

σ
( )

,

[Å] [m]
[m] 28.21

[m]
t

c
x y

R
t

( )t
ct
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tance of 26 m from the source is half as large, 130 μm.
For higher harmonics,  is automatically smaller than
all the mentioned apertures.

( )t
ct
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Table 5. Beam parameters in the focusing mode with KB mirrors (including together with the transfocator)

KB mirror

photon energy, keV 
(harmonic no.)

size of the radiation spot on the sample, FWHM, nm photon f lux, photons/s

H V 1%, Si/Be 1%, Cr/Be 4.6%, W/Be

9.9 (3) 248 109 1.99 × 1015 – –

16.4 (5) 248 109 7.97 × 1014 6.03 × 1014 5.54 × 1014

23 (7) 257 109 – 2.09 × 1014 1.53 × 1014

29.6 (9) 257 129 – 3.82 × 1013 –

16.4 (5e) 337 109 – – 1.41 × 1014

23 (7e) 317 109 – – 2.68 × 1013

Transfocator + KB mirror

9.9 (3) 1270 1270 5.39 × 1015 – –

16.4 (5) 1270 1140 2.07 × 1015 1.57 × 1015 1.44 × 1015

23 (7) 1110 980 – 4.80 × 1014 3.52 × 1014

29.6 (9) 1190 1230 – 9.75 × 1013 –

16.4 (5e) 1180 1290 – – 5.22 × 1014

23 (7e) 1270 1270 – – 8.97 × 1013
“Sample Environment” System

A schematic diagram of the “environment” of the
sample is shown in Fig. 7. Samples can be placed at
two points: at a distance of 42–49 and 52 m from the
radiation source. At distances of 42–49 m, the radia-
tion beam is formed using the transfocator, two-mir-
ror monochromator, and four-crystal monochroma-
tor in various combinations: radiation with “natural”
divergence (the transfocator is removed from the
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHROT

Fig. 7. Schematic diagram of the sample environment system. S
scattering, respectively.

Detectors

Final-foc
optics

Optica

Six-

43.5 m
beam); radiation collimated by the transfocator; con-
verging beams (the transfocator at a distance of 26 m
from the emission point in the 1 : 1 focusing mode).

At a distance of 52 m, the radiation beam is shaped
using final-focus optics, including composite refrac-
tive lenses and KB mirrors. Various beam configura-
tions are formed in addition to the transfocator, dou-
ble-mirror monochromator, and four-crystal mono-
chromator: radiation with “natural” divergence
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(transfocator removed from the beam); radiation col-
limated by the transfocator; beams focused 1 : 1 by the
transfocator; beams focused 25 : 1 by composite
refractive lenses; beams collimated by the transfocator
and then focused by composite refractive lenses;
beams focused 100 : 1 (possibly 150 : 1) by KB mirrors;
and beams collimated by the transfocator and then
focused by KB mirrors.

In both cases, monochromatization can be per-
formed using a two-mirror monochromator with
ΔE/E = 10–2 (operating range of 10–30 keV) or
ΔE/E = 4.6 × 10–2 (operating range 15–25 keV) or
using two-mirror and four-crystal monochromators
with ΔE/E = 1.3 × 10–4 (operating range 10–30 keV).

At a distance of 42–45 m from the radiation
source, we plan to install a diffractometer based on a
multifunctional six-circle kappa goniometer for crys-
tallographic research and a six-axis robot manipulator
for automatic sample handling. At a distance of 45–47 m,
a two-meter optical table will be positioned for the
movement systems, sample manipulation, and detec-
tors. In millimeter-sized beams, various techniques
can be implemented, including monochromatic and
“pink” beam diffraction, grazing incidence and trans-
mission geometry diffraction, energy-dispersive dif-
fractometry, and various types of X-ray imaging,
including coherent imaging, X-ray f luorescence anal-
ysis, and XAFS spectroscopy. Additionally, there will
be approximately 2 m of free space (47–49 m) for con-
venient logistics within the experimental hutch.

At a distance of 52 m from the radiation source, the
station operates as a “materials-science microscope,”
providing a set of monochromatic and “pink” beams
with characteristic sizes ranging from 100 nm to 1 mm,
all converging to a single point. The final-focus optics,
slits, sample, and detectors for wide-angle X-ray scat-
tering, radiography, X-ray f luorescence, and XAFS
spectroscopy, as well as a robotic arm for quick detec-
tor changes, are located on one long, 4-m optical
table. Specialized devices for sample manipulation are
also planned to be positioned on this table.

Behind the optical table, there is a vacuum cham-
ber with a diameter of approximately 2 m and a length
of up to 25 m, following a design similar to that pro-
posed in [15]. Inside this chamber, two detectors
mounted on independent rails are installed, each cov-
ering half of the space behind the sample. This setup is
designed to facilitate the same research methods as
mentioned before but in the “materials-science
microscope” mode, as well as the small-angle and
ultra-small-angle X-ray scattering methods. The com-
bination of wide-angle and small-angle methods,
including the adjustment of detector positions within
the chamber, thus can be achieved.
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHRO
CONCLUSIONS
The possibility of investigating materials at various

structural levels (from surfaces, interfaces, grains, and
their agglomerates to entire samples) is crucial in
materials science. During submicroscopic in situ stud-
ies, where the beam size is on the order of hundreds of
nanometers, the experimenter needs to have full con-
fidence that the region under examination, where the
beam is focused, remains consistent. The presented
design concept of the materials-science beamline ful-
fills the following conditions: it offers a versatile opti-
cal solution for various experimental methods, high
fluxes, and small beam sizes for in situ and operando
research, and it operates as a “materials-science
microscope,” preserving the focal point. In other
words, it serves as a conveyor for materials science.
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