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ABSTRACT
Over the next decade, the extremely brilliant fourth generation synchrotron radiation sources are set to become a key driving force in
materials characterization and technology development. In this study, we present a conceptual design of a versatile “Materia” diffraction
and imaging beamline for a low-emittance synchrotron radiation facility. The beamline was optimized for operation with three main
principal delivery regimes: parallel collimated beam ∼1 mm beam size, micro-focus regime with ∼10 μm beam spot size on the sample,
and nano-focus regime with <100 nm focus. All regimes will operate in the photon energy range of 10–30 keV with the key feature of
the beamline being fast switching between them, as well as between the various realizations of diffraction and imaging operation modes
while maintaining the target beam position at the sample, and with both spectrally narrow and spectrally broad beams up to the energy
band ΔE/E of 5 × 10−2. The manuscript presents the details of the principal characteristics selected for the insertion device and beam-
line optics, the materials characterization techniques, including the simulations of thermal load impact on the critical beamline optics
components. Significant efforts were made to design the monochromators to mitigate the very high beam power load produced by a
superconducting undulator source. The manuscript will be of interest to research groups involved in the design of new synchrotron
beamlines.
Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0103481

I. INTRODUCTION

The fourth generation synchrotron radiation (SR) sources
provide ultra-small emittance and extremely high brightness of
x-radiation that open up new and exciting opportunities for stud-
ies of the structure and function of materials. The greatest benefit
of the new fourth generation sources can be exploited using undu-
lator beamlines that can deliver record-breaking photon flux and

small beam size on the sample. At present, there is a limited num-
ber of beamlines that utilize the full potential of the new sources
for applications in materials science. In this context, one may men-
tion the ID11 instrument at ESRF-EBS (France),1 nanoMAX and
DanMax beamlines at MAX-IV facility (Sweden),2 the EMA beam-
line under construction at the SIRIUS synchrotron (Brazil),3 among
others. One of the important trends in designing modern beam-
lines is the attempt to combine several complementary experimental
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techniques to enable the collection of simultaneous or collocative
information.

X-ray diffraction (XRD) and imaging are two of the most
requested experimental characterization modes in materials science,
with the combination of both methods being of particular inter-
est to materials scientists. Several modern beamlines are capable of
offering both methods but not simultaneously. Typically, the com-
bination is enabled by switching between the two modes. Generally,
this requires a significant amount of time and effort. At the same
time, the realization of such simultaneous combination could be of
great benefit, similar to the “point and shoot” approach that has
been used in electron microscopy for decades. It allows researchers
to select a certain specimen point for the analysis of the chemical
composition, diffraction of back-scattered electrons, secondary ion
mass spectroscopy, etc. using the previously obtained image. How-
ever, for quite a while this approach was not implemented on SR
beamlines. A notable exception is the recently built beamline K11
DIAD (Dual Imaging and Diffraction) at Diamond Light Source,
UK,4 where the relatively fast switching (up to 10 Hz) between imag-
ing (presently only in 2D) and diffraction regimes is planned to
be implemented by the angular splitting of the photon beam from
a wiggler source. The approach presented here seeks to achieve
the same objective in a different manner—by fast switching of the
required optical elements between collimated and focused beams
using small beams generated by undulators. To the best of our
knowledge, this approach has not been realized nor proposed so far.
This approach undoubtedly represents a key novelty aspect of our
work.

The aim of this paper is to introduce and detail the concept
of a flexible multipurpose beamline that provides imaging-guided
materials characterization, and to present some results of the sim-
ulation of its performance. The beamline is designed for SKIF:
Siberian Circular Photon Source facility. In this study, we present
the estimated characteristics of the beam, calculation results, and
photon beam ray-tracing simulations (flux and losses at sequential
beamline optical elements and spatial beam characteristics at vari-
ous sample positions), including the simulations of the associated
heat load effects. The end-station equipment and expected beamline
capabilities are described.

II. OBJECTIVES
The atomic structure, phase constitution, chemical composi-

tion, type, and density of crystal lattice defects, as well as the spatial
distribution of different components throughout the sample repre-
sent the most important information that determines material per-
formance. Many modern materials such as nano-/microstructured
alloys and composites can be inhomogeneous at different spatial
scales (from a few nanometers to a few millimeters), which requires
different approaches (e.g., real space vs reciprocal space charac-
terization) and different beam spot sizes on the sample. For the
purposes of fine-tuning the material properties and a comprehensive
understanding of its structure and function, in situ approaches are
becoming extremely popular in synchrotron materials science and
involve the sample being probed directly during the processes it is
subjected to under external influence. Therefore, materials scientists
require a diverse set of flexible characterization instruments. In an
ideal case, several experimental research techniques are combined

altogether within the same instrument to provide a set of comple-
mentary experimental data collected from the same point/region of
interest inside the sample.

XRD and imaging are in the range of mostly requested exper-
imental characterization techniques in materials science. That was
considered while optimizing the parameters of the insertion device
and designing the optical scheme of the entire beamline. Wherein,
both monochromatic and so-called “pink” beams are of a great inter-
est for XRD experiments, so it was decided to evaluate both beam
modes in subsequent calculations.

Other techniques, such as small-angle and ultra-small-angle
x-ray scattering (SAXS and USAXS), anomalous diffraction, x-ray
fluorescence (XRF) spectroscopy, and XRF scanning micro/nano-
probe, x-ray absorption fine structure (XAFS) spectroscopy, are
considered as supplementary. In perspective, it is also possible to use
the beamline for 3D-XRD, advanced x-ray microscopy, and micro-
tomography in various forms (dark-field, phase-contrast, coherent
diffraction imaging (CDI), and ptychography). For ptychography,
the preservation of a partially coherent beam wavefront or minimiz-
ing the effects of its distortion is a particular challenge that places
stringent requirements on the major beamline optics components
such as monochromators and final focusing optics. It is important
to avoid the appearance of undesirable speckles and fringes that can
be introduced by optics imperfections (see, e.g., Ref. 21). To mit-
igate these effects, it is planned to use phase correctors wherever
possible.22

The main feature of the proposed “Materia” beamline is the
ability to combine imaging and diffraction techniques by switching
between them within a relatively short period of time. The imag-
ing techniques would allow us to visualize the structure in a very
straightforward way and select a specific area (region of interest) on
the sample for subsequent characterization; whereas the diffraction
(as well as other supplementary techniques) provides an impor-
tant information on the “fine” structure of the sample, such as, e.g.,
phase constitution, lattice defects, crystallographic orientation, etc.
For this combined approach, we propose a single-beam solution,
which provides a few characterization techniques instantly available
at a reasonably fast time scale while switching between imaging and
diffraction modes of beamline operation.

The beamline will operate in three main beam delivery
regimes: ∼1 mm size (with no focusing—parallel or collimated
beam)—mainly for x-ray imaging, 10 μm and <100 nm with focus-
ing (mainly for XRD, SAXS, and USAXS). The distinctive feature of
the beamline will be the ability to preserve the beam spot at the same
point of a sample while changing (in a wide range) or scanning the
photon beam energy or reconfiguring the major beamline optics.

To a claim, the beamline is assumed to work as a giant
“materials science microscope” with a wide range of possibilities for
a combination of diffraction, imaging, and spectroscopic methods,
providing high spatial and temporal resolutions. Hence, significant
requirements on both the insertion device and the beamline optics
are imposed. It is necessary to provide spectrally narrow and spec-
trally wide beams, maintain high radiation fluxes, to form beams
ranging in size from 1 mm down to 100 nm at one and the same
point/area of the sample, to “hold” this point with the beamline
optics during a series of various measurements, and at the same
time to ensure a mitigation of thermal loads on principal optical
elements.
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We have proposed fairly flexible instrumental methods to
manage that challenge—the following beamline optics scheme (see
Sec. IV “Optics: general scheme”): the transfocator, double-mirror
monochromator (DMM), and quadrupole-crystal monochromators
(QCM) are in the optics hutch of the beamline, the final focus
optics (compound refractive lens (CRL) and Kirkpatrick-Baez (KB)
mirrors) in the experiments hutch.

The following operation modes of the beamline are suggested
here:

● For traditional diffraction methods, a transfocator, DMM,
and/or QCM in various combinations will be used. The
insertion device will operate normally.

● For Laue diffraction, the insertion device will operate in the
broadened harmonics generation mode, the main optical
elements will be the transfocator, and/or DMM.

● For XAFS experiments, the insertion device will also oper-
ate in the broadened harmonics generation mode, the main
optical elements will be the transfocator, DMM, and QCM.

● For microradiography methods, including microtomogra-
phy and ptychography, the transfocator and DMM will be
used. It is assumed that the main mode of operation of the
insertion device is normal, but operation in the mode of
generation of broadened harmonics is also possible.

● Transfocator, DMM, and QCM in various combinations will
be used for SAXS and USAXS, with the transfocator device
operating in normal (beam collimating) regime.

● X-ray fluorescence analysis (XRF) is considered as an
auxiliary research technique and can be easily implemented
in conjunction with other methods by installing a semi-
conductor detector. Fluorescence confocal x-ray microscopy
and microtomography are also planned.

It should be noted that DMM with different strips (see
Sec. IV B) will be used in all the above modes. It is not assumed
that the beamline will operate with the straight-through, primary (or
“white”) beam. Preliminary collimation of radiation from the source
will be provided by a set of fixed and adjustable masks placed in
the front-end. For studies on the micrometer and sub-micrometer

scales, final focus optics (CRLs and/or KB mirrors) can be selectively
inserted into the SR beam for all the experimental techniques.

To stress one important feature of the proposed scheme for
applications in materials science research—in most operating modes
of the optics the beam will be directed to the same point on the
sample. In this case, switching between different modes of beamline
operation (e.g., traditional and Laue diffraction) can be performed
at a frequency of at least 1 Hz or more by controlled insertion and
withdrawal of QCM channel-cut crystals from the beam. Changing
the size of the focal spot using a transfocator is possible within times
of about 0.1 s (or with a frequency of 10 Hz). Finally, the restruc-
turing of the system between the diffraction and imaging methods is
feasible within times of the order of 1 s (1 Hz). With the QCM, quick
XAFS could be also implemented with data acquisition frequencies
up to ∼1 kHz.

In the following text, we report the extensive use of various
simulation techniques. To aid clarity, we briefly explain the origin of
the data used for the simulations. The input parameters of the accel-
erator were received from the developers of the SKIF synchrotron.6
Superconducting undulator data were obtained from the calcula-
tions and preliminary results for the prototype produced at the
Budker Institute of Nuclear Physics (Russia).23 The parameters used
for Be lenses in the transfocator and final focus CRL were obtained
from RXOPTICS GmbH & Co. KG.4 The positions of the optical ele-
ments and their sizes used for ray tracing simulations were obtained
through iterative procedures to obtain optimal values. The choice of
the parameters used for the thermal analysis of the monochromators
is discussed in Sec. IV B 1.

III. INSERTION DEVICE
The requirements for a high flux in the range of operational

energies of 10–30 keV, small focused beam spot sizes (down to just
a few hundreds of nanometers), and “pink” beam with a 5 ⋅ 10−2

bandwidth at energies of 15–25 keV can be fulfilled by implement-
ing a two-section short-period superconducting undulator (SCU) as
an insertion device (ID). The sections are to be joined by a three-
pole phase compensator. The SCU is designed to operate at different

FIG. 1. Operational modes of the SCU. “Single line” means that the SCU sections operate with the same carrier frequency ω1; “Double line” means that the SCU sections
operate with slightly different carrier frequencies ω1 and ω2.
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TABLE I. Machine parameters of the “SKIF” storage ring and parameters of the superconducting undulator (SCU) for 400 mA
beam current. βx and βy are presented for the corresponding straight sections of the storage ring.

Machine parameters SCU parameters

Energy 3 GeV Period length 13.5 mm
Circumference 476.14 m Number of periods 280
Beam current 400 mA Peak field 1.08 T
No. of bunches 510 Magnetic gap 7 mm

Natural emittance 75 pm rad Total (after mask and filter) 10 kW (286 W)radiation power
Coupling factor 10% First harmonic 3285.92 eV

βx 0.53 m Low-β source size 18.3 μm (H) × 15.4 μm (V)(FWHM, 3rd harmonic)

βy 3.04 m Low-β source divergence 14.3 μrad (H) × 10.2 μrad (V)(3rd harmonic)

FIG. 2. (a) Angular characteristic (rms,
μrad) and (b) spatial profile (FWHM, μm)
of third harmonic in the undulator center.
The flux densities are given in relative
units. Black square marks the area trans-
mitted through the primary aperture of
86 × 61 μrad2.

modes with single/double and narrow/wide harmonics.5 Principal
scheme of the SCU operation is illustrated in Fig. 1.

The basic operational modes are single-line ones with band-
widths of 10−2 and 5× 10−2. The double-line regimes could be
implemented on request.

The characteristics of the “SKIF” facility (Table I) were
used for simulations as an example of a low-emittance storage
ring.6

Given the results of calculations, we settled on the following
parameters of ID: period of magnetic field is 13.5 mm, the number

FIG. 3. The spectral flux density through
an aperture of 86 × 61 μrad2 and peak
flux curve without diamond filters. The
SCU operates in a narrow single-line
mode.
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FIG. 4. Divergence of radiation in optimal
modes for harmonics No. 5 (a) and No.
7 (b). Flux densities are given in relative
units. Black square marks the area trans-
mitted through the aperture of 45 × 45
μrad2.

FIG. 5. Spatial profiles of harmonics in
a center of the undulator in the mode of
widened harmonics (FWHM, μm) (a) No.
5 [17.5 (h) × 24.2 (v)] and (b) No. 7 [17.5
(h) × 22.5 (v)].

of periods in section is 140 (the sections are identical), the number
of segments is 10 (the number of periods in each segment is 14), the
field is 1.08 T, and full power of radiation from ID is about 10 kW.
The highest field corresponds to the deflection parameter, K = 1.36,

the energy of the fundamental harmonic is 3.3 keV. Phase error was
taken as 3○.

Angular and spatial characteristics of harmonics in the nar-
row single-line mode of the SCU are presented for the main third

FIG. 6. The spectral flux density through
an aperture of 45 × 45 μrad2 with dia-
mond filters. The SCU operates in wide
single-line mode. Harmonics No. 5 (a)
and No. 7 (b).
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FIG. 7. Spatial distribution of power of radiation coming off the front-end in narrow
single-line mode, in mW/μrad2.

undulator harmonic in Fig. 2. Angular characteristics of harmonics
(rms, μrad) are No. 3 (14.3 × 10.2), No. 5 (13.6 × 10.2), No. 7 (13.2
× 10.2), and No. 9 (12.6 × 10.5). Calculations were made by
SPECTRA 11 code.7

The value of angular aperture (86 × 61 μrad2) corresponds
to 6σx × 6σy of the third harmonic divergence (the first opera-
tional harmonic of the SCU). The resulting envelope of the photon
flux spectral density through the above-mentioned primary angular
aperture in the narrow single-line mode is given in Fig. 3. By vary-
ing the currents in SCU‘s coils, one can achieve the suitable energy
in a range of 10–30 keV. It should be noted that the photon flux of
the fundamental harmonic is out of range but leads to heat loads
for consequent optics. In order to suppress extra heat loads we use
diamond filters with the total thickness of 400 μm. The spectral flux
density through an aperture of 86 × 61 μrad2 is presented in Fig. 3.

Angular and spatial characteristics of harmonics in the wide
single-line mode of the SCU are presented in Figs. 4 and 5, respec-
tively. Note that the SCU is optimized separately for the fifth and
seventh wide single-line mode harmonics in order to achieve an
optimal bandwidth of 5 × 10−2 and spectral uniformity for realiz-
ing the Laue diffraction technique in the energy range of 15–25 keV
as well as for QXAFS in a broader range. The angular aperture of
45 × 45 μrad2 (rectangular in Fig. 4) was selected due to the halo
attenuation and transmission of a relatively homogeneous central
part of widened harmonics.

The spectral flux density through an aperture of 45 × 45 μrad2

is presented in Fig. 6.
The total power of radiation coming through the aperture of

86 × 61 μrad2 is 525 W. The diamond filters absorb 239 W, there-
fore, the beam power coming off the front-end is 286 W. The power
density, mW/μrad2, is given in Fig. 7.

The power coming through the aperture of 45 × 45 μrad2 in
the optimal modes for the widened harmonics Nos. 5 and 7 is 211
and 208 W, respectively. The diamond filters absorb 87 and 86 W,
therefore, the remaining power coming off the front-end is 124 and
122 W, respectively. The corresponding power density, mW/μrad2,
is plotted in Fig. 8.

For further calculations of thermal loads on the major beamline
optics, the spatial distribution of the undulator radiation power in
the narrow single-line mode was used, as a most exposed one to the
heat load than the others.

IV. OPTICS: GENERAL SCHEME
The principle optical scheme of the “Materia” beamline is pre-

sented in Fig. 9. The beamline will operate as a “materials science
microscope” with focusing and/or collimating modes ranging from
1 mm down to 100 nm. To achieve different focused (or collimated)
beam spot sizes, the following optics systems are used separately
or in combination: transfocator [based on beryllium compound
refractive lenses (CRLs)], CRLs, and KB mirrors of final focus. The
required spectral bands are achieved using either DMM or QCM
(working in combination with DMM).

The following operation modes of the focusing optics are
suggested:

● Optics taken away from the beam (no focusing);
● Beam collimation with transfocator;
● Focusing 1:1 with transfocator (with a possibility of opera-

tion in converging beams);
● Focusing 25:1 with CRLs (without collimation);
● Focusing with CRLs (with collimation by transfocator);
● Focusing 100:1 with KB mirrors (without collimation, CRLs

taken away from the beam);
● Focusing with KB mirrors (with collimation by transfocator,

CRLs taken away from the beam).

FIG. 8. Spatial distribution of power of
radiation coming off the front-end in the
mode of widened harmonics No. 5 (a)
and No. 7 (b), in mW/μrad2.
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FIG. 9. General x-ray optical scheme of
the “Materia” beamline. The figure indi-
cates approximate distances from the
radiation source to the beamline optics.
(ID) insertion device; (FM) fixed horizon-
tal or vertical masks; (AM) adjustable
mask; Transfocator, a set of compound
refracting lenses; (DMM) double mul-
tilayer monochromator; (QCM) quadru-
ple crystal monochromator; (CRL) a set
of compound refracting lenses of final
focus; (KB) mirrors, Kirkpatrick-Baez mir-
rors of final focus.

In each of the listed modes, the primary monochromatiza-
tion of radiation (10−2 or 5 × 10−2) is carried out by DMM. QCM
is inserted into the beam path when/if needed—to obtain a more
narrow spectral bandwidth.

It is assumed that the “Materia” beamline will be windowless
from the radiation source to the experimental hutch operating under
ultra-high vacuum conditions (10−9–10−8 mbar). The only beam
attenuators and/or calibration filters (diamond and various metal
foils) will be present in the beam path. A thin diamond window will
be located to extract the beam into the atmosphere at the entrance
of the experimental hutch at a distance of 41–42 m from the radia-
tion source. The optics of the final focus will also be in evacuated (or
vacuum-tight) volumes.

To achieve a maximum beamline optics stability, the major
optical components (DMM and attenuators) will be always kept
under a constant beam irradiation for the thermal equilibrium over
the corresponding beamline’s operation time considered. The beam

position will be controlled by a number of monitors located both in
the front-end and in the hutches. The remotely driven safety beam
shutter will be located at the end of the optics hutch downstream of
DMM and QCM.

A. Transfocator
The transfocator is located in the optics hutch after the

radiation-protection wall (first interface at 26 m from the radiation
source). The transfocator will be used for beam collimation or for
focusing in 1:1 ratio. The optimal radius of curvature of lenses, R,
is defined by the request of keeping the highest radiation flux pos-
sible and minimization of the number of lenses in the transfocator
device when working at different undulator harmonics. Thus, the
radius of curvature is chosen to be R = 500 μm for all lenses.8 In
the future, with the development of manufacturing technology the
diamond lenses will be considered as an alternative to Beryllium.

TABLE II. Beam parameters for collimating mode.

Photon energy, keV Number Focal Focused beam spot size, FWHM (μm) Photon flux (ph/s)

(harmonic’s number) of CRLs length (m) H V Si/Be Cr/Be 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 (5w) 7 24.0 1086 1086 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 1.18 × 1015

23 (7w) 14 25.3 1112 1113 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 2.13 × 1014
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TABLE III. Beam parameters for 1:1 focusing mode.

Photon energy (keV) Number Image Focused beam spot size, FWHM (μm) Photon flux (ph/s)

(harmonic’s number) of CRLs distance (m) H V Si/Be Cr/Be 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 (5w) 13 28.9 35 45 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 1.04 × 1015

23 (7w) 28 26.5 29 35 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 1.72 × 1014

FIG. 10. Beam spot shapes at the sample plane (52 m from the source) for the third undulator harmonic. (a) Collimation mode, (b) 1:1 focusing, (c) no optics.

The results of simulations for the transfocator (number of
lenses, focal distance, beam spot size, and flux on sample) in the
beam collimation and focusing modes are presented in Tables II
and III, respectively. The simulations were performed using the
Shadow 3 software package9 for the magnetic field that corresponds
to the maximum of intensity of undulator harmonics. The double
reflection from the DMM as well as absorption coefficients with
additional filters (described in the “DMM + QCM” section below)
was taken into account. The Si/Be and Cr/Be multilayer mirrors are
selected for the pre-monochromatization in a standard SCU operat-
ing mode and the W/Be one for the wide single-line mode. Note that
the W/Be mirrors can also be used in a standard mode of the SCU
operation. The calculation results indicate both cases of use of the
W/Be mirrors, with a letter “w” marking widened harmonics.

Examples of the source image for collimation and 1:1 focus-
ing modes of transfocator are presented in Fig. 10. The image
of the source without a transfocator is also shown. A ray-tracing
simulations were carried out for the third harmonic of the SCU.

B. Monochromators
At the “Materia” beamline, it is planned to install both the

horizontally deflecting double-multilayer monochromator (DMM)
and the vertically deflecting quadruple crystal monochromator
(QCM). They can work either in combination or individually. The
QCM will provide the final beam monochromatization, ΔE/E, of
1.3 × 10−4 with Si (111) crystals where requested.

1. Double-multilayer monochromator (DMM)
A double-mirror multilayer monochromator consists of a pair

of flat mirrors arranged vertically, i.e., the reflection plane of the
DMM is horizontal. The DMM is intended for monochromatiza-
tion of the SR beam with ΔE/E of about 10−2 and 5 × 10−2 or (when
paired with QCM) for primary monochromatization and reducing
the thermal load on the first QCM crystal.

The mirror coating will consist of three strips 5 mm wide:
Si/Be, Cr/Be and W/Be. The Si/Be and Cr/Be pairs with ΔE/E
= 10−2 cover the main energy range of 10–30 keV, whereas the
W/Be pair with ΔE/E = 4.6 × 10−2 is designed to operate in the
extended fifth or seventh undulator harmonics mode. Coating para-
meters are presented in Table IV, reflectivity of multilayers—in
Fig. 11. Calculations were performed taking into account the sub-
strate roughness (rms) of 3 Å and the interlayer roughness (rms) of
3 Å using the multifitting code10 and the XOP code.11 Grazing angles
range from 0.3○ (fifth harmonic of the SCU, Si/Be mirrors) to 0.75○

(fifth harmonic of the SCU, Cr/Be mirrors). The optimal length of
the mirror to capture the whole beam is about 300 mm.

For the selected range of grazing angles of incidence,
0.3○–0.75○, we considered the scheme of translating the mirrors
and possible variant of the DMM construction as shown in Fig. 12.
The full range of longitudinal translation of the second mirror
required against the fixed position of the first mirror with an offset of
Hoffset = 15 mm is L, from 573 to 1432 mm, i.e., 859 mm. No hori-
zontal adjustment of mirrors is required [in direction D, Fig. 12(a)]
since shift of the second mirror will be less than 1 μm. The change
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TABLE IV. Parameters of DMM multilayer coatings. N is the number of layers, is the ratio of the thickness of the even
sublayer to the thickness of the period of the structure.

Strip, No. Coating Period (Å) N Energy range (keV) ΔE/E Grazing angles (deg)

1 Si/Be 76.6 300 0.33 9–16 10−2 0.3–0.5
2 Cr/Be 30 300 0.33 16–30 10−2 0.4–0.75
3 W/Be 38 150 0.40 16–25 4.6 × 10−2 0.4–0.6

of the working strips of mirrors will be simply made by their verti-
cal translation (along coordinate Y) across the beam by 12–15 mm.
Note that an offset of 15 mm makes it easy to install Bremsstrahlung
radiation shielding in the optics hutch.

FIG. 11. Multilayer structures reflectivity: (a) Si/Be, (b) Cr/Be, (c) W/Be.

The novelty of our concept is the use of vacuum chambers
of relatively small size and the removal of all critical, precision
movements from the vacuum to the outside into the atmosphere
[Fig. 12(b)]. The device uses three, with a diameter of about 400 mm,
short vacuum chambers. The first (on the left along the incident
beam) and the last [No. 3 in Fig. 12(b)] chambers remain station-
ary in the direction of the optical axis of the device, and the second
chamber moves widely. The multilayer mirrors are placed in the first
and second chambers. The first chamber is mounted on a motion
system that provides all necessary adjustments and movements
(pitch, vertical, and horizontal translations). Vertical movement
is due not only to the precise adjustment of the monochroma-
tor to the incoming beam but also allows us to quickly change
the type of working multilayers’ strip. The movement system of
the second chamber, in addition to those noted above, includes
a long-range, longitudinal, linear translation stage of ∼1-m travel
for scanning the energy. To ensure the required kinematics of the
device, the central chamber is connected to the fixed chambers by
means of a welded bellows providing a range of movements of
more than four times relative to the compressed state. The whole
device is mounted on a massive, stable granite table. The total
length (from flange to flange) of entire system is estimated to be
about 3 m.

The heat released into the mirrors is one of the crucial issues
in the design of DMM. The absorption of a heat leads to the thus-
induced shape and slope errors causing undesirable focusing or
defocusing effects.12 For this reason, a thorough numerical simu-
lation of temperature distribution and corresponding deformations
of the mirror was carried out. The spatial distribution of incident
power density, shown in Fig. 13, was calculated by SPECTRA 11
software. It was assumed that all power was absorbed by the mir-
ror, and the heating source was surficial. A rather severe operation
mode with grazing angle of 0.75○ and an absorbed power of 287 W
was chosen for simulations. The thermal analysis for the stationary
case was carried out using the ANSYS 2020R2 simulation software
(Fluent module).

The geometry, which was used for calculations and boundary
conditions, is shown in Fig. 14. The “smart cut” design was chosen
for the mirror geometry following the recommendation of previous
studies.12,13 This means that the mirror had small notches along the
cooled sides. The effect of these notches is to reduce the slope error.
The cooling is made by copper heat exchangers, attached to both
sides of the mirror. The temperature of water in the heat exchanger
was defined to be 295 K and mass flow rate of water 5 l/h.12,14 The
conditions for radiative heat exchange with the environment were
set for the side and bottom planes of the mirror for T0 = 295 K and
ε = 1. The temperature dependence of silicon thermo-mechanical
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FIG. 12. (a) Multilayers geometry: L is
a distance between centers of mirrors
along the reflecting planes of mirrors,
D is a spacing between the reflect-
ing planes of mirrors, P is a dis-
tance between the centers of mirrors
along the beam source direction. (b)
Schematics of DMM construction with
vacuum volumes bound with bellow
knots on one common vibration-resistant
plate/platform. The red dot lines mark
the axes of mirrors’ rotations; the ranges
of compression–expansion of bellows,
outside translation linear stages (two
vertical and one long-range longitudinal
stages) are also shown (in green).

properties was taken into account.15 The dependences of the linear
thermal expansion coefficient of silicon were used16,17 for ANSYS
2020R2 calculations of the stress–strain state of the mirror during
heating.

Figure 15 shows the distributions of temperatures and displace-
ments simulated. It concludes that the main temperature change of
a mirror surface occurs in the region where the heat flux is actually
applied.

FIG. 13. Absorbed power density.

Figure 16 shows local temperature, displacement, and angu-
lar strain profiles in the Y-Z and X-Z planes. Consequently, the
permissible parameters of angular displacements, in accordance
with the recommendations of the article,12 can be satisfied by cooling
the mirror with just a water as a coolant.

Resulting flux densities of a beam passed through the DMM
are given in Fig. 17 for the standard SCU mode and in Fig. 18 for
the wide fifth and seventh harmonics modes. It has been established
that when the DMM is used in the region of high harmonics, the
transmitted radiation spectrum is contaminated with parasitic soft
x-rays due to total reflection. Therefore, additional filters are sug-
gested. The materials and thicknesses of these filters are shown in
the figure legends as well as the harmonic coefficients Chn, defined
as Chn =

√
∑i≠nF2

i /Fn × 100%, where F is a harmonic‘s peak spectral
flux density, i is a harmonic number, n is a number of the operational
harmonic.

One more advantage of using DMM as the major optical ele-
ment of the beamline in spectroscopic (first of all, XAFS) studies
should be noted. As can be seen from Fig. 18, multilayer mir-
rors effectively suppress higher order harmonics of the SCU, which
excludes the necessity for any additional harmonic rejection mirror
in the beamline.
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FIG. 14. Mirror geometry (a) and bound-
ary conditions for thermal analysis (b).

FIG. 15. Results of thermal and deformation calculations: (a) distribution of temperature, (b) material displacement.

FIG. 16. Profiles of temperature, displacement, and slope: T , temperature (K), δ, displacement (m), Δ, slope (rad): (a) Y-Z plane, (b) X-Z plane.
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FIG. 17. Spectral flux densities after
DMM in the standard mode of the SCU
for Si/Be (a), Cr/Be (b), and W/Be (c)
strips.

2. Quadruple crystal monochromator (QCM)

The QCM consists of a mirror–symmetrical pair of channel-
cut Si (111) crystals and is designed for final monochromatization
(with ΔE/E ∼ 10−4). The reflection plane is chosen to be vertical,
i.e., orthogonal to the reflection plane of the DMM in order to

decouple the two rotary systems of DMM and QCM from each
other.

The main advantage of using the QCM is the preservation of
beam position at the sample plane while operating several experi-
mental methods at the same energy or when the photon energy is
being scanned, as well as during insertions/removals of the QCM

Rev. Sci. Instrum. 94, 013305 (2023); doi: 10.1063/5.0103481 94, 013305-12

Published under an exclusive license by AIP Publishing

https://scitation.org/journal/rsi


Review of
Scientific Instruments ARTICLE scitation.org/journal/rsi

FIG. 18. Spectral flux densities after
DMM in the wide fifth and seventh har-
monics modes of the SCU: (a) opti-
mized for fifth harmonic, (b) optimized for
seventh harmonic.

from the beam path and when the QCM is being tuned to another
undulator harmonic or inside the broadened harmonic during the
same experiment. An additional advantage of using the QCM is the
ability to relatively easy implement the fast energy scanning, which is
essential for performing QXAFS with XANES data acquisition rates
up to at least 1 kHz. The combination of the wide-harmonic mode
of the SCU and the “DMM + QCM” system will allow a fast energy
scans during experiments, which are critical for QXAFS and Laue
diffraction techniques.

We should note that the first crystal of QCM undergoes the
highest thermal load in the mode of passing the third harmonic
(strip Si/Be of DMM) with a total radiation power of ∼14 W, which is
rather high. The Bragg angle corresponding to the maximum of the
third undulator harmonic is 11.63○ equivalent to the photon energy
of 9.9 keV. The calculated power density distribution for such a case
is presented in Fig. 19.

To simplify a task, the thermal calculations and calculations
of deformations of the first crystal of QCM were performed with
the help of numerical models built for DMM. The principal ques-
tion that we were looking the answer to was whether there is an
alternative for liquid nitrogen cooling with such high thermal loads
(Figs. 20 and 21).

As can be seen from the resulting profiles (induced surface
displacements and angular slopes) presented in Fig. 21, the largest
slopes are observed at the periphery of the beam and are about
0.3–0.4 μrad. Thus, we can conclude that the use of liquid nitrogen
as a coolant is a reasonable choice because this is much less than the
Darwin’s width of the Si(111) crystal rocking curve at this specific
energy/Bragg angle.

FIG. 19. Absorbed power density for QCM at grazing angle of 11.63○, and a total
absorbed power of 14 W.

Rev. Sci. Instrum. 94, 013305 (2023); doi: 10.1063/5.0103481 94, 013305-13

Published under an exclusive license by AIP Publishing

https://scitation.org/journal/rsi


Review of
Scientific Instruments ARTICLE scitation.org/journal/rsi

FIG. 20. Volume steady distribution of temperature (a) and linear displacements (b) of the first crystal with the Bragg angle of 11.63○. Case of liquid nitrogen cooling.

FIG. 21. Profiles of temperature, displacement, and slope: T , temperature (K), δ, displacement (m), Δ, slope (rad): (a) Y-Z plane, (b) X-Z plane.

FIG. 22. Spectral flux densities after
DMM and QCM in the standard (a) and
the wide fifth harmonic (b) modes of the
SCU.
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Finally, examples of resulting flux densities (fifth harmonic)
passed through both the DMM and QCM are given in Fig. 22: on
the left—for the standard SCU mode, on the right—for the wide line
mode.

3. Final focus optics: CRLs
Among elements of optics of final focus is a set of compound

refractive lenses (CRLs), the first interface of which is located at a
distance of ∼50 m from the center of the SCU. CRLs of final focus are

intended for the 25:1 focusing ratio. The results of calculations are
presented in Table V. An example of the source image obtained at a
distance of 52 m from the source is given in Fig. 23 (left). As in case
with transfocator, we looked at using identical lenses. The lens radius
R = 200 μm (at parabola’s apex) was selected so that the geometric
aperture of CRL (880 μm) completely passes the beam collimated by
the transfocator.

To increase the radiation flux on the sample, we also consid-
ered the option in which CRLs of final focus are used together with
transfocator, the latter working in collimation mode. The results

TABLE V. Parameters of Be CRLs of final focus. Radius of curvature of lenses, R = 200 μm.

Size of radiation Number of photons per second after passing DMM

Energy of Distance from
spot in focus (elemental composition of pairs of multilayered mirrors is

photons (keV) Number first interface
(FWHM) (μm) indicated) and CRL

(harmonic’s number) lenses to waist (mm) H (μm) V (μm) Si/Be Cr/Be 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 (5w) 35 2170 1.84 2.24 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 7.73 × 1013

23 (7w) 72 2229 2.08 2.48 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 1.11 × 1013

FIG. 23. Source images calculated for
the third undulator harmonic at 52 m from
the source with focusing by only lenses
of final focus (a) and lenses of final focus
together with the collimating transfoca-
tor (b). Intensity is given in relative units.
The calculations were performed using
the Shadow software and do not take
into account possible coherence effects
that can result in the appearance of
diffraction-induced features in the beam.

TABLE VI. Parameters of final focus in the “transfocator + CRL” configuration.

Energy of
Beam spot size Number of photons per second after passing zoom lens, DMM (elemental

photons (keV)
at focus (FWHM) (μm) composition of pairs of multilayered mirrors is indicated) and CRL

(harmonic’s number) H (μm) V (μm) Si/Be Cr/Be 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 (5w) 2.88 3.92 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 2.83 × 1014

23 (7w) 2.88 3.52 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 3.76 × 1013

Rev. Sci. Instrum. 94, 013305 (2023); doi: 10.1063/5.0103481 94, 013305-15

Published under an exclusive license by AIP Publishing

https://scitation.org/journal/rsi


Review of
Scientific Instruments ARTICLE scitation.org/journal/rsi

FIG. 24. Ir reflectivity with fixed grazing angle of 2.75 mrad.

FIG. 25. Beam path with focusing by KB mirrors and geometric parameters of the
system.

of calculations are summarized in Table VI. An example of the
source image obtained at 52 m is given in Fig. 23 (right). In this
case, the beam spot size on the sample increases up to 2.5 μm, i.e.,
approximately by 1.6 times, and the flux increases by ∼3 times as we
expected.

4. Final focus optics: KB mirrors
Another element of final focus is Kirkpatrick-Baez mirrors’

system. KB mirrors are used in the scheme where the first mirror
focuses the beam vertically and the second one horizontally.

A coating of KB mirrors is iridium, Ir. The grazing angle for
a range of energies up to 30 keV was chosen to be 2.75 mrad
(criterion—no less than 50% of radiation is saved after double reflec-
tion). The Ir reflection coefficient as a function of energy at the fixed
grazing angle of 2.75 mrad is shown in Fig. 24. The calculations were
made assuming a roughness (rms) of 3 Å using the XOP software
code.

For optimization of mirrors, we considered the following con-
ditions: the distance from the edge of the second, last mirror to the
focal plane (=sample) must be no less than 200 mm, the typical size
of a beam spot on the sample must be about 100 nm, and the system
of KB mirrors must catch all SR beam collimated by transfocator.
The distance of 200 mm (free distance of 150–170 mm to set up the
experiment) is selected so that it would be possible to accommo-
date a large user’s equipment and installations. With the designed
mirror length of 300 mm the geometric aperture of the system is
∼825 × 825 μm2. In this geometry (Fig. 25), the center of the first
mirror must be located at a distance of 51.34 m from the center of
the SCU, the center of the second mirror at 51.65 m. Such a system
of KB mirrors allows for the realization of the final focusing with
the optical “lever arm” of 78:1 vertically and 148:1 horizontally, the
meridional radii of curvature in the centers of mirrors are 474 and
253 m, respectively. In our calculations, we assumed that for focus-
ing the SR beam with KB mirrors, the CRLs of final focus are taken
out from the optical beam path.

An example of source image in the focal plane (at a distance of
52 m from ID) is given in Fig. 26, the results of calculations of KB
mirrors using the Shadow 3 code are presented in Table VII. For
understanding real beam parameters in the focus, we have intro-
duced a randomly Shadow-generated mirror’s profile with figure
error (rms of deviation from a perfect mirror shape) of 1 nm, which
can be readily reached by processing the surface.18 The slope angular
error corresponding to this mentioned figure error is about 70 nrad.
It should be noted that the radiation power focused by the optical
system can reach 3.2 W and the power density in the center of the
beam spot is 79 μW/nm2.

To increase the flux on the sample, we also considered the
scheme where KB mirrors are used together with the transfocator
(in collimation mode). In this case, the beam size on the sample
increases up to 1.2 μm. The results of calculations of this operat-
ing mode are given in Table VIII. An example of the source image
obtained at 52 m from the source is presented in Fig. 27.

FIG. 26. Source image calculated for the
third undulator harmonic at a distance
of 52 m from the source with focusing
by KB mirrors without (a) and with (b)
the corresponding figure error (rms) of
1 nm. The size (FWHM, nm): 178 (h)
× 99 (v) and 248 (h) × 109 (v), respec-
tively. H, horizontal, V, vertical. Intensity
is given in relative units. The calculations
were performed using the Shadow soft-
ware and do not take into account pos-
sible coherence effects that can result
in the appearance of diffraction-induced
features in the beam.
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TABLE VII. Parameters of final focus for the system of KB mirrors. Here and after the sizes are given under the assumption of mirror’s figure errors (rms) of 1 nm.

Energy of
Beam spot size in Number of photons per second after passing DMM and KB mirrors

photons (keV)
focus (FWHM) (nm) (pairs of elements of multilayered mirrors are indicated)

(harmonic’s number) H V Si/Be Cr/Be 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 (5w) 337 109 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 1.41 × 1014

23 (7w) 317 109 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 2.68 × 1013

TABLE VIII. Calculations of the system “Transfocator + KB.”

Energy of
Beam spot size in Number of photons per second after passing DMM and KB mirrors

photons (keV)
focus (FWHM) (μm) (pairs of elements of multilayered mirrors are indicated)

(harmonic’s number) H V Si/Be Cr/Be W/Be

9.9 (3) 1.27 1.27 5.39 × 1015 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅
16.4 (5) 1.27 1.14 2.07 × 1015 1.57 × 1015 1.44 × 1015

23 (7) 1.11 0.98 ⋅ ⋅ ⋅ 4.80 × 1014 3.52 × 1014

29.6 (9) 1.19 1.23 ⋅ ⋅ ⋅ 9.75 × 1013 ⋅ ⋅ ⋅
16.4 (5w) 1.18 1.29 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 5.22 × 1014

23 (7w) 1.27 1.27 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 8.97 × 1013

Note, the calculations given above are made in geometric
approximation. The transverse coherence length for radiation with
a wavelength λ at a distance R from the source with the rms size of
σx,y is defined as19

t(t)c [m] = 28.21
λ[Å]R[m]

σx,y[m]
.

FIG. 27. Source image calculated for the third undulator harmonic at 52 m from
the source with focusing by KB mirrors of radiation prior collimated by transfoca-
tor. Intensity is given in relative units. The calculations were performed using the
Shadow software and do not take into account possible coherence effects that can
result in the appearance of diffraction-induced features in the beam.

For the third harmonic, at 52 m from the source t(t)c equals to
∼260 μm, which is significantly less than the effective apertures of KB
mirrors (825 μm) and CRLs of final focus (880 μm). With focusing in
1:1 ratio or collimation with transfocator, the transverse coherence
length at 26 m from the source is twice less—130 μm. For higher
harmonics, t(t)c is lower than all mentioned apertures altogether. We
find that such coherence level is high enough to add some struc-
ture to the intensity profiles calculated by ray-tracing but not enough
to greatly change the overall beam shape and intensity distribution
across the focused beam spot.

V. END-STATION
The principal configuration of the experimental end-station is

presented in Fig. 28. There are two places for samples: at distances
(a) 42–49 m and (b) 52 m from the radiation source.

The following beam forming methods are available at distances
of 42–49 m by using the transfocator, DMM and QCM:

● radiation with “natural” divergence (with transfocator
removed from the beam);

● radiation collimated by transfocator;
● converging beams (transfocator at 26 m from the source

work in the 1:1 focusing mode).

At 52 m from the source, the transfocator, DMM, QCM, and
final focusing optics (CRLs and KB mirrors) will provide:

● radiation with “natural” divergence (with transfocator
removed from the beam);
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FIG. 28. Principal scheme of sample
environments installation.

● radiation collimated by transfocator;
● beams focused by transfocator 1:1;
● beams focused by CRL 25:1;
● beams collimated by transfocator and focused by CRL;
● beams focused by KB mirrors 100:1 (possibly 150:1);
● beams collimated by transfocator and focused by KB

mirrors.

In both cases, it is possible to have monochromatization as
follows:

● using DMM with dE/E = 1 × 10−2 (operating energy range:
10–30 keV);

● using DMM with dE/E = 4.6 × 10−2 (operating range:
15–25 keV);

● using DMM and QCM with dE/E = 1.3 × 10−4 (operating
range: 10–30 keV).

At 42–45 m from the radiation source, it is planned to install
a diffractometer based on a multifunctional, six-axis kappa diffrac-
tometer for crystallographic studies; and, at 45–47 m, a two-m-long
optical table for various sample environment systems and detec-
tors. Using relatively wide (not focused) beams, it will be possible
to perform diffraction experiments with monochromatic and “pink”
beam, diffraction in grazing incidence geometry, energy dispersive
diffractometry, XRF and XAFS spectroscopy, and various types of
x-ray imaging.

At 52 m from the source, the beamline is supposed to operate
as virtually a “materials science microscope,” i.e., a set of monochro-
matic and “pink” beams with characteristic sizes ranging from
100 nm up to 1 mm pointing to the same position at the sample
will be available. Optics of final focus, slits, sample manipulators and
positioners, detectors for WAXS, x-ray imaging, XRF, and XAFS
spectroscopy, as well as a robotic manipulator for a quick change

or replacement of detectors will be installed on a 4-m-long optical
table. It is also planned to have specialized devices for mechanical
and thermal treatments of the sample, as well as other user-provided
apparatus, on this optical table. For SAXS and USAXS experiments,
an evacuated chamber (i.e., the flight path tube under the modest
vacuum, 10−4–10−3 mbar) with a diameter of 1.5–2 m and a length
of up to 25 m (in analogy with Ref. 20) will be located behind the
optical table. Here, it is planned to install two detectors, inside the
vacuum chamber, on independent rails covering half of the space
behind the sample. In this case, a combination of WAXS, SAXS, and
USAXS as well as other experimental methods utilizing coherence,
e.g., ptychography, will be realized.

VI. CONCLUSIONS
In materials science, it is essential to study matter at differ-

ent structural levels: from surfaces, interfaces, and grains to their
agglomerations and a whole bodies. Once we get down to the
nanometer scale, it is important to make sure that we are explor-
ing the same area (region of interest) in the sample. This is especially
true for the characterization of in situ processes. These basic require-
ments are fulfilled by the presented beamline conceptual design.
Namely, the following objectives have been addressed and achieved:

● Flexible beamline design for different experimental
methods.

● Appropriate spatial resolution and high temporal resolution
for in situ and operando research.

● Model of a “Materials science microscope” with a high
variety of focusing modes.

We believe that our ideas and technical solutions, which we
found and presented here, will be of a great interest for others
developing and designing similar instruments around the world.
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