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On the correct use of refractive lenses for microscopy with high spatial
resolution at fourth-generation synchrotron radiation facilities
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Introduction

The emergence of third-generation synchrotron radiation
(SR) sources has given rise to extensive development of X-
ray coherent diffraction visualization methods. In particular,
X-ray ptychographic microscopy ensuring resolution down
to ~ 10nm have got wide applications over the recent 10
years [1,2]. When examining a sample by the ptychographic
methods using third-generation SR sources, the problem
is in low coherent photon flux resulting in considerable
time required to perform scanning. This problem becomes
especially acute in high-resolution mapping of relatively
large samples and in ptychographic tomography.

Transition to fourth-generation SR sources provides sig-
nificant brilliance growth and, therefore, makes the coherent
examination methods more attractive. And increase in
radiation flux density and the coherent fraction results in
tightening of requirements for optical elements of SR facility
beamlines. Thus, for example, it is difficult to make use
of standard beryllium compound refractive lenses (CRL)
made by powder metallurgy methods [3] because spuri-
ous interference resulting from high transverse radiation
coherency [4] is added to the typical contrast deterioration of
such lens due to small-angle X-ray scattering [4]. It should
be taken into account that at the fourth-generation SR
facilities with a relatively low electron energy of 3 GeV high
undulator harmonics are used for hard X-ray experiments.
In this case, the first optical elements of a beamline are
exposed to heat loads with high power density — the first
most intense ,Jlong-wavelength® harmonics of the undulator
are absorbed.

One of the existing solutions is to use focusing grazing-
incidence reflective optics that is mainly used, for example,
in microscopy with record-breaking high resolution on

beamlines at MAX-IV [5] and SIRIUS [6] facilities. Though
the mirror optics is well proven, this solution is the most
expensive of all possible. The paper describes a concept of
an undulator beamline at the fourth-generation SR facility
for coherent X-ray microscopy based on refractive optics,
and proposes solutions neutralizing the disadvantages of X-
ray lens in ptychography.

1. Optical arrangement and operation
modes

Short-period superconducting undulators installed in the
diffraction-limited storage rings of the modern SR sources
open up a number of opportunities for hard X-ray coherent
high-resolution microscopy and microtomography. Imple-
mentation of the fourth-generation SR source potential is
a challenge for X-ray optics and imposes the following
requirements:

e achieve the focus spot size less than 100 nm;

e vary the radiation spot size with retaining its position
on the specimen for mapping in different scales;

e perform monochromatization with a spectral width of
both AE/E ~ 1072 and 10~%;

e minimize the wavefront distortions;

e retain high photon fluxes;

e withstand thermal loads with high power density;

e ensure time stability (including neutralizing electron
beam orbit oscillations influence).

The authors propose a beamline concept satisfying the re-
quirements listed above; the appropriate optical arrangement
is shown in Figure 1. SR beam generated by the undulator
first flows through the primary filters, its angular sizes are
defined by the fixed and adjustable frontend masks. Then,
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Figure 1. Optical arrangement of the beamline (plan view): a and b — speckle microscopy mode (lensless and with secondary source,
respectively), spot size 0.1—1 mm; ¢ — ,,coarse” scanning mode, spot size 1—10um; d — ,fine* scanning mode, spot size 10—100 nm.
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the radiation falls onto a radiation-cooled filter that consists
of a set of X-ray amorphous multilayer thin films and serves
for absorption of spurious low-energy photons. Primary
monochromatization with AE/E ~ 1072 of filtered radiation
is performed using double-mirror multilayer monochroma-
tor (DMM). DMM also ensures reduction of thermal load
on the following optical elements. If required, additional
monochromatization with AE/E ~ 10~* is provided by
inserting a double channel-cut monochromator (DCCM)
Si(111) retaining the beam center line.  This optical
arrangement features the use of distributed primary X-
ray lenses that are installed upstream and downstream of
DCCM.

By inserting and removing X-ray lenses, three microscopy
modes can be implemented with retaining the beam
position on the specimen.

e The speckle microscopy mode that uses adjustable slits
to extract coherent photon flux and a speckle generator (for
example, fine-grain abrasive paper) is intended for speckle-
based multimodal X-ray imaging. It may be used in lensless
option (Figure 1,a) or with beryllium lenses (CRL-1) that
focus SR beam on a confocal aperture (pinhole) forming a
secondary source (Figure 1,5). In the option with the sec-
ondary source, the transverse coherency length is isotropic
and may be adjusted by changing the pinhole diameter.
The radiation spot size on the specimen ~ 100—1000 um,
resolution ~ lum. Pixel detector records the intensity
distribution in the Fresnel diffraction mode. It is important
that the speckle microscopy allows for wavefront distortion
by optics significantly reducing requirements for its quality.

e The ,coarse“ scanning mode (Figure 1,c¢), where
CRL-1 set focuses the SR beam on the pinhole directly
upstream of the specimen, is intended for ptychography
with the illumination spot size of 1—10um and resolution
down to ~ 100nm. The pixel detector records intensity
distribution in the Fraunhofer diffraction mode.

e In the ,fine“ scanning mode (Figure 1,d), CRL-1
set forms the secondary source on the confocal aperture,
and the final focusing is performed by a set of strong
adiabatically focusing crossed planar lenses (CRL-2). This
mode is intended for ptychography with an illumination
spot size of ~ 100nm and resolution of ~ 10nm. The
pixel detector records intensity distribution in the Fraunhofer
diffraction mode.

In all modes, fluorescent signal is recorded to obtain
additional data concerning the specimen using the energy-
dispersive detector.

CRL-1 set is divided into two parts. CRL-1-I collimates
the diverging beam upstream of DCCM that facilitates
preservation of the photon flux (see the DuMonde diagrams
in Figure 5,b). CRL-1-II in turn focuses the quasiparallel
beam on the pinhole upstream of the specimen or on the
second confocal aperture.

The described configuration with three microscopy
modes implies the following experiment scenario.

e First, speckle-based X-ray imaging is used to build a
multimodal map of the whole specimen with attenuation,
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refraction, and small-angle scattering (diffusive-dark-field)
signals retrieval [7]. Integral fluorescent signal giving
the information about the elemental composition of the
specimen is recorded in parallel. This step is also applicable
to in situ studies [8,9].

e Then by moving the specimen in plane, ,coarse”
focused-beam scanning is performed over the required
(large) area with overlapping the neighboring illuminated
zones. From the recorded diffraction patterns, the iterative
ptychographic algorithm is used to retrieve the specimen
map with high resolution [10]. Simultaneously, these flu-
orescent spectra are used to build complementary element
concentration distribution maps.

o If required, the area of interest is ,finely* scanned
similar to the previous step, but with even better resolution.

Precision rotation of the specimen with retrieval of
its projection images by the speckle-based imaging and
ptychography methods is used to build high-resolution 3D
maps [11,12]. And the SR beam stability during scanning
is ensured by slits (Figure 1,a), pinholes upstream of the
specimen (Figure 1, c) or confocal aperture (Figure 1,5, d).

2. Calculation parameters

Parameters of the SKIF storage ring [13] and parameters
of the Microfocus beamline superconducting undulator [14]
were taken for optical calculations and thermal load esti-
mates, see Table 1. It is important that SKIF accommodates
a beamline with a length up to 80 m on a single foundation,
and this defines the positions of detector, specimen and
X-ray optical elements as shown in Figure 1. Note that
the source was extended horizontally and its aspect ratio is
approximately equal to 8:1.

The calculations assumed that the beamline frontend uses
masks to set the angular aperture (75urad)?, and also
use carbon filters with density p = 2.25 g/cm3 and total
thickness 1200 ym.

3. Filters

When used in the hard X-ray range, the undulator
beamlines of fourth-generation SR sources with a relatively
low electron energy face an acute problem of thermal
power removal and thermal stabilization of the first optical
elements. Therefore, there is a need to suppress unused
high-intensity low-energy undulator harmonics.

For this, a heat-resistant radiation-cooled X-ray amor-
phous filter is proposed. The filter consists of a thin
multilayer film package placed downstream of the shield
wall. Such filter will absorb the low-energy portion of
spectrum and, thus, will reduce considerably the thermal
load on the following optical elements without introducing
wavefront distortions.

Figure 2,a shows spectrum of the photon flux emitted
into a solid angle of (75urad)? upstream of filters, down-
stream of the carbon filter 1200 um, downstream of DMM
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Table 1. storage ring and superconducting undulator parameters used for calculations

Parameter Value
Storage ring

Electron energy, GeV 3
Beam current in the main mode, mA 400
Horizontal beta-function in the center of the straight section, m 15.6
Vertical beta-function in the center of the straight section, m 24
Horizontal emittance in the main mode (with full current), pm-rad 68.18
Vertical emittance in the main mode (with full current), pm-rad 6.818
Horizontal electron bunch size in the center of the straight section ox = FWHMy/2.355, um 326
Vertical electron bunch size in the center of the straight section oy = FWHMy/2.355, um 4.02

superconducting undulator
Period, mm 15.6
Peak magnetic field, T 1.25
Number of periods 128

(in this example, DMM is set to transmission of 30.9 keV)
and downstream of DMM with introduced additional SiC
filter with a total thickness of 300um. The required
thickness of SiC is provided by the SiC/Be multilayer film
package. When used at high energies, the DMM mirrors
are placed at grazing angles ~ 0.5° to the beam due
to which DMM transmits low-energy harmonics of the
undulator as a result of total external reflection phenomenon
(see the DuMonde diagrams in Figure 3,a). Additional
SiC 300um filter ensures suppression of these spurious
harmonics reducing considerably the thermal load on the
first crystal of DCCM.

The undulator radiation power downstream of the fron-
tend at the fourth-generation SR source beamlines achieves
hundreds of W, however, all this power is concentrated
within a small solid angle of about (100urad)?. Thus,
the filter must withstand conditions of extremely high local
thermal load.

To ensure that the surface density of the absorbed power
does not exceed the allowable limit [15], in this case the SiC
layer thickness within the first film shall not exceed 1um.
Efficiency of the radiative heat sink is ensured by spacing
individual films at several millimeters. To make the device
more compact, film thicknesses may be increased as the SR
beam goes through the filter unit and is attenuated. The
calculated map of SR power density absorbed by the first
film of the filter unit in case of normal incidence is shown
in Figure 2, b.

3D and 2D densities of the absorbed power and the
thermal equilibrium temperature almost do not depend
on the angle 6 between the film surface and SR beam
at 0 ~ 1rad. However, when 6 decreases, the effective

filter thickness increases by a factor of 1/(sin6) which is
equivalent to the same decrease in the required number of
films. The calculated map of SR power density absorbed
by the first film of the filter unit at angle 0 = 10° is shown
in Figure 2,c. It is difficult to use filtering films at grazing
angles (~ 1°) because the heat-induced deformation effects
become significant. This case will be described in detail in
a separate paper.

4. Multilayer monochromator

The next optical element on the way of SR beam
is DMM. DMM serves for primary monochromatization
and reduction of thermal load on the downstream optical
elements. In addition, DMM ensures parallel offset of the
SR beam by separating it from gamma quanta generated
as a result of electron scattering by residual gas in the
storage ring. During operating energy rearrangement and
corresponding change in the grazing angle, the second
mirror moves along the beam in such a way as to ensure
constant offset.

To ensure DMM functioning within the energy range
of 10—31keV, three strips of multilayer coatings have
been chosen and their parameters are shown in Ta-
ble 2. When using Mo/B4sC and W/B4C coatings [17],
the relative energy acceptance of DMM AE/E is 10~2
which corresponds to transmission of one undulator
harmonic; and DMM is used together with DCCM.
Cr/Be coating [18] with AE/E =0.4-10"2 may be
used for ,pink® beam operation, ie. without DCCM.
DuMonde diagrams for DMM are shown in Fig-
ure 3,a.
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Figure 2. Radiation-cooled filter: @ — attenuation of spurious ,,soft“ harmonics; b and ¢ — maps of radiation power density absorbed by
the SiC 1 um film in cases of normal incidence and incidence at angle & = 10° to the surface, respectively. The calculation was performed

using SPECTRA [16].

Table 2. DMM parameters

Parameter Value

Mirror length 200 mm

Axis of rotation vertical

Mo/B4sC, N = 300, d = 3.83 nm,

Coating 1 (multilayer, number of periods N, period d,
$=0.22, omo=0.3 nm, opsc=0.3 nm

high-Z layer thickness vs. period 8, RMS interlayer roughness o)

W/B4C, N=300, d=2.1nm, 5=0.38,

Coating 2 (multilayer, number of periods N, period d,
ow=0.25nm, osc=0.49 nm

high-Z layer thickness vs. period 8, RMS interlayer roughness o)

Cr/Be, N = 400, d = 2.39nm,

Coating 3 (multilayer, number of periods N, period d,
B =0.43, 0 =0.43nm

high-Z layer thickness vs. period 8, RMS interlayer roughness o)

angle 0.927°) is shown in Figure 3,b. The peak den-
sity achieves 0.46 W/mm?, the corresponding full power
is 158 W. It was shown in [19] that the double-mirror

Calculated distribution of the surface power density
of radiation falling onto the first mirror of DMM for
the most thermally loaded case (set to 10.3keV, grazing

Technical Physics, 2024, Vol. 69, No. 7
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Figure 3. Double-mirror multilayer monochromator: @ — DuMonde diagrams (coating materials are specified, DMM transmittance is
color-coded); b — map of surface density of radiation power falling on the first mirror of DMM.

multilayer monochromator on silicon single-crystal substrate
accepting inherently higher thermal loads may function with
water cooling.

5. First set of lenses

The first set CRL-1 is placed downstream of the DMM
unit. The set is divided into two parts: CRL-1-I at 34m
from the undulator center has a focal distance of 34m
and collects radiation into a quasiparallel beam, CRL-
I-IT at 35m with a focal distance of 35m or 17.5m
focuses radiation on the pinhole upstream of the specimen
at 70 m or on the confocal aperture at 52.5 m, respectively.
CRL-1 material is beryllium, radii of curvature are R = 0.5
and 5mm. The calculated map of two-dimensional density
of absorbed power in the most thermally loaded mode
(DMM is set to 10.3 keV) for the first lens with R = 500 um
is shown in Figure 4, a.

Powder beryllium porous lenses result in small-angle X-
ray scattering (SAXS) and emergence of spurious speckle

structures on the undulator beamlines of the next generation
sources due to partial coherency [3,4]. Nevertheless,
beryllium is a widely used material for X-ray lenses due
to high 6/ ratio, it is quite low-cost in use.

6. Crystal monochromator

For the final monochromatization with AE/E ~ 1074, the
,double channel-cut® monochromator is inserted into the
beam. This is a mirror symmetric pair of Si(111) ,,channel-
cut® monochromators with beam path in the vertical plane
(Figure 5,a). Such configuration automatically implements
the zero-offset fixed-exit.

The pair of ,channel-cut® crystals improves the energy
resolution, and the resultant angular acceptance of the
monochromator is reduced significantly (see the DuMonde
diagrams in Figure 5,5 right and central). Therefore, to
keep the photon flux in the ptychography mode and speckle
microscopy mode with the secondary source, DCCM is

Technical Physics, 2024, Vol. 69, No. 7
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angular extent of the beam, blue — crystal acceptance; ¢ — map of absorbed power on the first lamella.
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used together with CRL-1-I collimating set, the right-hand
diagram in Figure 5, b.

Also note that, when DMM and DCCM are used
together, spurious multiple harmonics of monochromators
are suppressed together effectively [20]. In this case, DCCM
provides the spectromicroscopy possibility: specimen maps
are plotted for different energies within one undulator
harmonic transmitted by DMM. Energy scanning may be
performed, for example, with crossing the absorption edge
of elements for their localization on the specimen.

The power density map of radiation absorbed by the first
lamella of the first crystal of DCCM in the most thermally
loaded case (set to 10.3keV) is shown in Figure 5,c.
Density in center achieves 0.75 W/mm?, the corresponding
full power is 3.7W. It was shown in [21] that the crystal
monochromator accepting inherently higher thermal loads
may function with water cooling.

7. Second set of lenses

Crossed adiabatically focusing planar lenses made, for
example, from Si single-crystal [22] or SU-8 polymer [23]
with a focal distance of f ~ 5mm and numerical aperture
NA ~ 1073 (CRL-2 in Figure 1,d) are proposed as final-
focus optics for the ,fine” scanning mode. This optics
has no disadvantages of the powder beryllium lenses and
has been used for hard X-ray imaging with record-breaking
focal spot sizes down to < 20nm [22]. It is important
that the radiation monochromatization and the use of
confocal aperture in the intermediate beam focus reduce
considerably the thermal and radiation loads on CRL-2
making the polymer lenses potentially suitable for operation.
Figure 4, b shows the map of absorbed power for a parabolic
cylindrical Si lens with a radius of curvature of 2.45 um and
geometrical aperture of 9.4 um [22].

8. Apertures

In all operation modes, apertures are used downstream
of the monochromating optics (and CRL-1, if any). The
speckle microscopy mode uses adjustable slits at 69.5 m that
extract the coherent photon flux; the pinhole is inserted
at 70 m upstream of the specimen in the ,,coarse” scanning
mode; the confocal aperture (pinhole in the intermediate
beam focus) that defines the secondary source shape and
size is inserted in the ,fine”“ scanning mode. All apertures
are made of a refractory and highly absorbing material, for
example, Ta or W.

Pinholes for ptychography are sets of holes with different
outlet diameters (from units to hundreds of um) in the
absorber sheet; discrete variation of the illuminated zone
sizes is performed by switching between the operational
holes by means of transverse movement of the absorber
sheet. The taper of holes prevents the waveguide effect. The
pinhole used in the beam focus eliminates the background
induced by SAXS in beryllium lenses and provides the

aspect ratio of the beam cross section equal to one. Note
also that the chromatism of CRL-1 set ensures suppression
of higher harmonics of the multilayer monochromator used
without DCCM — radiation with a multiple times higher
energy turns to be ,underfocused“ when going through
the pinhole. It is important that pinholes also cancel out
beam jitter on the specimen induced by low rocking of the
electron beam orbit in the storage ring and also neutralize
the wavefront distortions induced by upstream X-ray optical
elements, thus, ,zeroing the history” of the SR beam.
Thus, the ,fine“ scanning mode creates a spectrally pure
stable monochromatic high-intensity secondary source with
high spatial coherency. Due to this, nanofocusing being
provided by specialized final-focus optics becomes possi-
ble..

Full beam absorption at 10.3 keV without DCCM is the
most thermally loaded case for apertures. The correspond-
ing power and peak power density of absorbed radiation for
lensless microscopy, ,coarse“ and ,fine“ scanning modes
are listed in Table 3.

9. Radiation on the specimen

Transverse and longitudinal coherency lengths |(rans)

and 11°9) are important properties of radiation on the spec-
imen. At the specified calculation parameters at 10.3 keV,
we have

tong) _ A% Jonm,
2A% 600 nm,

For the lensless option of the speckle microscopy mode:

if only DMM
if DCCM is inserted

along X

[ trans) _ AR ~ 72,um
Y 2\/moy.y

420 um alongy '

for the option with a secondary source the sizes of which
are defined by the pinhole diameter at D = 5 um:

AR
|{trans) — B~ 210 um.

Transverse coherency lengths in the specimen plane
correspond to transverse sizes of the imaged area in the
speckle microscopy mode. Note that the speckle-based
X-ray imaging has relatively low requirements for spatial
coherency and also may be performed using polychromatic
radiation [24,25].

Figure 6 shows calculated cross sections of the SR
beam on the specimen at 10.3keV in the lensless speckle
microscopy mode (a), secondary source speckle microscopy
mode (b) and ,coarse” scanning mode (c); estimated
photon fluxes and corresponding powers, FWHM sizes
of the illuminated zone, and spectra are shown. In the
speckle microscopy mode, radiation spot sizes are set
by the adjusted slits upstream of the specimen (corre-
sponding coherency length are taken for the calculation).
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scanning. Left-hand figures correspond to the DMM and DCCM case, right-hand figures correspond only to the DMM case.
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Table 3. Thermal loads on the apertures for operation at 10.3 keV without DCCM

FWHM horizontal FWHM vertical Power, Peak density
spot size, um spot size, um " of power, W/mm®
Slit at 69.5 m; without lenses 2170 3840 7.5 1
Pinhole at 70 m; focusing mode 1:1 80 16.3 34 2200
Pinhole at 52.5m; modes with secondary 40 9 3 6100
source

The calculation is performed by the raytracing method
in xrt software[26].

The nanofocusing mode uses crossed adiabatically focus-
ing lenses that achieve the diffraction limit — geometrical
aperture of the lenses is lower than 1(3") —210um,
therefore the focal spot size corresponds to the Airy disk

diameter.
1.224

2q = NA 100 nm.

When used at higher undulator harmonics, sub-100 nm
focusing is available.

A pair of crossed multilayer Laue lenses may serve
as an alternative for nanofocusing. In [27], such lenses
with NA ~8-107° at 16.3keV were used to achieve
experimentally the focal spot sizes of < 10 nm on both axes.

10. Specimen positioning system
and detectors

The detection diagram is shown in Figure 7. The
specimen may move in two coordinates in the vertical plane
inclined at 45° to the SR beam and also rotate about
the vertical axis in the tomography mode. An energy-
dispersive detector receiving the fluorescent signal is placed
near the specimen at right angle to the SR beam and
at 45° to the specimen motion plane. X-ray fluorescence

Pixelated
detector

Energy-dispersive
detector

Figure 7. Detection diagram.

(XRF) analysis, if required, may be performed using the
confocal arrangment [28]. In the speckle microscopy mode,
a pixelated 2D detector recording near-field diffraction
patterns is placed at ~ I m from the specimen. In the
ptychography mode, 2D-detector is moved at 5—10m from
the specimen to record far-field diffraction patterns. The
described arrangement is used for specimen mapping by
the ptychography and XRF microspectroscopy methods
simultaneously.

Conclusion

Optical arrangement of the fourth-generation SR source
beamline for hard X-ray coherent high-resolution mi-
croscopy and microtomography has been proposed. The
paper describes operation modes of optics that are used to
vary the scale of the area of interest within ~ 0.1—-100 um
and achieve the spatial resolution of ~ 10 nm. Features of
optics used on beams with high coherent flux fraction, in-
cluding those that neutralize the disadvantages of beryllium
lenses, are shown.
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