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Abstract—A brief description of the concept of a soft X-ray microscope for the Nanoscope station, which is
planned to be installed at the SKIF fourth-generation synchrotron, is given. The microscope is designed to
study the structure of cells and dynamic processes in them with nanometer spatial resolution. It will use a
unique absorption contrast of ~15 between carbon-containing structures and water in the spectral range of
the water window, A = 2.3—4.3 nm, which eliminates the need for contrasting and the use of fluorophores and
minimizes the doses of ionizing radiation absorbed in the samples to obtain high-quality 3D images. The
scanning and projection schemes of the microscope, their main technical characteristics, including the cal-
culated spectra and parameters of the undulator source are presented, and an estimate of the absorbed doses
depending on the resolution is obtained. The main advantage of the proposed concept lies in the use of an
objective lens of high-aperture multilayer X-ray mirrors, which makes it possible to clearly visualize the focal
section of the sample. Technically simple axial tomography will also be used to reconstruct the three-dimen-
sional structure of frozen or dried samples. In the scanning scheme, due to a low dose of radiation, it will be
possible to study living plant cells with a resolution of up to 10 nm, animals with a resolution of up to 80 nm,
and cryofixed samples with a resolution of up to 5 nm. In the projection scheme, due to simultaneous obser-
vation of the entire focal XY section, the time for obtaining three-dimensional images is significantly reduced,
but due to a large dose, it will be oriented mainly on the study of fixed samples.
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INTRODUCTION

In modern biological and medical problems to
understand the mechanisms of the functioning of bio-
logical cells, as well as to study the effect of various dis-
eases on cells [1, 2] it is required to see the component
parts of native, ideally living, cells with a resolution of
tens of nanometers. To solve this problem, researchers
currently have two tools in their arsenal: electron
microscopy [3] and optical microscopy with super res-
olution [4].

The main physical limitation of these methods is
the need to use fluorophores in the case of fluores-
cence methods or contrast in electron microscopy.
The use of these substances in itself modifies the
object under study. These methods make it possible to
observe only structures and molecules bearing a fluo-
rescent label or a contrast agent, while the rest of the

531

sample material, which forms the biological “context”
in which the structure under study is located or the
process under study proceeds, remains inaccessible for
observation.

For more than 30 years, soft X-ray microscopy has
been developed in the spectral region of the water win-
dow of 2.3—4.3 nm. The uniqueness of this method
lies in the following. First, there is a large, ~15,
absorption contrast between proteins, fats and carbo-
hydrates, which are based on carbon, in relation to the
intercellular fluid (the main absorbing element is oxy-
gen). This eliminates the need for contrast enhance-
ment and minimizes the absorbed dose needed to
obtain high-quality images. Secondly, there is practi-
cally no scattering, which, together with a sufficiently
long radiation path length, makes it possible to study
rather thick samples, up to 10 um or more, which can
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even be placed in a cell at normal pressure. More
details about the features of the interaction of radia-
tion in this range with biological samples are described
in [2].

In view of the relevance of the topic, modern syn-
chrotrons have corresponding stations for soft X-ray
microscopy. Microscopes are divided into scanning
[5—8] and projection [9—12] types. Both scanning and
projection microscopes based on Fresnel zone plates
provide high lateral (2D) resolution. For example, in
[6], the 2D resolution was less than 10 nm. The situa-
tion with volumetric resolution is much worse. In [5],
a 3D resolution of 30 nm in the lateral plane and 550
nm along the optical axis was obtained. In the best
projection soft X-ray microscopes, in which frozen
samples were studied, a volumetric (3D) resolution of
50—60 nm was obtained [9—12]. However, despite the
prospects and the demonstration of a number of
undoubted achievements, soft X-ray microscopy has
not become an important tool in cell biology.

The main reason for this is the shortcomings of the
used concept of microscopes based on Fresnel zone
plates. The main disadvantages of such plates are low
efficiency and angular aperture (N4 < 0.1). The low
efficiency of plates in projection microscopes results
in an additional absorbed dose. A low numerical aper-
ture leads to a large (units of micrometers) depth of
focus, which severely limits the 3D resolution in a
scanning-microscope setup. Projection microscopy
for reconstructing the 3D structure of a cell requires
the use of a laborious and time-consuming procedure
of angular tomography, which, in addition to loss of
accuracy, leads to additional absorbed doses.

Therefore, the search for new approaches to the
construction of microscopes for the water window is
extremely important. The goal of the solutions pro-
posed in this work is to achieve nanometer 3D resolu-
tion at the lowest possible absorbed doses in biological
samples, ideally, the possibility of observing living
cells. To achieve this goal, the Nanoscope station will
be developed at the SKIF fourth generation synchro-
tron, designed to study the structure of cells and
dynamic processes in them with nanometer spatial
resolution. The paper describes the principles of the
microscope construction, its X-ray optical schemes,
and the assessment of absorbed doses depending on
the resolution.

SELECTION OF MICROSCOPE TYPE,
OPTICS AND WAVELENGTH

When choosing the type of microscope, we were
guided by the following considerations. Minimal
absorbed doses can be achieved using scanning X-ray
microscopes. This is due to the fact that in a projection
microscope, intensity losses on the X-ray optical ele-
ments of the objective lens directly lead to an increase
in the absorbed dose. For example, with a scheme effi-
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ciency of 10%, in order to achieve the required number
of beneficial events, it is necessary to increase the
absorbed dose by 10 times. In a scanning microscope,
losses on X-ray optical elements lead only to a loss in
the intensity of the probe beam and have no effect on
the dose absorbed in the sample.

Another advantage of the scanning microscope is
that no matrix detectors are required for image acqui-
sition. This makes it possible to increase the recording
efficiency to almost 100% and to noticeably (up to
MHz) increase the speed of the detector.

However, the use of a scanning microscope for the
3D reconstruction of samples is limited by the depth of
focus DoF of the focusing optics:

DoF =)/ NA?, (1)

where A is the working wavelength of the microscope
and NA is the numerical aperture. It can be seen from
relation (1) that in order to achieve a resolution at the
wavelength level, high-aperture optics with NA
approaching unity is required. In the case of Fresnel
zone plates NA < 0.1 [5—12]; therefore, their longitu-
dinal resolution will be greater than +100A. For this
reason, this type of optics is not suitable for an ultra-
high resolution scanning microscope.

Multilayer normal-incidence X-ray mirrors depos-
ited onto focusing substrates have large geometric and
angular apertures. In particular, on the basis of these
elements, lenses for projection lithography at a wave-
length of 13.5 nm with a numerical aperture of NA =
0.3—0.33 [13, 14] are fabricated and a lens with NA =
0.55 isunder development [15].

The maximum absorption contrast between pro-
teins and water (about 20), as well as the minimum
absorption (absorption length of about 10 um) can be
achieved at a wavelength in the immediate vicinity of
the oxygen absorption edge Aox = 2.33 nm. For this
spectral region, the largest reflection coefficients R =
9% at normal incidence at a wavelength of A =2.42 nm
is characteristic of multilayer Cr/V X-ray mirrors [16].
The bandwidth is 0.2%.

Of interest are also Cr/Ti/B,C and Cr/Sc mirrors.
In the first case, at a wavelength of 2.83 nm at normal
incidence, the reflectance R = 15.75% was obtained at
a spectral bandwidth of 0.3% [17]. However, the
results of [16, 17] raise certain doubts, since they are
given once and in nonreviewed publications.

Cr/Sc multilayer X-ray mirrors have a record
reflectance of R = 23% at a wavelength of 3.12 nm with
a spectral bandwidth of 0.3% [18]. For the developed
microscope, a pair of Cr/Sc materials was chosen and,
accordingly, an operating wavelength of 3.12 nm. This
choice was made for the following reasons. First, we
have many years of experience in the development and
application of Cr/Sc mirrors [19—21]. In [22], the
reflection coefficient was obtained for structures with-
out Cr/Sc barrier layers R = 21%. We believe that the
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Table 1. Basic parameters of the X-ray source
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Parameter Value
Source type X planar vertical undulator:
Period, cm 5
Number of periods 78
Longitudinal length, m 3.9
Operating wavelength, nm; energy, eV 3.12; 397.4
Beam monochromaticity, %; width level at half maximum (FWHM), eV 2;8
Size at half maximum intensity (largest), um 30
Angular divergence, [rad 25
Average intensity of the radiation of the first harmonic in the band 0.1%, 10" photon/s 5.6
Total radiation power, W 500

use of barrier coatings and the nitridation of layers, as
in [18], will make it possible to noticeably increase the
reflection coefficient. Second, Cr/Sc multilayer X-ray
mirrors have both a high reflection coefficient and a
wide spectral band, which will increase the intensity of
the probe beam and, accordingly, reduce the time of
the experiment. Thirdly, in the manufacture of multi-
layer mirrors for lenses, very stringent requirements
are imposed on substrates. To ensure the diffraction
quality of the image, according to the Marechal crite-
rion, the root-mean-square aberration of the lens should
not exceed RMS < A/14. In the case of A = 3.12 nm, this
corresponds to the value RMS <0.22 nm. The fabrica-
tion of such substrates is at the limit of modern tech-
nologies [23]. Fourth, despite moving away from the
oxygen absorption edge, the absorption contrast and
absorption length did not decrease much, to 15 and
6 um, respectively.

Asnoted above, the advantage of a scanning micro-
scope is the lowest possible dose absorbed in the test
sample. However, this scheme of a soft X-ray micro-
scope has one significant drawback. Due to the limited
speed of a 3D piezoelectric nanoscanner (for example,
[24]), the time of taking a tomogram can reach an
hour or more. The scheme of a projection microscope
is devoid of this shortcoming, in which the entire XY
field is recorded at once in one frame, and to restore
the 3D structure, the sample moves along the optical
axis Z. This approach makes it possible to reduce the
tomography time to fractions of minutes, and when
observing thin samples or selected sections, to frac-
tions of a second. Therefore, to implement both
modes of operation, two soft X-ray microscopes
(scanning and projection types) will be installed at the
Nanoscope station.

X-RAY OPTICAL SCHEME OF A SCANNING
MICROSCOPE

When developing the X-ray optical scheme of the
microscope, it is necessary to take into account the

features of the fourth-generation synchrotron source.
The parameters of the X-ray source are given in Table 1.
Figures 1 and 2 show the intensities of various har-
monics of the source, from which follows: first, a part
of the energy of the synchrotron-radiation beam cor-
responds to high harmonics and must be “removed”
so it is not incident on the precision X-ray optical ele-
ments of the microscope; secondly, at a distance of
20 m from the source, the size of the X-ray beam at
half height of the intensity will be 1 mm (Fig. 3). This
is a major problem for the application of mirror optics,
since the use of imaging micro-optics is actually
required. Taking into account the fact that multilayer
X-ray mirrors are Bragg reflectors, the Bragg condi-
tion must be satisfied at each point of radiation inci-
dence on the mirror. Obviously, large film-thickness
gradients over a total length on the order of 1 mm can-
not be obtained.

Another problem is the orientation of the optical
axis of the microscope. The axes of the microscopes
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Fig. 1. Intensity of various source harmonics in the 0.1%
energy band (ring undulator, B = 0.39 T, A, = 50 mm,
photon-flux diameter 1 mm at a distance of 20 m from the
source, L, =3.9m, Np =178).
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Fig. 2. Intensity of the first harmonic in the 0.1% energy
band.

described in the works mentioned above are located
horizontally, in the plane of the synchrotron orbit.
From the point of view of ergonomics and conve-
nience of working with samples, this is an inconve-
nient orientation. Usually all microscopes have a ver-
tical optical axis.

In the present project, both of these problems are
solved by the hybrid scheme of the microscope, which
includes reflective and diffractive X-ray optical ele-
ments. The X-ray optical scheme of a scanning soft X-
ray microscope is shown in Fig. 4, the main elements
and their relative position are described in Table 2.
Radiation from the undulator, propagating along the
channel, is incident on a system of two flat mirrors /
(Fig. 4). The system of mirrors performs the functions
of a high harmonic filter and an attenuator of the
intensity of the X-ray beam entering the microscope.
For example, Fig. 5 shows the spectral dependence of
the reflection coefficient from a silicon mirror at an
angle of radiation incidence of 3°. As can be seen from
the figure, with a reflection coefficient of the first
(working) harmonic of 55%, suppression of the sec-
ond harmonic will be about 16 times, respectively,
with a double reflection of about 260. The position
relative to the source and the parameters of the mirrors
(angle of incidence, coating material) will be further
optimized to ensure closeness to 100% reflection.
Nevertheless, it can be seen that such a system ensures
the almost complete suppression of all harmonics,
which does not require further cooling of the micro-
scope mirrors. The absence of strong thermal loads is
of fundamental importance to prevent distortion of
the wavefronts.

Proceeding further, the radiation is incident on the
first element of the nanoscope, i.e., the Bragg—Fres-
nel lens 5 (Fig. 4) [25]. A Cr/Sc coating will be used as
the reflective one. The Bragg—Fresnel lens performs
several functions at once. Firstly, it performs the first
stage of X-ray focusing to a size of about 0.125 um
(200 times reduction). Secondly, it rotates the beam by
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Fig. 3. Calculated beam at a distance of 20 m from the syn-
chrotron-radiation source; cross section in the 0.1%
energy band: (a) XY; (b) X.

90°, thereby providing a convenient orientation of the
optical axis of the microscope. Third, since a quasi-
monochromatic beam is incident on the lens, its fabri-
cation does not require the deposition of a multilayer
mirror with a period gradient over the surface.

A diaphragm with a submicron aperture is set in the
focusing plane. The aperture acts as a filter for cutting
off the tails of the probe beam. The diverging beam is
incident on a Schwarzschild lens. The numerical aper-
ture lens NA = 0.4 further reduces the size of the focus
in the sample plane by a factor of 54. The calculated
intensity distribution of the probe beam, limited by
diffraction, is shown in Fig. 6. The transverse size of
the image is FWHM = 5 nm. Thus, potentially the
X-ray optical scheme provides a lateral resolution at
the level of 5 nm.

The test sample is placed in the image plane. The
radiation transmitted through the sample is recorded
by a detector (pin diode, microchannel plate) syn-
chronized with the electron bunches of the synchro-
tron. To reconstruct the 3D structure, the sample is
placed on a scanner table that moves the sample along
three coordinates x, y and z with nanometer precision.
A table from PI, model P-561.3DD, was chosen as the
scanner. The technical characteristics of the scanner,
taken from [24], are given in Table 3.

The measurement technique and reconstruction of
the 3D structure are similar to confocal microscopy,
except for the absence of fluorophores and the fact
that a useful signal is formed over the entire volume of
the sample, while in confocal microscopy only areas
with a fluorophore give a signal. The samples for
research can be either fixed via freezing in liquid nitro-
gen vapor or placed in special cuvettes under normal
conditions.

To reduce wavefront deformations and ensure the
dimensional stability of the X-ray optical scheme
under conditions of high-power X-ray fluxes, the first
mirror of the two-mirror system will be cooled with
liquid nitrogen or water, which will be determined in
more detail, and the second mirror will be cooled with
water. Subsequent elements, due to the rather low
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Fig. 4. X-ray optical scheme of the scanning microscope at the Nanoscope station: / is two flat mirrors; 2 is the output aperture
of the front end; 3 is the X-ray beam visualizer; 4 is bellows with gates; 5 is the Bragg—Fresnel lens; 6 is the diaphragm; 7 is the
set of filters; & is the primary mirror M1 of the lens 54%; 9is the secondary mirror M2 of the lens 54 %; 101is the sample; /1 is the
detector; /2 is the cryochamber; 13 is the vibration isolation system; /4 is the vacuum system.

power of radiation cleared of harmonics, do not
require forced cooling, and passive (radiator) cooling
will be sufficient.

In order to maintain the dimensional stability of
the X-ray optical scheme, materials with low, at a level
of 108—10~7 K~!, temperature coefficients of linear
expansion (ULE, astrositall and titanium-niobium
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Fig. 5. Harmonic filter. Spectral dependence of the reflec-
tion coefficient of a silicon mirror at a grazing incidence
angle of 3°. The suppression of the second harmonic with
double reflection reaches 260.

alloy TV-36). In addition, the lens housing will be
thermally stabilized.

ESTIMATION OF THE PROBE-BEAM
INTENSITY IN A SCANNING SOFT
X-RAY MICROSCOPE

Estimation of the probe-beam intensity PBI can be
determined from the following relation:

PBI = [SRA}"MRBFLR(%IMRI%/ILM [phOton/S], (2)

where /gy is the intensity of radiation from the undu-
lator, expressed in photons emitted per second in the
spectral band of 0.1%; A\, is the spectral transmission
bandwidth of the optical system, expressed in fractions
of the 0.1% bandwidth; Ry, is the efficiency of the
Bragg—Fresnel lenses; Rgpy is the reflection coeffi-
cient of the grazing incidence mirror; and Ry, is the
reflection coefficient of the Cr/Sc multilayer mirror.
Substituting into relation (2) the expected values Igg =
5.6 x 10" photon/s (Table 1), ALy, = 2.4 (microscope
bandpass 0.24%), Rgr. = 0.3, Rgpmy = 0.8 (value after
mirror-coating optimization) and Ry = 0.2 (the
current level of manufacture of the Cr/Sc mirror), we
obtain PBI =1 x 10" photon/s.
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Fig. 6. Image (a) and cross section of the focus (b) of an
Xpray probe beam in the scheme of a scanning soft X-ray
microscope.

ESTIMATION OF THE ABSORBED DOSE
DEPENDING ON THE SPATIAL RESOLUTION

To obtain high-quality X-ray images, it is necessary
that the number of recorded events be at least 25. In
this case, the Poisson noise will be 20%. Since the
image contrast between water and proteins exceeds 10,
for estimation it can be assumed that all absorption

Table 2. Optical elements of the Nanoscope station

MALYSHEV et al.

events occur in the protein. In this case, to ensure a
resolution with a lateral dimension d in a cube with the
volume d? 25 photons must be absorbed. Accordingly,
in the scheme of a scanning soft X-ray microscope, the
absorbed dose D in Gray can be expressed as:

D(d) =1.6 X 107" NE,, [(d°p), 3)

where N is the number of photons needed to restore
the image, E,, is the photon energy in €V, the multi-
plier is the conversion of energy from electron volts to
joules, and p is the density. Substituting the expected
values (N = 25, E,;, = 397 eV, p = 10° kg/m?), expres-
sion (3) can be rewritten in a form showing the depen-
dence of the dose on the resolution d:

4

Figure 7 shows the dependence of the required
dose on the resolution, calculated according to (4).
From the above dependence, the following can be dis-
tinguished. First, even with a resolution of 1 nm, the
required dose does not exceed the allowable 10® Gray
[26] to preserve frozen cells in their native state; there-

D(d) =16 x10*/d’ [Gray/nm3].

No. Element Dis.tance Description
from previous element
0 SR source 0 Undulator
Two flat mirrors 15m Cooled harmonic filter — beam intensity attenuator
2 Front-end output aperture 13m System of cooled slots that emit
a central radiation cone with NA = 25 mrad
3 X-ray beam visualizer 0.5m Beam position and intensity monitors
Bellows with gates 0.5m
5 Bragg—Fresnel lens 1m Multilayer Cr/Sc mirror with an elliptical zone plate
on the surface, tilted by 45°. The working region is an ellipse
(2a = 1.4 mm, 2b = 1 mm), cooled by LN,
6 Diaphragm 88.4 mm I-um diaphragm cooled by H,O
Filter set 200 mm Multilayer filters for incident-radiation-flux control
Primary mirror M1 853 mm Convex mirror Cr/Sc of the Schwarzschild objective,
which creates a 1-um aperture image on the sample
with a reduction of 54 times
R=-282mm, D=12mm NA=0.4
9 Secondary mirror M2 77.7 mm Concave mirror Cr/Sc of the Schwarzschild objective.
R=-107.6 mm, D= 78 mm
10 Sample 130.6 mm Sample on the X, Y, Zscanner with feedback (Table 3)
11 Detector 70—150 mm Pin diode or microchannel plate that records the signal
passing through the observed points of the sample
12 Cryochamber It is possible to install a cryochamber
with sample cooling by LN, vapors
13 Vibration isolation system Optical table; spring suspension of the optical farm;
magnetic damper on Foucault currents
14 Vacuum system High vacuum pumping
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Table 3. Characteristics of the X, Y, Zsample table of PI (model P-561.3DD) (taken from [24])

Characteristic P-561.3DD
Movement direction X, Y, Z
Displacement speed, mm/s 0.2
Built-in sensor Capacitive
Movement range without feedback (from —20 to +120 V), um 58 X 58 x 18
Movement range with feedback, um 45 x 45 x 15
Resolution without feedback, nm 0.1
Resolution with feedback, nm 0.2
Nonlinearity, % 0.01
Repeat positioning accuracy X, Y, Z, nm 2
Pitch when moving along the axes X, Y, urad *3
Runout of X, Ywhen moving along the axis Z, urad +3
Yaw when moving along the axes X, Y, urad x3
Plane parallelism in the plane X, Y, nm *10
Crosstalk along the axes X, Y when moving along the axis Z, nm +20
Operating temperature range, °C —20 to +80
Material Aluminum
Weight, kg 1.55
Cable length, m 1.5
Recommended controller E-725, E-712
fore, the resolution is no longer limited by the dose, T, =2.4x1 0" / 4 [c]. 7)

but by the probe-beam size of 5 nm. Secondly, the
maximum allowable dose of 300 Gray, at which the
vital activity of animal cells is preserved [2], corresponds
to the maximum resolution of 80 nm. Thirdly, the maxi-
mum allowable dose of 10°—10° Gray, at which the vital
activity of plant cells is preserved [27, 28], corresponds to
the limiting resolution of 10—25 nm.

ESTIMATION OF THE EXPOSURE TIME
FOR THE RECOVERY OF A 3D STRUCTURE
IN A SCANNING SOFT X-RAY MICROSCOPE

Without taking into account the time losses spent
moving the scanner, the time required to obtain 3D
tomographic data T, is determined by the sample size
L X W x H, resolution d, intensity of the probe beam
on the sample PBI and the number of photons N,
absorbed in a cube with a side equal to the resolution.
The relationship between these parameters can be
expressed as:

Toy = (NW LWH)/(PBId’) [c]. (5)

For a sample of cubic form, expression (5) can be
rewritten as:

Ty = (N L)/ (PBI) [c]. (6)

Substituting into (6) the values N, = 25 photons and
PBI=1 x 10" photon/s, we get

For example, for a cell of size 10 X 10 X 10 um and
20 nm resolution, it will take 3 x 103 s. Thus, the main
limitation is not the power of the X-ray source, but the
speed of the scanner. For the considered case, the full
scan time will be about 3.5 hours. Since the scan time
is inversely proportional to the cube of the spatial res-

108
106+
>
@)
s 10°
104
102 1 1 1 1 1
0 20 40 60 80 100

Space resolution, nm

Fig. 7. Dose dependence on the spatial resolution in a
scanning soft X-ray microscope. Solid horizontal lines
mark the level of doses below which nonfrozen cells retain
their vital activity (upper for plants, lower for animals).
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Fig. 8. X-ray optical projection scheme of the channel and station. Designations as in Fig. 4.

olution (i.e., the cube of the scan step), when studying
dynamic processes, where the expected resolution is
80 nm, the measurement time for a cell of size 10 X 10 X
10 um will be reduced to about 3 min, and its focal sec-
tion to 15 ms!

FULL FIELD PROJECTION MICROSCOPE

The first half of the projection scheme (elements 0—7
in Fig. 8) exactly repeats the scanning scheme (Fig. 4).
Next comes a two-mirror lens illuminator, consisting
of mirrors & and 9. In contrast to the objective lens of
the scanning scheme, it must collect radiation not at a
point, but illuminate a field of view 16.6 X 16.6 um in
size (equal to the size of the detector matrix 13.3 X
13.3 mm divided by a magnification of 800%) on the
sample 10; therefore, the requirement for the accuracy
of the shape of the optics is moderate. A magnified
sample image is projected by a three-mirror objective
lens 1/—13 (Fig. 8) onto the matrix camera /4. A mag-

nification of 800x is optimal so that, on the one hand,
the pixel size in the subject area is small and equal to
8 X 8 nm, and, on the other hand, the field of view is
sufficient to observe most cells. A description of the
main elements of the projection scheme and their rel-
ative position is given in Table 4.

The projection lens was about 500 mm high and
100 mm wide, compact enough for such a large mag-
nification. The small convex mirror diameter of
12.6 mm is large enough for the mechanical and ion
polishing of rough surfaces and a reflective multilayer
coating. The calculated lens aberrations for all field
points are subnanometer. This provides an energy
fraction, close to the diffraction limit (Fig. 9a, upper
curve), of the focusing spot in one pixel with a size of
6.5 um from 51 to 62%, depending on the field point.
Figure 9b shows how the focus spot on the recording
matrix fits into pixels.

Recording and processing the sample images will
be carried out as follows. The sample will be shifted
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Table 4. Optical elements of the projection microscope for the Nanoscope station

No. Element Distance from the previous Description
element, mm
0 |SRsource 0 Undulator
Two flat mirrors 15000 Cooled harmonic filter — beam intensity attenuator
2 | Front-end output aperture 3000 A system of cooled slots that emit
a central radiation cone with N4 = 25 mrad
3 | X-ray beam visualizer 500 Beam position and intensity monitors
Bellows with gates 500
5 | Bragg—Fresnel lens 1000 Multilayer Cr/Sc mirror with elliptical zone plate
on the surface, inclined by 45°. The working region is an
ellipse (2a = 1.4 mm, 2b = 1 mm), cooled H,O or LN,
6 | Diaphragm 88 Diaphragm cooled by H,O
Filter set 200 Multilayer filters for incident-radiation-flux control
8 | Primary mirror 853 Convex Cr/Sc mirror of the Schwarzschild condenser
of the Schwarzschild objective, which increases the beam aperture by a factor
condenser objective of 50 to 0.28 and creates a uniform illumination field
on the sample. R=—28.2 mm, D =12 mm
9 | Secondary mirror 77 Concave mirror Cr/Sc
of the Schwarzschild condenser lens R = —107.6 mm, D =78 mm
condenser objective
10 | Sample 130 Sample on a Zscanner with feedback
11 | Primary lens mirror X800 166.3 Concave mirror projection lens R = 133.3 mm,
D =100 mm, Dy, = 92 mm
12 | Secondary lens mirror X800 95.9 Convex mirror projection lens
= —-31.1 mm, D= 12.6 mm
13 | Tertiary lens mirror X800 401.4 Convex mirror projection lens
R=—16.3mm, D= 20 mm, D, = 0.6 mm
14 | Recording matrix 265, GPIXEL GSENSE2020BSI Pulsar with a field size
angle 4° to the horizontal |2048 X 2048 pixels and 6.5 um pixel size
15 | Matrix cooling Copper cold pipe, from the “cold finger”,
cooled by liquid-nitrogen vapor from the outside
of the vacuum chamber

along the optical axis, and a series of images of its sec-
tions will be obtained /(x', y'), where x', y' are coordi-
nates on the recording matrix. Further, in standard
programs, for example, in Imagel with the Deconvo-
lutionLab?2 plugin [29], the following equation is iter-
atively solved:

w=-In(1/1,)/AL & h, (3)

where [ is the intensity of the sample illumination
field when there is no sample, /4 is the point spread
function, taking into account diffraction, aberrations
and conical convergence of the rays to the imaged
point and conical exit from it, WL (x, y, z) is the desired
three-dimensional absorption coefficient of cell struc-

tures, and ® ' is the deconvolution operator. To
improve the quality of the image, before deconvolu-

tion, noise will be eliminated, the average intensity
will be normalized in XY cuts and eliminate XY dis-
placement in the case of the Z scan. This approach
proved to be excellent in the reconstruction of three-
dimensional images in a laboratory microscope of
extreme ultraviolet (EUV) radiation with absorption
contrast that was put into operation [29].

ESTIMATION OF THE EXPOSURE TIME
FOR RECOVERY OF THE 3D STRUCTURE
IN THE PROJECTION SCHEME

The tomography time is the sum of the time for z
movement of the stage and exposure time of all frames
T, The time of z movement of the stage by 30 um is
0.15 s, since the speed of movement of the PI stage is
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0.2 mm/s [24]. The exposure time for all frames T, is
determined by the formula:

C. EN_.
Téxp =222 plx_ik, (9)
E,PBI Ah
where C,;, = 55 X 10% is the pixel capacity,

E, =3.6 eV isthe energy spent on the creation of one

electron—hole pair in a semiconductor pixel, £, =
397 eV is the energy of a photon with a wavelength of
3.12nm, PBI =1 x 102 s ! is the intensity of the beam
illuminating the sample, taking into account the

reflection from five mirrors [30], Aﬁ is the number of

steps along the axis z, H = 20 um isz the movement of
the stage along the axis z for recording a sample with a
thickness of 10 um and its surroundings, Az = 16 nm
is the z step, and k is the intensity attenuation coeffi-
cient due to absorption in the sample. For example,
when radiation with a wavelength of 3.12 nm passes
through a sample (cell 10 X 10 X 10 um in a layer of ice
20 um thick) coefficient

k = exp(_(uiceHice + Mproteianrotein)) (10)
=~ exp(—(1/4)20) = 150.
Substituting these numbers into (9), we get that 7,,, =
10 min. Since this time is calculated from the condi-
tion that the entire pixel capacity is filled, the noise
must be small, and this is very important for the
deconvolutional reconstruction of a 3D image.

Let us estimate the time to save frames in the com-
puter memory for a thickness of 20 um with a z step of
16 nm. It will be 10 minutes at a storage rate of 2 fps.
Since this time is equal to the exposure time of all
frames, signal accumulation and storage of the frame
obtained at the previous zstep, can be implemented

simultaneously, so the tomography time will not
increase and will be the same, i.e., 10 minutes.

Thus, the scanning scheme is better suited for
studying live samples, because it provides dose lower
by three orders of magnitude, and the projection
scheme is better suited for studying chemically fixed or
frozen samples, because the acquisition time is about
300 times faster.

CONCLUSIONS

The concept and X-ray optical scheme of the
Nanoscope station, which is planned to be installed at
the SKIF fourth-generation synchrotron, are
described. The station is designed to study the struc-
ture of cells and dynamic processes in them with
nanometer spatial resolution in the spectral region of
the water window. The novelty of the approach is the
use of multilayer X-ray mirrors for the formation of a
probe beam. Due to the large numerical aperture of
the Schwarzschild objective compared to the Fresnel
zone plate, the depth of focus (area of sharp focusing)
of the probe beam is DoF = A/NA*> = 20 nm for A =
3.12 nm and NA = 0.4, which makes it possible to use
Ztomography instead of angular tomography which is
more complex, less accurate and increases the dose
absorbed in the sample. Also, the shallow depth of
focus makes it possible to study the dynamics of living
cells with nanometer resolution by tracking a sharply
imaged focal section in the scanning scheme (with a
millisecond time resolution) or by a complete XYZ
scan (with a time resolution of one minute).

When constructing schemes of an X-ray micro-
scope, a hybrid scheme of beam transportation to the
sample was proposed for the first time, including
Bragg—Fresnel optics and mirror optics, which makes
it possible to work with small X-ray beams.
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The calculations show that in the entire range of
resolutions provided by soft X-ray microscopy, due to
the unique absorption contrast between proteins and
water, even living samples can be studied with a reso-
lution of up to 10 nm (for plant cells), and frozen sam-
ples with a resolution of up to 5 nm in a scanning
scheme and up to 8 nm in the projection scheme.

We expect that work at the station will make it pos-
sible to find new niches for microscopy in the water
window and will also allow advances in resolution and
speed of research compared to similar microscopes
installed on synchrotrons.
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