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Kirkpatrick-Baez focusing system for synchrotron applications
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The paper describes the Kirkpatrick−Baez focusing system for the 4+ generation synchrotron source based on

the Siberian Ring Photon Source. The system is designed to operate in the photon energy range of 10−30 keV and

should provide a submicron-sized focusing spot. The design principles and composition of the focusing system, as

well as the technique for measuring the focusing spot size are reported. A brief description of the key problems

and methods used in creating this system is given. The results of testing the focusing properties of the system

obtained using a laboratory setup and the first experimental set of elliptical mirrors are presented. The minimum

focusing spot size was about 5.2 µm, which, taking into account the size of the laboratory source and the quality

of the collimating optics of the setup, will correspond to a focusing spot of about 2.6 µm on the synchrotron. The

reasons for the discrepancy between the calculated and experimental data are discussed.
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Introduction

In recent years, there have been rapid growth and

construction of new generation synchrotron radiation (SR)
sources. The 4+ generation Siberian Circular Photon

Source (SCPS) will be launched in the nearest future.

The 1−1
”
Mikrofokus“, station will be implemented in

one of its channels to solve fundamental and application

tasks using a high-intensity X-ray beam with submicron

focusing [1]. To solve the X-ray focusing problem, the

Kirkpatrick−Baez (KB) glazing incidence X-ray optics was

chosen. The KB focusing system [2–7] is an effective

solution for precision SR control that is used in experiments

requiring high spatial resolution in hard X-ray range. The

system is based on a combination of two perpendicular

(crossed system) elliptical mirrors to achieve high-accuracy

focusing of X rays providing low aberrations. KB focus-

ing system mirrors have a form of an elliptical cylinder

with platinum coating for operation in a wide spectral

range.

Several engineering and technological problems should be

solved at the focusing system design and fabrication stage

to make mirrors with effective roughness of 2 Å and RMS

shape deviation ∼ 1 nm to give an angular error ≤ 1µrad,

which are necessary to achieve submicron focusing of hard

X-ray radiation.

Metrology of large-size mirrors is the first serious prob-

lem. Mirror length was 200mm due to the glazing incidence

configuration and the need for covering a significant part of

the SR beam. In most cases, the size of the mirrors to be

fabricated exceeds the aperture of an interferometer used to

measure a surface shape.

The second problem is in complexity of interpreting

interferometric measurements of surface shape. Surface

curvature is so large that interference is observed only in

a small part of surface. Both problems are solved by using

a technology where small frames from different regions are

crosslinked on a substrate followed by whole surface map

recovery.

The third problem is the fabrication of such mirrors

with a nanometer or even subnanometer mirror shape

deviation from the desired design profile. This problem is

resolved using an ion-beam shaping method. This method

implements surface material removal through an aperture

mask that cuts out the necessary beam region to form a

uniform removal profile along the short side of a mirror.

Mirror profile along the long side is formed by uneven

reciprocating movement of the workpiece. The final stage

involves correction of local shape errors.

And the second problem is in final alignment and

qualification of the KB system mirrors both individually

and of the device as a whole at an operating wavelength

or close to it. The following problems are solved at

this device manufacturing stage: instrument alignment to

achieve the minimum focal spot size; determining focal spot

size; calibration of piezoactuators to provide final mirror

alignment on the synchrotron, and relevant software. For

this purpose, we use a previously created X-ray optical
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Figure 1. X-ray optical configuration of station 1-1-1: 1 — SR source, undulator; 2 — double-mirror monochromator with multilayer

X-ray mirrors; 3 — slotted crystal monochromator; 4 — focusing KB system; 5 — SR focusing region; 6 — slits.

laboratory bench with a 0.154 nm (8047.8 eV) collimated

X-ray beam. A collimating KB system is the
”
heart“

of the bench that gives a collimated 244 × 244µm beam

with a divergence less than ±10µrad and a microfocus X-

ray tube with a 8× 8µm source. A collimating system

used downstream of the X-ray tube made it possible to

effectively
”
move away“ the light source by approximately

20m with the intensity maintained at a sufficient level

for precision measurements, thus bringing the laboratory

experiment conditions closer to the synchrotron condi-

tions.

This work describes the concept, construction and quali-

fication of the KB focusing system.

1. Design concept and components

Within the concept of station 1-1-1 [8–10], X-ray optical

configuration that will use the device is shown in Figure 1.

Distance from the X-ray source to the center of the KB

system was LKB = 64.5m, to the focusing point from the

outlet end of mirror M2 was LPF = 250mm. Dimensions of

the source at half maximum of intensity are 32.9× 5.9µm

in the operating photon energy range. 10−30 keV.

The following approaches were used in the focusing

system design.

1. To ensure effective operation of the device in a wide

photon energy range, platinum was chosen as a reflective

coating material to provide the largest operating angle equal

to ϑ = 0.15◦ .

2. When choosing the mirror length, a trade-off between

the maximum receipt of light from the source, for which

the mirror length shall be increased, on the one hand, and

provision of a submicron focal spot size and reduction of the

difference between the horizontal and vertical dimensions

of the focal spot, on the other hand. These objectives are

met by reducing the mirror size. A trade-off mirror length

was 200mm. X-ray configuration of the focusing system is

shown in Figure 1.

3. To decrease the focal spot ellipticity taking into account

the big difference between the horizontal and vertical

dimensions of the source, the first mirror provides focusing

in the vertical plane(horizontal orientation), the second

mirror provides focusing in the horizontal plane (vertical

orientation). Such mirror configuration reduces the light

source ellipticity by half.

4. For fine tuning of the focal spot size, mirror hold-

ers, besides 4D mechanical adjusters, are equipped with

piezoactuators [11] that provide in-situ variation of the angle

of light incidence on the mirrors. Angular travel range is

±0.13mrad with the minimum increment of 66 nrad.

5. To ensure dimensional stability of the mirrors and

optical KB system as a whole, the base plate and mirror

holder components are made from materials with low

thermal expansion coefficient and are attached to each other

and to the device housing through polished metal balls.

6. Device housing is sealed and may be filled with inert

gas or dry nitrogen through dedicated valves. Vacuum-tight

windows are made of the Kapton amorphous polyimide

film.

7. For fine tuning of the device’s optical axis to the SR

source, a precision hexapod (Newport HXP200S-MECA)
is installed in the housing [12]. Linear travel range is:

X , Y, Z ± 40, ±45, ±27mm with accuracy of 0.15µm;

angular travel range is: θX , θY , θZ ±0.157, ±0.14,

±0.262 rad with accuracy of ±1.17µrad. Final submicron

precision alignment of the KB system axis to the source is

performed by linear movement along the X and Y axes.

8. For external vibration damping, the hexapod with the

device is placed on a granite base.

Photograph with removed housing and 3D model of the

focusing system in the housing are shown in Figure 3.

Elliptical mirror profiles and focal spot size were cal-

culated according to the X-ray configurations of the SR

channel and focusing system as shown in Figures 1 and 2,

as well as to the predefined dimensions of the source

(32.9 × 5.9µm). Figure 3 shows: profile calculation results

with radii of curvature for each of the mirrors (Figure 3, a)
and a focal spot (Figure 3, b). As shown in Figure 3,

maximum mirror profile deviations from the plane are

approximately 12 and 20µm, respectively. Focal distance

of ellipse is calculated using equation c =
√

a2 − b2, where

a and b are ellipse semi-axes. Knowing the profiles of the

fabricated mirrors, we can calculate the ellipse-semi-axes

and, consequently, the focal distance for each of the mirrors

that was 570 mm and 350mm from the center of mirrors

M1 and M2, respectively.
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Figure 2. Photograph with removed housing (a) and 3D-model of the focusing system in the housing (b). M1,M2 — the first and second

mirrors of the focusing KB system; 1, 2 — 4Dmechanical adjusters of the first and second mirrors, respectively; 3, 4 — piezoactuators for

fine tuning of the first and second mirror angles, respectively; 5 — Newport HXP200S-MECA hexapod; 6 — hexapod control unit; 7 —
vacuum-tight windows.
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Figure 3. Aspherization profiles of mirrors M1,M2 of the focusing system with design radius of curvature for each of the mirrors (a)
and design dimensions of the focal spot on the SR source (b).

Focal spot size is 140× 540 nm. Diffraction broadening

makes a significant contribution. Thus, with an energy of

10 keV, the resulting focal spot size is 250× 580 nm instead

of 140 × 540 nm, i.e.contribution to the focal point size will

be made by geometrical and diffraction limitations. With

30 keV, the focused spot size is 140 × 540 nm, which is

attributed exclusively to geometrical limitations.

2. Mirror fabrication

SR sources feature high radiation directivity, high mean

power and high spatial radiation coherence. The employed

X-ray mirrors shall meet a set of properties: withstand

high absorbed radiation power, have effective roughness of

2 Åand RMS shape deviation ≤ 1 nm, which provides an

angular error ≤ 1 rad. In terms of dimensional stability,

single crystal silicon is the best substrate material [13–15].

For fabrication of such mirrors, a number of tasks to

be solved shall be set forth: surface formation by ion-

beam machining of substrates [16–18]; measurement by

frame
”
crosslinking“ of large and aspherical mirrors with

dimensions exceeding the interferometer aperture [19–22];
filtration and consideration of measurement errors related to

the standard quality [22]; X-ray beam qualification of X-ray

optical components [23].

Mirror substrate fabrication process may be divided into

three stages: chemical-mechanical polishing [24], shaping

by ion-beam machining [25] and local correction of shape

errors [26].
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Initial stage involves chemical-mechanical polishing

(CMP) of a flat Si workpiece with a diameter of 220mm to

reduce effective surface roughness. CMP was performed on

the ZPD-350 three-spindle machine designed for processing

flat and spherical parts with a diameter up to 350mm. A

colloidal suspension of silicon oxide, O.P.S., was used for

machining. Alupol short-flock polishing cloth was used for

polishing. Polishing pad made of fabric reduces mechanical

impact on the workpiece. As a results of polishing, the

effective roughness is reduced from 0.37 nm to 0.21 nm in

the spatial frequency range of 0.025−65µm−1. Roughness

was measured on the atomic force microscopy bench

designed for handling large substrates [27].

Then, Si bars with desired dimensions of 200× 25mm

were cut using a water jet cutting method. The next stage

involved shaping using ion-beam machining with a wide-

aperture source [28]. Both workpieces were preliminary

measured on the Zygo Verifier plane reference wavefront

interferometer with a 100mm working aperture using the

cross-linking technique [22] because the surface shape

was out-of-plane and the mirror length was larger than

the interferometer aperture. Measurements were also

performed in several stages. Since the surface shape is out-

of-plane, interference pattern may be recorded only from a

small mirror area. After the measurement of a small area,

the mirror was moved linearly and a new area overlapping

the previous one was measured. After measuring a set

of areas, the obtained data shall be preliminary processed.

The images were first filtered to get rid of high frequency

artefacts. The next stage considered the interferometer

standard errors to obtain a more reliable result. After

completion of data processing, images were crosslinked

using the above-mentioned technique [22].

After measuring the surface map and 100mm ion

beam shape, a mask may be calculated. The mask is

installed between the ion source and workpiece and evenly

removes material from the workpiece as the latter moves

linearly between the edges. To form the desired elliptical

surface profile, non-uniform motion of the workpiece was

used. Workpiece motion is accelerated at the edges

and decelerated in the area where the major portion of

material is removed. The shaping process was monitored by

interferometric measurements.

Then, final machining stage is performed — correction

of local shape errors using a small ion source. Before

correction, the surface shape was measured using the Zygo

Verifier interferometer. The measured surface error map

considering the known ion beam shape (near Gaussian

distribution with FWHM of 2.5mm) was used to calculate

the space-time path of the workpiece motion with respect

to the ion beam, material removal was carried out along this

path. During correction, the machined area of the workpiece

maintains the local normal to the beam, and the material

removal depth was defined by the time, when the beam

was at a point.

For more details on the ion-beam etching units and local

error correction, roughness measurement and surface shape,

see [15,28].
This process resulted in the achievement of a surface

shape with RMS deviations of 2.3 nm and 2.8 nm from the

design shape for the first and second mirrors, respectively.

Maps of workpiece surface shape deviation from the design

shape are shown in Figure 4.

The final mirror fabrication stage involves deposition of

reflective coating onto the substrate to be fabricated. For the

above-mentioned spectral range 10−30 keV, platinum (Pt)
is used as such coating. The Pt reflective coating was

deposited by magnetron sputtering. The unit has six

round planar-type magnetrons placed around a 1m vacuum

chamber (Figure 5). Targets (diameter of 150−160mm,

thicknesses up to 10mm) are deposited onto the magnetron

surface and serve as a cathode. Magnetrons are cooled by

water using a pump.

The substrate is attached to a rotating disc that moves

above the magnetrons. Thus, materials are deposited in a

layer-by-layer manner in the case of a multilayer system. If

a film is grown from only one material, one magnetron is

generally used. The distance from the target to the substrate

is 75mm.

Above the working magnetrons, a glow discharge is

ignited, whose ions rush towards a target with a negative

potential, pick up speed and knock off atoms from the

substance. The substrate is placed on the substrate

holder with its working surface down. Glow discharge

in the experiments with Pt had the following parameters.

Discharge current — 300mA, discharge voltage — 280V.

Film deposition rate — about 0.12 nm/h.

Shaped precision diaphragms are placed between the

substrate and a magnetron located most closely to the

substrate. They define the distribution of the sputtered

substance flux coming onto the substrate. The shaped

diaphragms are used to provide uniform distribution of the

grown film with accuracy to 0.5%.

A particular diaphragm shape is determined experimen-

tally. This is an iterative process. At the first step, the

form of diaphragms is determined mathematically to provide

uniformity at the level of 3%. Then, the film is sputtered

on the test substrate. Mirror reflection curve is recorded by

a small-angle X-ray reflectometry at different points on the

substrate.

Film parameters are recovered for each point in
”
Multi-

fittig“ [29]. Thus, a thickness distribution map is formed.

The diaphragm shape is corrected, if required, and the

deposition−measurement process is repeated until the ac-

ceptable accuracy level is achieved. After deriving the shape

of diaphragms that provide coating uniformity of 0.5%, there

is a thickness calibration stage. Pt film thickness was defined

by the time, during which the substrate was held in the

discharge zone of the corresponding magnetron. After film

deposition with a discharge holding time of 15min, a film,

mirror reflection and theoretical fitting as shown in Figure 5

were obtained.
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Figure 4. Maps of surface shape deviation from the design shape of mirrors M1,M2 for focusing KB system and photograph of the real

mirrors.
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Figure 5. Mirror reflection with theoretical fitting in
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with six magnetrons for the mirror synthesis process (b).

Fitting showed the film thickness of 22 nm. Therefore,

30min is required for deposition of the desired thickness of

40 nm. It was the mode, in which Pt film was deposited

on the working surface. A 10 nm Cr film was deposited

beforehand to improve the adhesion between the Pt film

and substrate.
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Figure 6. X-ray optical measurement bench. XRT (1) — the microfocus X-ray source; KB (2) — the collimating KB system; VT1 (3) —
the vacuum optical path; 5DG — the five-axis goniometer with the measured focusing KB system (4); Knife (5) — the knife with the

three-axis piezoscanner; 6 — PMT; 2DD (7) — the two-axis matrix detector; 8 — micrometer.

3. Final qualification at the laboratory
X-ray bench

X-ray beam qualification is the final stage of mirror and

KB system qualification as a finished device. The problem

of X-ray optics qualification at operating wavelengths is in

that laboratory X-ray sources have no radiation directivity,

while long (meters to tens of meters) measurement bases

are required for measurements with high angular resolution.

Therefore, an X-ray optical bench was preliminary designed

for this purpose [23]. The main idea of this bench is in

the fact that, having a microfocus X-ray radiation source,

collimating optical system and vacuum tubes, a delicately

diverging beam may be formed and transported at long

distances. Thus, near-synchrotron conditions are provided

in the laboratory. Angular divergence of such beam is

defined by the source size and focal distance of the

collimating system. Minimum divergence in our case was

1ϑ ≈ 8 [µm]/1 [m] = 8µrad, which in some cases is close

to synchrotron beams.

The principle of operation is as follows. The colli-

mating KB system is exposed to X-ray source (XRT)
radiation (Figure 6). The MICROBOX 100 microfocus

X-ray tube with a copper anode (Cu Kα characteristic

line, λ = 0.154 nm or 8047.8 eV) and a source size of

8× 18µm with a tube power of 7.5W serves as an X-ray

source. Collimating system mirrors have a form of Pt-coated

parabolic cylinders. Mirrors were fabricated using the

above-mentioned techniques. Collimating KB system forms

a 244 × 244µm collimating X-ray beam both downstream

of KB and at a distance longer than 3m. The studied

focusing mirror or KB (S) system as a whole is brought

to the probe beam using the hexapod.

To find the focusing caustic region, a matrix detector

was placed downstream of the focusing mirror at various

(from 300 mm to 650mm) distances from the mirror. The

GSENSE2020BSI sensor [30] with 6.5× 6.5µm pixel and

13.3× 13.3mm active region serves as a matrix detector.

Therefore, we were able to write the focal spot caustic

(Figure 7, a). A knife was placed in a region with the

smallest spot similar to [31]. Knife is a 0.3mm silicon

wafer with a polished end. The end was qualified for

roughness and edge chipping using the ZEISS EVO 10

scanning electron microscope. No large artefacts with sizes

from 1µm on the gauge length of 1mm along the edge that

could affect focal spot size determination were not found at

the end or edge (Figure 8). Small white inclusions are easily

removable dust particles. Knife was attached at the 3D

table with a manual coarse tuning function and fine tuning

function using piezoactuators. Knife scanning of the focal

spot was performed using piezoactuators. Knife position

was additionally monitored using an inductive micrometer

with a sensitivity of 0.05µm.

The knife overlaps the beam at 0.5µm intervals and de-

tects integral beam intensity using the scintillation (thallium-

doped CsI) with a photomultiplier tube. To reduce the

Technical Physics, 2025, Vol. 70, No. 10
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Figure 8. Knife end images recorded using the ZEISS EVO 10 scanning electron microscope. The darker region corresponds to the

wafer face perpendicular to the beam.

background signal, a round diaphragm with a diameter of

1mm was placed upstream of the detector. Consequently,

an intensity drop curve is obtained from the position of

the knife that gradually overlaps the beam in a direction

perpendicular to the beam. This curve is differentiated and

approximated by Gaussian. Thus, FWHM is the size of focal

spot from the mirror (Figure 7, b).

A spot with a minimum size of 5.2µm was measured. To

check the obtained result, a digital twin of the measurement

bench was built in SHADOWOUI ray tracing add-on [32]
for OASYS [33]. Such parameters as source size, shape

and divergence, mirror shape and collimating system surface

shape error map were defined in the digital model. The

calculation and experiment results are shown in Figure 7, b.

The calculation result is the minimum focal spot size equal

to 4.5µm for ideal mirrors of the focusing KB system

with an experimentally measured value of 5.2µm. This

focal spot broadening characterizes the mirror errors of the

given focusing KB system. Within the Gaussian distribution

model of the focal spot, this broadening is 2.6µm. Thus,

the focal spot size in the synchrotron channel will be

approximately 2.6µm.

Conclusion

A focusing KB system has been designed and fabricated

within the work. Several measurement and engineering

techniques, and an experimental equipment system have

been developed during the system fabrication process. All

these efforts taken together made it possible to solve the

problem at a high level.

The developed ion-beam machining techniques provide

an effective roughness of approximately 2 Åin the spatial

frequency range of 0.025−65µm−1 and shape accuracy

with respect to RMSD 0.5−1 nm. Special techniques,

algorithms and software were developed for measurement

of substrate surfaces, including aspherical and large ones.

Final qualification of the focusing properties of mirrors

Technical Physics, 2025, Vol. 70, No. 10
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was performed using an X-ray optical bench that allowed

measurement of wavefront deviations with a sensitivity

lower than 0.5µrad.

Focusing properties of the KB system manufactured for

the SCPS synchrotron have been studied. The focal spot

size measured on the laboratory bench was 5.2µm with

a size of 4.5µm expected for the ideal KB. The observed

experimental broadening of the focal spot is explained by

mirror errors of the designed KB system. Simulation in

SHADOWOUI indicates that broadening observed in the

laboratory corresponds to focal spot broadening on the

synchrotron up to 2.6µm. The focusing system mirror

shape error maps (Figure 4) show that the main factor isn’t

so much the RMS error, that is equal to 2−3 nm throughout

the mirror surface and is lower than 2 nm in the working

region, as the high-frequency nature of these errors. With a

typical amplitude of these errors of 2−3 nm, angular errors

are equal to several microradians.

To date, the nature of these errors has been identified,

corresponding corrections have been made to the fabrication

process and production of a new set of mirrors has been

started to provide submicrone spatial resolution.

The developed techniques and the fabrication process

corrected in accordance with the investigation of the first set

of focusing mirrors have become standard for manufacturing

X-ray mirrors in the form of a plane, elliptical cylinders,

parabolic cylinders and toroids with (sub) nanometer shape

accuracy.
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