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Frontier Development of X-ray Diffraction-Limited Nanofocusing
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Abstract The X-ray nanofocusing techniques based on synchrotron radiation and free-electron laser facilities have
become important ways to carry out cutting-edge scientific and technological research. Since the refractive indices of
nanofocusing materials in X-ray regime are very close to unity, the X-ray focusing optics are very different from the
traditional visible optics. The working principle of diffractive, refractive and reflective focusing optics commonly
used in X-ray regime in the synchrotron field, and the development process of sub-micron to nano-scale focusing in
recent years are introduced. When an X-ray focusing system approaches the diffraction limit, the wavefront
distortion caused by the fabrication, mounting and collimation will seriously affect the final focusing performance of
the system. Therefore, the related focused X-ray wavefront detection and manipulation play important roles as
cutting-edge technologies and methods. In addition, the current main wavefront detection and manipulation
techniques of the nanofocusing beam are introduced and compared, and the future development of X-ray diffraction-
limited nanofocusing optics is also prospected.
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Fig. 1 Development history of hard X-ray focusing

below 100 nm in the last two decades
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Fig. 2 Schematic diagram of zone plate”®*' . (a) Structure of zone plate; (b) double zone plate resist template coated with Ir
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Fig. 3 Schematic diagram of multilayer Laue lens. (a) Tilted multilayer Laue lens focusing;

(b) optimization by wedged module
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Fig. 4 Schematic diagram of refractive lens. (a) X-ray beam propagation in single refractive lens;

. . . . . . 49
(b) scanning electron microscope image of nanofocusing parabolic refractive X-ray lenses"
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Fig. 5 Schematic diagram of Kinoform lens. (a) Schematic diagram of lens array with graded apertures

(b) scanning electron microscope image of refractive lens with “fern-like” profile

2011 4E, #[E Diamond J6J8 Alianelli 2 |
A~ Kinoform & EEERK YN ESRF SeE P sSZ8l T
X L) — R A, 1558 T RS2 200 nm 19 3R £
JeBE. 2014 48,5+ PST AR ZE N 5 R —XF 1E 58
) Kinoform i %, 76 W & & 1 F 3-8 T R~
103 nmX 93 nm W) " HERELH., EH AL T L
Bl 5~20 keV Y TEARETE  JF HTE 8 keV G FHEHE
FAETFIAR T 50 % KRG B akR

T4k E N 7E Kinoform & 5% 4T 8 H & 1R K11
P, 2016 4F, Liao 265 ¥t T 35 T 5 W 5L 79 4%
iz TS A1 89 K Kinoform #8540 . W&l 5 7w . 4
A B R AR B WU IR A b R 2P R e
BESMT 8 keV T HEE T M AR R, HAAE R
440 nm, AT HHRCR K 31% . 2018 4F ., Xu 57 il 1k
T &Rk 35 1 4% 3L Kinoform B 455, B K T b 1]
T 70, FAE U R D R A OGRS R L AT T
ML, 7E 12 keVOEFRER T AEHE R 8 cm, B R
sFo% 870 nm.,

JLPFRY R KL

200 pum &
ES

[53]

SVASK T Kinoform i 5 HA & i A F k4 A
L 5L 52 5 AT 5 385 B 1) A% i 2005 E AR X 52 2% Y
BTS2 JUH R R 7SR S R i B Y
PRI T T 2R s Pkt . % B #) Kinoform
75 5 AT AR 0 R FEOLBE R TR AR AE 100 nm /2
A I BA B (E ORI IIRRE R, #F
e X T g X 440 B (>30 keV), Kinoform
BT R
2.3 REBTH
2.3.1 KBHREERA

K-B 5 R £ R G0 —Fh 2 MU 30 A S S5 = 2R
FETTF 2 (6] 20 B S 6 T b a5 T Sl N T 4k B
YRERG . T R B A CE R
W IMB L, S X R R DY KB BER
FERG A WIFP UL G, B AR oE B9 AT S B G CE A
Montel ZIBL AN 6 fr7s . ARiERLAY K-B 5 R 45
9 Kirkpatrick #1 Baez' ™ #£ 1948 4E i A F X
SRR Z X SR TE M 1 E ST

Pl 6 K-B R s R 2
[58]

Fig. 6 Schematic diagram of K-B mirror focusing
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. (a) K-B mirror with standard mode; (b) K-B mirror with Montel mode
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Fig. 7 Schematic diagram of working principle of waveguide
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Table 1 Comparison of main hard X-ray focusing optics

Multilayer

Compound Multilayer

Item Zone plate ) . Waveguide
Laue lens refractive lens K-B mirror
Minimal spot size /nm 7.8 6.8 14 5.8 10
Efficiency Low Relatively high Relatively low High Relatively high
Mechanism Simple Simple Simple Relatively complex Relatively complex
) o Short working Low efficiency in Difficult adjustment, No working
Disadvantage Low efficiency ) ) o )
distance low energy regime monochromatization distance
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Fig. 8 Magnified Talbot self-imaging obtained by single-grating interferometer characterizing wavefront

characteristics of focusing system
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Fig. 9 Schematic diagrams of two kinds of one-dimensional speckle scanning measurement.

(a) Upstream mode; (b) downstream mode
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Fig. 10 Experiment based on speckle statistics”"" . (a) Experimental setup of speckle interferometry;

(b) Speckle patterns and their autocorrelation functions
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Fig. 11 Experimental diagram for characterization of focused beam produced by K-B mirror
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Fig. 12 Reconstruction of sample and incident wavefront by ptychography
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Fig. 13 Schematic diagram of iterative phase retrieval method. (a) Wavefront in vicinity of beam waist and diffracted X-ray

recorded by detector in dark field™® ;

multiple wavefronts near focal spot

; (b) phase iterative realized by angular spectrum propagation between
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Table 2 Comparison of common on-line X-ray wavefront detection techniques

Item Grating interferometer Near-field speckle Ptychography Iterative phase retrieval

Coherence Low Medium High High
) Grating (one-dimensional or Sandpaper Sample Mirco-bridge
Optics two-dimensional) (two-dimensional) (two-dimensional) knife
Experimental setup Complex Simple Simple Simple
Measurement mode Single or scan Single or scan Scan Scan
Data processing Fast Relatively fast Slow Relatively slow

Measurement object Slope or curvature Slope or curvature Phase Phase

Dark field information Fringe visibility

Angular resolution Relatively high
Complex setup,
Main disadvantage expensive optics,

phase wrapping

for two-dimensional

mapping

Cross correlation
Relatively high High High

Slow data processing

High-precision knife,
High coherence, .
) high coherence,
slow data processing )
slow data processing
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Fig. 14 Wavefront aberrations of shape of K-B mirror before and after correction
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(a) Horizontal focusing mirror; (b) vertical focusing mirror
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Fig. 18 Wavefront compensation of beryllium compound refractive lens realized by using phase plate

[138]

(a) Deformation of every lens surface; (b) comparison between surface profile and design goal of SiO, phase plate
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