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Abstract The fourth-generation synchrotron radiation sources and hard X-ray free-electron lasers, characterized by

low emittance, high brightness, and high coherence, have introduced new requirements and opportunities for X-ray
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optics devices. X-ray lenses based on the principle of refraction, which are compact in structure and do not alter the
optical path, offer great flexibility in application and have increasingly attracted the attention of scientists at major
light sources in recent years. This paper first introduces refractive lenses, including Compound Refractive Lenses
(CRLs), Kinoform lenses, Cartesian oval lenses (OVLs), and OVAL-Kinoform lenses, and then reviews recent
advances in the research and development of Alvarez varifocal X-ray lenses (AXLs) and saw-tooth X-ray refractive
lenses (SRLs). These lenses have achieved significant breakthroughs in reducing aberrations and material absorption,
thereby further optimizing optical performance. In addition, two new types of phase plates that can be used in
conjunction with these lenses are introduced. Finally, a detailed overview of advanced manufacturing technologies,
including ultra-precision machining-based imprinting, two-photon polymerization, LIGA (Lithografie,
Galvanoformung, Abformung) processes, semiconductor etching, and femtosecond laser processing, are provided

with a focus on their applications in realizing complex micro/nano structures and improving the manufacturing

precision of X-ray refractive focusing lenses.
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Fig.2 SEM image of hard X-ray SU8 CRLs (LIGA process)
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Fig.3 SEM images of lenses with different geometrical
parameters (LIGA process)
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Fig.4 Diagram of lens focusing (a) Circular refractive lens, (b) Parabolic refractive lens, (c) Parabolic compound refractive lens
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Fig.5 SEM image of 1D Germanium Kinoform lens (semiconductor planar processing)
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Fig.6 SEM image of 2D SU8 Kinoform lens (femtosecond laser two-photon polymerization)
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Fig.7 SEM image of 2D Sapphire (AL,0,) Kinoform lens (femtosecond laser etching)
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Fig.8 Diagram of lens focusing (a) Parabolic refractive lens, (b) Long Kinoform lens, (c) Short Kinoform lens
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Fig.9 Schematic diagram of OVAL lens focusing
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lithography)

FH T 0 WL G408 1) HE e % 0 FR e 22 45 4, HR 1% 4
¥y 44 N Alvarez varifocal Lens, 1 344 NP /R FLE
WA R iE . BEE R P AR ORI E KRB
Dhamgaye S5 7F 2023 5 & VKX FiZ B v T X
S 28 3, FF Ay 44 9 AXL (Alvarez varifocal X-rays
Lens) , %3 58 A AT DAFEAS 0AE X5 26 47 i 45 it

080102-5



BT B XA A

NG DT SO BEASOGRR I R B, I T DL ROH B
X AT & B AN Al 2 AR (i n T 2R 22) 51
W&z 5 EE, C R AR L7 5 B A K7 T
et e AF R, BB 10 o, 24 AB X A7 4 e
P Y Hil ) AN [ 7 [ RS Sl ST I 2 1 2

AXL % 5t A~ HAA 3L J7 8 FE o3 A 1 ot 4

J8C A T R FE 53 R 7R N -
tl(y):A3(y+A)3+A1(y+A)+A0 4)
L(Y)=—A;(y =4y - A, (y - 4) + 4, (5
P s A, ST TT I R E BRI BE AR IR S, 5 T

P ED WA, 5 ERE NECRIME . 4, AT 2R
oA, 5L R FEARAAT %, B T UAT I ] TP 2%

PRI 2> BB IE , A, 38 8 T M2 At s =2 oo Cin
CRLOH MR ZE, UFHERIEMNBEH LG —
Sl 28 P 4y B () R B R R £, AT DUAR i X
SR E RN B A, A N F B, FoR 05 B0 3
AJERE B (=0) A IEBR RS o A RPAIE B T 1
LEROE A

AXL 258 1A A8 K

WE LR, fEx i, 2 AXL 4 9 0B, A
B AN Jo 4 B AN , AXL X X 528 (9 3 BT 30 A LA 2

24> 00, ANBWHAJCAFER R 3, 75 7T B 8l
Bl Y 5 A B8R, T U, BERR R /N s 4 < OB, A
B AN G R SE I, U AT I R TR T 2%, SRR
BRRERTS , FE RO

11 B/ BL TR i XN AR fR B 4R
(XHUNJFIGIRE T AXL 5 CRLs FIBAEL R x, Moo A 5o B R GLF% Ja AR f2 45 )
Fig.11 Schematic diagram of Alvarez varifocal X-rays lens (X-axis is the focusing result of AXLs and CRLs in the original state;
x,-axis is the focusing result after the phase displacement of element A and element B)
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Fig.13 Schematic diagram of Saw-tooth X-ray refractive lens

2.3  HB{ItR(Phase Plate)

i 7 AEGEE D N AR B E B R R kMG T2
K[ R 22 22 A 38 1] LAAE G % HR s AR AR SR 5 1 T
iR % . Seiboth™'&E1E 2020 1 H € AP % id
456 3D HT ERH AR 43 7l il /E T Nanoscribe IP-S Yt %
I 5 (1) 38 A AE AR 5 B o < WA kR e kAR AR, R T
RIES Be) BHEMBE M EZE, HRxBEES%
14,

Height Z

—-0.072
—0.074
—0.076
—0.078
—0.080
—0.082
—0.084

B4 HIBORE R CEE L2 RO

Fig.14 Phase plate schematic diagram (color online)
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Fig.16 The original measurement image of the lens surface profile (a) and residual map after fitting (b) (color online)
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(a) 1D diamond compound refractive lens group, (b) 2D diamond single-element refractive lens, (c) Focal spot of the 1D diamond
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