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Thermal analysis of compound refractive lenses for high heat load X-ray free-electron-laser

WANG Zhen TONG Yajun LIU Fang

(Center for Transformative Science, ShanghaiTech University, Shanghai 201210, China)

Abstract  [Background] The Shanghai High-repetition-rate XFEL and Extreme Light Facility (SHINE) is
characterized by high brightness, full coherence, and high repetition rates. For focusing high-repetition-rate hard X-
rays, compound refractive lenses (CRL) must withstand significant heat loads, which can potentially lead to optical
performance failure due to high thermal stress. [Purpose] This study aims to optimize the maximum allowable
repetition rate of X-ray beams while maintaining thermal stress within permissible limits to ensure reliable optical
performance of CRLs under high-repetition-rate operation. [Methods] Firstly, a finite element method (FEM) was
employed to perform thermal-structural coupled analysis of beryllium CRLs with various internal spherical radii
(0.3 mm, 1.0 mm, 2.0 mm, and 5.8 mm) under different photon energies (5 keV, 7 keV, and 15 keV). Then, the
maximum thermal stress and temperature distributions were systematically evaluated under the initial 1 MHz

repetition rate condition. Finally, the repetition rates were optimized to keep the maximum thermal stress below the
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permissible threshold of 120 MPa (50% of beryllium's yield strength), with special focus on the central region of the
lens where stress concentration occurs. [Results] Analysis results show that CRLs with internal radius R=0.3 mm
experience a maximum thermal stress of 1 008 MPa at 7 keV photon energy at 1 MHz repetition rate, far exceeding
the permissible limit. After optimization, the maximum thermal stress is reduced by 93% to 74 MPa by lowering the
repetition rate to 100 kHz. The maximum temperature decreases from 201 °C to 36.6 °C, an 82% reduction. For
larger radius CRLs (R=5.8 mm), the optimized repetition rate could be increased to 500 kHz for 7 keV X-rays while
maintaining thermal stress below the threshold. [Conclusions] By optimizing the repetition rate according to CRL
geometry and beam energy, thermal stress can be effectively controlled within safe limits. Increasing the internal
spherical radius of CRLs from 0.3 mm to 5.8 mm allows for higher repetition rates (from 100 kHz to 500 kHz for

7 keV photons), thereby enhancing operational capabilities while ensuring reliable optical performance and structural

integrity.
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Fig.2 Diagram of compound refractive lens (CRL) structural design (a) Compound refractive lens structure includes a Kovar
fixing structure and a CRL focusing mirror, (b) Design parameters of the CRL
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Table 1 Parameter of Compound Refractive Lens (CRL)structural design
4% R/ mm JEAR Shape A4 %} Material ~ 5i)5 Z,/ mm UL ERE D/ um YT fER Photo energy / keV
0.3 Parabola Beryllium 0.7 30 715
1.0 Parabola Beryllium 0.7 30 715
2.0 Parabola Beryllium 1.0 30 5.7.15
5.8 Parabola Beryllium 1.0 30 5.7.15

J1%E . Uk, CRL G O B L IUe s RGO B KA )5 il AN (B 5 DL
A CanE 3(o)) , A REE NS SEAGHE AT CRLIE Dy ST vy 480 ) ALVl 22 6 A2 B S HE A B 200l

0 1,50 3.00 (mm) k" 06 A
s 2o : 0.05 0.5

3 A Kovar [f 58 45 14 (¥) CRL SEAEHE RS 528 (a) , L RZTBOK 19 CRL B A8 Hh 01 B AT PR 7T M 4% (b)
Fig.3 Mesh model of compound refractive lens (CRL) with Kovar fixation structure (a), magnified finite element mesh at the CRL

center (b)
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Table 2 Material properties applied for FE-Model

R e FRPER R HEL /= JeE A 5 HIZIK 25 W
Material Density Elastic modulus Poisson's Yield stress Thermal expansion Thermal conductivity

/kg'm™ / GPa ratio / MPa coefficient / °C™' /W-m™-°C"
Beryllium 1850 303 0.1 240 Fig.4(a) Fig.4(b)
Kovar 8360 138 0.317 345 5.5x107° (25 °C) 17.3
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Fig.4 Non-linear thermal expansion coefficient (a) and conductivity coefficient (b) of beryllium!”
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Fig.5 Heat flow density distribution at photon energy 5 keV (a), 7 keV (b), the Gaussian distribution of heat flow density (c) (color
online)
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Table 3 The thermal load absorbed by CRLs of different
specifications at different photon energy

FAER/mm  #AER Heat load / W

5keV 7 keV 15 keV
0.3 / 3.82 0.008
1 / 1.54 0.004
2 15.04 3.84 0.012
5.8 7.2 2.32 0.008

BV /RN A 1) CRLAHZ BE & s S
Note: "/" indicates that the CRL of the specification has no
application at the energy point.

2 AOHERFITR
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BifE N CRLEESM B ST X WA RERSH
FHAEH RBEMAMEA . N T HI R CRL RS L2
PEREA Rt , JLF AT IR g ) s v 32 AR A )
6 AT S P A PR R RN JE IR B . AR 9 BR U RX
Optics 2~ &) B 5L B TR 5 , CRL 28 £ 43 1) R il iR
FE R PRAEL A 400 °Co 573 AMEHE WK H B HLFos &
36 UL K T g H 1 v AN AT 1) R, CRL SR FE B 1K1
AL BN A7 4% R R AR R 5 A 120 MPa, 4 A1 k] AR
S B 240 MPa f#) 50%2" . Rl , 4 T 8 4 CRL 5K 4=
BEAE AT X 2R TR A ik A2 v H B vy AV g 1) S, o4
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Fig.6 Variations of thermal stress and temperature of the CRL
with spherical radius under the 1 MHz repetition rate
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Fig.7 Temperature (a) and thermal stress (b) distribution contour of the CRL within R=0.3 mm and photo energy 7 keV under
the 1 MHz repetition rate (color online)
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Fig.8 Temperature (a) and thermal stress (b) distribution contour of the CRL within R=2 mm and photo energy 5 keV under
the 1 MHz repetition rate (color online)
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Fig.9 Optimized maximum repetition rate of the CRL (color
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