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Abstract

diffraction-limited storage rings place higher demands on the thermal deformations of the mirrors. Given the high average

Light sources such as high-repetition-rate free-electron lasers and low-emittance synchrotron radiation

thermal power and the wavefront preservation demand of the Shanghai high repetition rate XFEL and extreme light facility
(SHINE), the thermal power distribution on the first mirror named M1 for the first beamline at different energy points is
calculated. A finite-element analysis model with thermal and structural coupling is built to calculate the thermal
deformation of M1 and conduct wavefront propagation simulation. Finally, the mirror cooling design is optimized by multi-
segment cooling and compound utilization. The results show that when the incident light has an energy of 7. 0 keV and an
grazing angle of 4 mrad, the rated thermal power is improved from 0.48 W to 3.06 W, and the working repetition rate is
enhanced by 6.4 times accordingly. According to the optical simulation results, the rated thermal power is also increased
by 2.0 to 8. 3 times at other energy points.
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Table 1 Parameters for accelerator used in simultaneous Table 2 Light source parameters under different photon energies
radiation simulation Photon energy /keV 3.0 7.0 12.4 15.0
Device Parameter Value Bunch charge /pC 100 100 100 100
Electron energy /Gev 8 Electron energy /GeV 5 8 8 8
Bunch charge /pC 100 Pulse energy /1] 930 1800 394 60
Average current /mA 0.1 Source size (FWHM) /pm 49 48 50 50
Electron beam Peak current /A 1000 Source divergence (FWHM) /prad 5.5 2.7 1.7 1.3
Pulse duration /fs 100 . ] .
. B B,C 2 2 19 JE B2 AL 50 nm, L TE FEA H 48 %
Emittance /(pm-rad) 0.4 - ;
Revetiti L B,CHEJZE . FEA H.50 R DU I A4 R 7 T8 A (90 4%, 3
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Fig. 2 Absorbed power density distribution of M1 at energy of 7. 0 keV with grazing angle of 1. 9 mrad. (a) Spontaneous radiation;

(b) FEL fundamental radiation; (c) third harmonic radiation; (d) total power
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Fig. 4 Mirror cooling model and FEA model. (a) Mirror cooling structure; (b) enlarged view of mirror cooling structure; (¢c) FEA

model of mirror cooling structure; (d) enlarged view of FEA model of mirror cooling structure
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Table 3 Material parameters in FEA

. Density / Elastic Yield stress / . . Thermal conductivity /  Thermal expansion coefficient at
Material ", Poisson ratio o e
(kg'm *)  modulus /GPa MPa (Wem K" temperature of 300 K /(10 *K ")
Silicon 2329 112.4 120 0.28 148 2.50
Copper 8900 110.0 220 0.34 391 1.75
In/Ga 6350

28
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Table 4 Sy of M1 mirror under different energies

Grazing Total heat / _
Energy /keV Simulated Sk
angle /mrad W
3.0 4.0 18. 90 0.17
5.0 4.0 28. 60 0.12
4.0 38. 20 0.15
7.0
1.9 37.10 0.16
12.4 1.9 9.23 0.29
15.0 1.9 1.72 0.70
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Fig. 7 Thermal deformation after X-ray with energy of

7.0 keV incident on M1 mirror at grazing angle of

4.0 mrad under different cooling fin lengths
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Table 5 Optimum cooling fin lengths under different energies

Grazing angle / Optimum cooling fin

Energy /keV

mrad length /mm
3.0 4.0 156
5.0 4.0 109

4.0 53
7.0

1.9 148
12.4 1.9 64
15.0 1.9 65
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Fig. 9 Schematic diagram of multi-stage compound cooling

structure
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Table 6 Si under different energies after comprehensive optimization

Energy /keV Grazing angle /mrad Total heat /W Simulated Sy

3.0 4.0 18.90 0. 30
5.0 4.0 28. 60 0.26
0 4.0 38. 20 0. 35

' 1.9 37.10 0.27
12.4 1.9 9.23 0.60
15.0 1.9 1.72 0.93
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Table 7 Nominal heat load and working repetition rate before and after optimization at S;=0.96

Energy /keV

Before Optimization

After Optimization

Grazing angle /
Total heat /

Repetition rate /

Total heat / Repetition rate ratio

Repetition rate /

mrad
w kHz w kHz
3.0 4.0 0.63 33.3 1.89 100 3.0
5.0 4.0 0.57 20.0 1.57 55 2.8
70 4.0 0.48 12.5 3. 06 80 6.4
. 1.9 0.62 16.7 1.86 50 3.0
12.4 1.9 0. 37 40.0 3.07 333 8.3
15.0 1.9 0.43 250.0 0. 86 500 2.0
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