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Mirror Bending Theory

• Basic Theory:

– Pure Bent Beam curvatureݕᇱᇱ ݔ ൌ ሻݔሺܯ ݕሻ൘ݔሺܫ	ܧ - deflectionݔ	 - position on mirrorܯ - Bending Moment on cross-sectionܧ -Young's modulusܫ - Moment of Inertia of cross-section
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Mirror Bending Theory

• Basic Theory:

– Pure Bent Beam ᇱᇱݕ ݔ ൌ ሻݔሺܯ ሻ൘ݔሺܫ	ܧ
When the moment is applied to both ends：ܯ௕ ݔ ൌ ଴ሺ1ܯ ൅ ݇ெݔሻ
For a vertical focusing mirror,  the extra moment from gravity:

௚ܯ ݔ ൌ ܮ௠ܶ4ߩ݃ ሺെ4ܮන ݑ െ ݔ ܹ ݑ ௅ଶ௫ݑ݀ ൅ ሺܮ െ නܮሻሺݔ2 ܹ ݑ ௅ଶି௅ଶݑ݀ ൅ 2න ܹݑ ݑ ௅ଶି௅ଶݑ݀ ሻሻ݃ – Acceleration of gravity,  ߩ௠- Mass density,  T – Mirror Thickness,  L- Mirror length, W- Mirror width
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Mirror Bending Theory

• Elastic mechanics correction 1:

– Extra transverse shear deformation:ݕᇱ ݔ ൌ ݏ ݔ െ ݏ :from bending moment	ݏ0

ሻݔ௕ሺݏ ≡ െܯ଴݇ெܹሺݔሻ ∗ ݏܩܶ from gravity (For a vertical focusing mirror) :

ሻݔ௚ሺݏ ≡ ௠ሺනߩ݃ ൬െ2ܮ ൅ ሻݑሻܹሺݑ ௅ଶ௫ݑ݀ ൅ න ൬2ܮ ൅ ሻݑሻܹሺݑ ௫ݑ݀
ି௅ଶ ቍܹܮܩሺݔሻܩ - transverse shear modulus
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Mirror Bending Theory

• Elastic mechanics correction 2:

– Extra axial shear deformation:ݕᇱ ݔ ൌ ݏ ݔ െ ݏ 0
ሻݔ௔ሺݏ ≡ െܯ′ሺݔሻܹሺݔሻ -௔ܩ௔ܶܩ65 axial shear modulus
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Mirror Bending Theory

• Elastic mechanics correction 3:

– Extra transverse deformation:ݕ௖ሺݔሻ ൌ ݄௖ሺݔሻ െ ݄௖ሺ0ሻ െ ݄௖ᇱሺ0ሻݔ
݄௖ሺݔሻ ≡ ܶଶ	12ߥ ሻݔሺܫ	ܧሻݔሺܯ

– Curvature (including Influence of saddle deformation):

x

y

ᇱᇱݕ ݔ ൌ െ2 ൈ 5ଶ ଷ⁄ ଶܧ ଷ⁄ ଼ܶ ଷ⁄ ൅ 2 ൈ 5ଵ ଷ⁄ ߥሻݔሻܹሺݔሺܯ9 ൅ ଶ଼ܶܧ5 ൅ ଶߥሻଶݔሻଶܹሺݔሺܯ81 ଶ ଷ⁄
ܹሺݔሻଶߥ ߥሻݔሻܹሺݔሺܯሺ9ܶܧ ൅ ଶ଼ܶܧ5 ൅ ଶሻߥሻଶݔሻଶܹሺݔሺܯ81 ଵ ଷ⁄



Bending Design

• Key points
– Elliptical Bending

– Two Independent Moments

– Special Designed Torpedo Mirror 

– No Gravity Compensation System, simple and stable

– Actuator spring – high resolution, high stability

– New high elastic materials, Such as: BeCu

Concept



Mirror Design

Length <1,0,0>,  Width<0,1,1>,  Height<0,-1,1>

1260mm (1000mm)×80mm(max)×50mm

165.7 63.9 63.963.9 194.4 35.263.9 35.2 194.4 0						 0						 00						 0						 00						 0						 00								 	0 										00								 	0 										00								 	0 										0 50.9 0 00 79.6 00 0 79.6
GPa

stiffness matrix:

Bending Ellipse:
p=40m   q=8m   θ=3mrad

RMS 22nrad

RMS 20nrad

Anisotropy:



Bender design

Four Bar, Three Roller

Mirror ActuatorActuator

Holder Holder

Upper Rollerlower Roller

Rotation
TiltRotation

lower Fixed Bar

Material of roller:

beryllium bronze

• Lower E -> Low Stress Concentration

• Higher σe  -> Low Yield Deformation



Physical processing



Measurement on FSP (Flag-type Surface Profiler)

Bending shape accuracy RMS 0.17μrad

Measuring Results

effective length 1000mm

Bending Shape Designed Ellipse

Bending shape accuracy

(Bent mirror shape – Bare mirror shape – Designed ellipse)
0.17μrad (Vertical focusing)

Stability: 72h，deformation 66nrad RMS



Vertical Focusing Mirror (VFM)： p=5m， q=0.5m， θ=3mrad

Horizontal Focusing Mirror (HFM)：p=5.18m，q=0.32m， θ =3mrad

K-B Mirror Design

Bending Ellipse:

Original Design Idea From:
Lin Zhang et al. (2010) ESRF
R. Baker et al. (2010) ESRF

Mirror Length: 146mm (120mm)



K-B Mirror Design
New Design:  add Translation Flexure Hinge (TFH)

Machining Error of Flexure Bender

Bonding Error between Bender and Mirror
Bending Shape Error

Translation Flexure Hinge
- Reduce the Sensitivity of Bending Shape to Bender Errors.

Mirror Profile Iteration by FEA

VFM

Without 
TFH

VFM

With TFH

HFM

Without 
TFH

HFM

With TFH

Total Axial Stress  F（N）2.1 0.19 5.1 0.43

ΔF caused by  30μm 
Thickness Error of  Glue 
Layer（N）

0.23 0.023 1.16 0.13

ΔF caused by  30μm 
Machining Error of  
Flexure Bender（N）

0.32 0.032 1.6 0.09



Physical processing



Stability：72h，transformation 6nrad RMSBending shape accuracy RMS 0.13μrad & 0.19μrad

Measuring Results
effective length 120mm（146mm total）

Bending Shape Designed Ellipse(40m, 120mm, 3mrad)

Bending shape accuracy

(Bent mirror shape – Bare mirror shape – Designed ellipse)

0.13μrad(HFM)

0.19μrad (VFM)

Measurement on FSP (Flag-type Surface Profiler)



Next Bending Techniques in HEPS
—— Zoom capability and optimized design

ᇱᇱݕ ݔ ൌ ሻݔሺܯ ሻ൘ݔሺܫ	ܧ
Whether Pure Bent Beam Theory or Elastic Mechanics,   

For any M(x), we can find matched I(x) to get Perfect Designed Elliptical Bending

Zoom Variation Capability is new important requirement for Beam-lines

But for different M(x) design, typically different M1 and M2   ->   different	݇ெ design
the Zoom Variation Capability of bent mirror is different.

For example: p=20.3m，q=0.18m，L=0.2m，θ= 2.2mrad



Next Bending Techniques in HEPS
—— Zoom capability and optimize design

For example: p=20.3m，q=0.18m，L=0.2m，θ= 2.2mrad    HFM

.
Subscript “d” means design value.



Next Bending Techniques in HEPS
—— Zoom capability and optimized design

For example: p=20.3m，q=0.18m，L=0.2m，θ= 2.2mrad， T=5mm  VFM

Subscript “d” means design value.



Conclusion

• Elastic mechanics corrections on bending theory

• Long Bent Mirror and K-B Bent Mirrors are R&D, sub-200nrad 

bending accuracy is got with high stability.

• Zoom capability optimized bending design is discussed.
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