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Abstract Based on finite element analysis of thermal

mechanical behavior, structural optimization design was

proposed for a side cooling collimating mirror subjected to

high heat load for a beamline at SSRF (Shanghai Syn-

chrotron Radiation Facility). The temperature distribution,

stress concentration effect, maximum equivalent (von-

Mises) stress, and slope error of the mirror were analyzed.

In particular, the cooling water channels of the traditional

structural design were optimized, and the modified designs

were further optimized. Although the traditional structural

and the improved designs could meet requirements for the

temperature and thermal stress, the deformation gradients

were relatively large for several structural designs, and this

led to larger slope error. The further improved structural

designs could be of better performance.

Keywords Finite element analysis (FEA) � Synchrotron
radiation � Heat load � Structural optimization

1 Introduction

A third-generation light source is advantageous in its

high brightness and flux, wide energy spectrum, and high

collimation, and is widely used in physics, chemistry,

biology, medicine, archeology, materials science,

microelectronics, environmental protection etc. As an

advanced scientific facility, with long-term stability and

high-quality operation of the beamlines, it brings great

convenience for researchers all over the world [1–5]. As a

critical influencing factor on high-quality operation of the

light source, the optical systems play an important role.

And as one of the primary elements in the optical systems,

the various optical mirrors (deflection, focusing, harmonic

rejection, collimating etc.), made of single-crystal silicon

mostly, affect optical performance of the beamlines [6–9]

by their surface topography and slope error.

During the long-term operation, the cumulative thermal

effect induces slight local deformation of lattice on the

crystal surface, thus affecting the beamline quality [10–15].

Finite element analysis (FEA) has been performed to pre-

dict the thermodynamic behavior of mirror prototypes,

which undergo high heat loading conditions. FEA has also

been applied to design the better mirror structures for

effectively reducing the negative thermal deformation. The

numerical calculations are conducted throughout the

structural designs until the mirrors satisfy the engineering

requirements [16–20].

The radioactive materials beamline in Phase II beamline

project of SSRF (Shanghai Synchrotron Radiation Facility)

will be dedicated to meet the research requirements of

nuclear power in China, for studies on nuclear fuel fabri-

cation, spent fuel reprocessing, and structural and func-

tional materials for nuclear reactors, environmental

radioactive contamination etc. The beamline will provide

advanced analytical tools of XAS, XRD, XRF, imaging,

and associated microcharacterization techniques for ana-

lyzing radioactive samples, and for applications in other

research fields. The beamline uses a cylindrical mirror to

collimate the light beam in the vertical direction, thus to
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improve the energy resolution and luminous flux. For the

scientific design requirements of the collimating mirror, the

meridional slope error (RMS) should be less than 1.5 lrad.
In particular, the meridional slope error (RMS) caused by

heat load should be less than 1 lrad.
In this paper, thermal mechanical behavior of a side

cooling collimating mirror for the radioactive materials

beamline is analyzed by FEA. The temperature distribu-

tion, stress concentration effect, maximum equivalent

(von-Mises) stress, and slope error are studied. To meet the

design requirements of the beamline, the mirror structural

designs are optimized in series and the results are com-

pared, such as modifying the designs by adjusting the water

channel length, and improving the modified designs by

optimizing the cut-off region for water channels. Such an

effort can be extended to designing other types of optical

mirrors subjected to high heat load.

2 Finite element model

The FEA was performed by using the commercial finite

element software ANSYS WORKBENCH (Version: 14.5)

and windows XP platform.

2.1 Geometry model

Figure 1a shows the 3-D model of the side cooling

collimating mirror system, which includes one mirror and

two cooling water channels. Owing to the principle of

symmetry, as shown in Fig. 1b, only half of the system is

established to perform FEA. The mirror is made of single-

crystal silicon attached to the cooling copper block. The

cooling medium is deionized water. According to

traditional design, the contact length of the mirror to the

copper block equals to the mirror’s length.

The material parameters are listed in Table 1. The

mirror is sized at 80 mm (X) 9 1200 mm (Y) 9 55 mm

(Z). The square cooling water tube is 20 mm

(X) 9 1200 mm (Y) 9 20 mm (Z). The circular cooling

water channel is 8 mm in diameter.

2.2 Interaction condition

Considering the existence of slight relative displacement

at the contact area between the mirror and copper block

under high heat load, the interaction property was set at No

Separation. As indium foil was used as the interstitial

material between the silicon and copper in practical engi-

neering operation, the thermal conductance coefficient was

set at 3000 W m-2 �C-1 [21].

2.3 Boundary and loading conditions

As shown in Fig. 2a, b, the heat load was in the central

specific area of the mirror, and symmetry constraint was

imposed on the symmetry planes. The power density dis-

tribution on the mirror is shown in Fig. 2c. The peak power

density was 10.24 kW/mrad2. The horizontal and the ver-

tical emission angles of the light beam were 1 and 0.12

mrad, respectively. The beam was at a grazing incidence

angle of 2.4 mrad on the working surface of mirror. The

distance between the mirror and the light source was 19 m.

And the absorption efficiency of the mirror was 21.74%. It

can be calculated that the maximum heat power absorbed

by the mirror was 240.7 W. The size of footprint (syn-

chrotron radiation area) was 19 mm (X) 9 950 mm (Y).

From Eqs. (1–5) and computational conservatism of FEA,

the calculated equivalent convective heat transfer coeffi-

cient was h = 3000 W m-2 �C-1, while the initial refer-

ence temperature was 30 �C.

h ¼ kNu=D; ð1Þ

Nu ¼ 0:023Re0:8Pr0:4; ð2Þ
Re ¼ qmD=l; ð3Þ
Pr ¼ lCp=k; ð4Þ

h ¼ 0:023q0:8m0:8C0:4
p k0:6= l0:4D0:2

� �
; ð5Þ

where h is the convective heat transfer coefficient; Nu is the

Nusselt coefficient; k is the thermal conductivity of the

cooling medium; D is the diameter of the circular cooling

tube; Re is the Reynolds number, reflecting the effect of

convective strength on heat transfer; Pr is the Prandtl

number, reflecting the effect of fluid properties; q is the

density, m is the velocity, l is the viscosity, and Cp is

specific heat of the cooling medium.
Fig. 1 The side cooling collimating mirror a 3-D model b 1/2 FEA

model
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2.4 Mesh scheme

As shown in Fig. 2d, for the FEA model, all parts were

assigned to global seeds in element size of 8 mm and

meshed with the technique of hex-dominated method [22].

In particular, for the critical synchrotron radiation area

subjected to high heat load, the finer element size of 2 mm

was used. The entire model had 200,292 nodes and 50,629

elements.

3 Results and discussions

3.1 Temperature and thermal stress distribution

Temperature and thermal stress are critical indicators for

optical mirrors subjected to high heat load. The mirrors

work properly when the two parameters are within the

normal operating range. The temperature distribution of the

mirror is shown in Fig. 3a, the relative high temperature

located at the synchrotron radiation area subjected directly

to the high heat load, with the maximum temperature of

36 �C, which was within the normal operating temperature

range of single-crystal silicon. Figure 3b shows the

equivalent (von-Mises) thermal stress distribution of FEA

model. The maximum equivalent thermal stress located at

the synchrotron radiation area, with the maximum thermal

stress of 0.3 MPa, which was also within the normal

thermal stress range of single-crystal silicon (Table 1).

3.2 Slope error

Slope error is a key technical factor of synchrotron

radiation optical mirrors, indicating optical surface per-

formance of the mirrors subjected to high heat load. Fig-

ure 4a shows the tangential deformation contour along the

central line of the synchrotron radiation area. It can be seen

that the deformation changed continuously along the

meridian direction of mirror. The deformation maximized

in the central part of the mirror and decreased gradually

Table 1 Mechanical parameters of materials

Materials Density

(kg m-3)

Elastic modulus

(GPa)

Poisson’s

ratio

Yield stress

(MPa)

Thermal conductivity

(W m-1 �C-1)

Thermal expansion coefficient

(�C-1), 25 �C

Silicon 2329 112.40 0.28 120.00 148.00 2.50 9 10-6

Copper 8900 110.00 0.34 220.00 391.00 1.75 9 10-5

Fig. 2 FEA settings of the loading (a) and boundary (b) conditions, the power density distribution (c) and the mesh (d)
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along both sides. Such phenomenon was related to the

distribution of the heat load which was applied at this

specific region. Figure 4b shows the tangential deforma-

tions of the synchrotron radiation area along meridian

direction. In Fig. 4c showing the slope errors, however, the

RMS value of slope error was 2.6 lrad, while the design

requirements of the mirror are less than 1 lrad.

3.3 Modified design and simulation results

A modified design was proposed to improve the slope

error. As shown in Fig. 4, the gradient of deformation was

relatively large along the meridian direction from the

center to the edge of synchrotron radiation area, i.e., the

maximum difference in deformation was 0.92 lm, which

was the main reason leading to the large slope error. Take

the structural design of long cooling system into consid-

eration, it caused the relatively large temperature gradient

at the specific region; thus, it was dominantly contributed

to the phenomenon described above. To reduce this kind of

negative effect, a series of short cooling systems were

designed, as shown in Fig. 5a. In new designs, the length of

modified square cooling water channels were 1080, 900,

800, 780, 760 and 740 mm, respectively, without changing

the other sizes.

Based on the modified models, a series of FEA was

performed. Figure 5b, c show the maximum temperature

and maximum thermal stress as a function of the channel

length (from 700 to 1200 mm of the original design),

respectively. It can be seen that although the maximum

temperature increased at shorter channel lengths, they were

still within the normal operating range of silicon. The

maximum stress values were almost kept around 0.3 MPa,

which was also within the normal operating range of

silicon.

As shown in Fig. 5d,e, the gradient of tangential

deformation of the modified designs was significantly less

than that of the original one. In addition, the modified

design of 760 mm channel length had the smallest gradient

in normal deformation, while the maximum difference in

deformation for the modified model was approximately

0.16 lm, which was only 17.4% of that of the original

model (0.92 lm). The RMS value of slope error was 0.91

lrad, which was only 35% of that of the original model

(2.6 lrad). This slope error was far less than that of the

original design.

3.4 Further improved design and simulated results

To further improve the mirror performance, other

improved structures for cooling system were designed. In

Fig. 5d, it can be found that the segment of 50–300 mm

was the critical region for the optimization, with the

smallest deformation and hence reduced difference in

deformation. So, even better results can be obtained by

optimal designs for this specific region.

According to Sect. 3.3, the channel length of 760 mm is

of the best cooling effect. For further improving cooling

structure, four types of 760 mm cooling water channels

were designed (Fig. 6a). Each design had a segment

Fig. 3 Temperature (a) and
stress (b) distributions of the
FEA model

Fig. 4 Tangential deformation of synchrotron radiation area. a contour b deformation along the meridian direction c the slope error
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removal for the cooling channel at the specific region. The

cut-off regions were 50–300, 100–300, 150–300 or

200–300 mm, with the cut-off width of 4 mm and height of

10 mm.

Figure 6b, c show the tangential deformation and slope

error for the further improved designs, respectively. One

sees that the maximum gradient of normal deformation of

the model with the cut-off region of 200–300 mm was

approximately 0.08 lm, which was only 50% of that of the

original optimized model (0.16 lm), hence the smallest

gradient in tangential deformation. Furthermore, the cal-

culated RMS value of slope error was 0.77 lrad, being
84.6% of that of the original optimized model (0.91 lrad),
and 77% of the beamline requirement (1 lrad). Therefore,

the further improved model with the cut-off region of

200–300 mm shall be pretty good.

4 Conclusion

The thermal mechanical behavior and structural opti-

mization designs of a side cooling reflection mirror sub-

jected to high heat load (240.7 W) in synchrotron radiation

were proposed based on FEA. By optimizing the length of

the cooling water channels, the temperature distribution,

stress concentration effect, maximum equivalent stress, as

well as slope error of the mirror, were analyzed by com-

paring the results between the traditional structural design

Fig. 5 Modified FEA models of different channel lengths (a); maximum temperature (b), maximum thermal stress (c), tangential deformation

(d) and slope error (e), as a function of channel length. The tangential deformation was optimized in the critical region

Fig. 6 Four types of structural optimization design schemes (a) for
cooling water channels, segment removal of 50–300, 100–300,

150–300, or 200–300 mm regions, with the cut-off width of 4 mm and

height of 10 mm; the tangential deformation (b) and slope error (c) of
the further improved designs as a function of the distance
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and the modified designs, and the following conclusions

have been obtained:

1. Temperature and thermal stress are critical important

technical indicators for optical mirrors subjected to

high heat load; the optical mirrors may work properly

while both of them are within the normal operating

range. For the temperature and thermal stress, the

proposed methods can meet the design requirements.

2. For the traditional structural design, it can be found

that the gradient of tangential deformation was rela-

tively large along the meridian direction, when leading

to the large slope error of reflection mirror. Take the

structural design of long cooling system into consid-

eration, it caused the relatively larger temperature

gradient at the specific synchrotron radiation region;

thus, it was dominantly contributed to the phenomenon

above. In order to reduce the negative effect, a new

short cooling system was designed for the modified

structure.

3. Slope error can directly indicate the optical surface

performance of mirrors subjected to high heat load. For

the traditional structural design, the RMS value of

slope error was 2.6 lrad, which cannot meet the design

requirements. As for the modified structural design, the

calculated RMS value of slope error was 0.91 lrad,
which was far less than the original design result.

4. To further improve the performance of the mirror, the

further improved structural designs of cooling system

were recommended. Four types of new designs for

cooling channels were designed. It was found that the

maximum gradient of tangential deformation for the

further improved model with the cut-off region of

200–300 mm was 0.08 lm, which was only 50% of

that of the original optimized model (0.16 lm); thus, it

indicated the smallest gradient in tangential deforma-

tion. Furthermore, the calculated RMS value of slope

error was 0.77 lrad, which was 84.6% of that of the

original optimized model (0.91 lrad), and 77% of the

beamline requirement (1lrad).
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