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The results of numerical modeling of the thermally deformed state of a silicon mirror reflecting a synchrotron

radiation beam are presented. It is shown that when estimating temperature fields at low coolant flow rates (low
heat transfer coefficients), it is necessary to take into account the effect of the radiator. It is shown that under

the studied conditions, a smart-cut under the cooling radiator can reduce the magnitude of absolute deformations

by almost an order of magnitude, compared to a mirror without one. The results can be useful in designing

multilayer mirror optics at undulator stations of new sources such as MAX IV, ESRF EBS, and the SKIF
”
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for Collective Use“.
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Introduction

Due to increasing power density of synchrotron radiation

(SR) sources (within 1−10W/mm2), it is necessary to

ensure effective cooling of optical components (mirrors,

optical filters, monochromators, etc.), which are exposed

to high-density radiation. Heat flux approximately equal

to 1 kW may be supplied to 1 cm2 of the mirror. Such

high heat flux density may induce local overheating or

large temperature gradients resulting in considerable surface

strains of the cooled component. Thus, it is necessary to

provide effective removal of the concentrated heat flux from

the surface or internal volume of such mirrors.

To reduce the absolute thermally induced strains, the

literature proposes mirrors with various shapes and cooling

methods. Mirror shapes reported in the literature are shown

schematically in Table 1. For all mirrors, SR falls from

above. Cooling in all cases, except for the third one, can

be provided from the bottom or top walls or from sides. In

the third case, additional cooling is provided via channels

passing inside the mirror. In the eighth case, the radiator is

highlighted in blue.

A synchrotron flux can strike the center of the mirror

surface as well as strips to the left and right of the center,

therefore mirrors with previously curved surface (drawings

4 and 5) that is distorted after heating cannot ensure

the necessary level of thermally induced strains during

asymmetric heating. Internally cooled mirrors (drawing 3)
are more dificult in manufacturing than externally cooled

ones, though they, according to the literature, provide lower

strains. Internal stresses in a mirror with side cooling

(covering a part of the length) and cooling via internal

channels were addressed in [1]. It was shown that maximum

temperatures and thermally induced strains were lower

with internal-channel cooling (by 40% with respect to

the maximum temperature and approximately by 4% with

respect to strains) compared with side cooling. In [2] , a

mirror configuration with internal water cooling is proposed

to provide a lower level of thermally induced strains than

side or bottom cooling. The mirror surface is a multilayer

coating consisting of a combination of tungsten and carbon.

A streamlined cooling system for a mirror reflecting laser

light was described in [3]. Direct mirror cooling systems

were also reviewed. It was shown that the lowest thermally

induced strains were observed for channel configurations

inside the mirror at 90◦ from the irradiated zone, moreover,

the mirror also had a small concavity, which reduced the

mirror thickness under the irradiated zone.

Smart-cut in the mirror, that could be made more easily

than internal cooling, were proposed in [4]. In [5], the

effect of side grooves in the mirror on the thermally induced

strain level was discussed and side and bottom cooling

effects were compared. The authors [5] made the following

conclusions from their analysis:

1) side cooling of a mirror induces lower strains of the

reflecting surface;

2) the higher the mirror the lower the thermally induced

strain;

3) a groove can considerable reduce thermally induced

strains.

Notwithstanding that mirrors with side grooves are rela-

tively popular, there are virtually no literature data concern-
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Table 1. Silicon mirror shapes

1 2 3 4 5 6 7 8

[1], [8], [5], [4], [1], [8], [18] [2], [19] [20] [6] [7]

[9], [5], [17] [12], [2]
[10], [11],
[12], [13],
[14], [15],

[16]

ing systematic investigations of geometrical parameters of

side grooves for the magnitude of reflecting surface strains.

Therefore, one of the aims of this study is to explore the

effect of side groove depth on the maximum thermally

induced strains of a silicon mirror surface.

An asymmetric shape of mirror for reflection of a beam

with a power density of 8W/mm2 is proposed in [6].
The asymmetric mirror shape provides cooling from three

directions (side, bottom and top, optionally). Water cooling

with the given values of thermal input is sufficient to ensure

an acceptable level of thermally induced strains.

In PhD [7], a new radiator configuration was proposed

for cooling a trapezoidal mirror separated into several parts

and placed between the radiator ribs. In [12], typical heat
transfer coefficients of the radiator are provided:

1) α = 3000W/(m2
·K) with an adequate thermal re-

sistance between a copper radiator and cooled mirror.

Corresponds to the case when the side surface of the mirror

and radiator have considerable roughness and do not fit

tightly to each other.

2) α = 5000W/(m2
·K) for a good thermal contact.

Corresponds to well polished mirror and radiator surfaces;

3) α = 8000W/(m2
·K) for a better thermal contact.

Corresponds to a thermal contact filled with an intermediate

material such as indium or invar;

4) α = 18000W/(m2
·K) a heat transfer coefficient for

side cooling comparable with direct cooling inside a mirror.

It is achieved by increasing the contact area of the cooled

surface.

B [12] a finite element method is used to show that, for

a fixed mirror configuration in a general monochromator

operating range, an increase in the heat transfer coefficient

doesn’t cause any significant reduction of thermally induced

mirror surface strains.

Active mirror exposure methods are also proposed in

order to reduce thermally induced strains. Thus, a

mechanism where a mirror can be bent with a predefined

accuracy during operation was proposed in [9].

In [21], it was shown experimentally that mirror cooling

with a coolant having a cryogenic temperature considerably

reduced thermally induced strains compared with water

cooling. However, cryogenic temperatures involve a lot

of difficulties: some materials used in optical components

become brittle, thus increasing the risk of component failure

during operation; complexity and high operating cost of

cryochillers, etc.

In [16], various cooling options for process laser mirrors

were compared: channel cooling, cooling using porous

structures, jet cooling, two-phase cooling. Relative ad-

vantages and disadvantages of each of the systems were

described. It was shown that some cooling systems could

provide a heat transfer coefficient up to 200 000W/(m2
·K).

Table 2 gives a summary of literature data concerning the

incident radiation power Q, [W]; density of heat flux striking

the mirror q, W/mm2 ; mirror sizes, cooling methods and

cooling fluid flow rates (Reynolds numbers, Red). The

analysis shows that predominantly similar mirrors are cooled

using side radiators. Internal cooling is used much more

rarely. Combined cooling is used very rarely. Most studies

don’t consider the radiator effect, only two studies provide

the Reynolds numbers for coolant [8,10]. In most cases,

for evaluation of temperature distribution over the mirror

surface, a constant heat transfer coefficient is maintained. In

the above-mentioned literature, the heat transfer coefficient

varies from 1 to 7 kW/(m2
·K), which corresponds to the

cooling water flow rate ranging approximately from 0.03 to

0.1 kg/s (with a radiator tube diameter of 10mm). However,
as it will be shown in this work, if the copper radiator effect

is not considered at low coolant flow rates, then the mirror

will be cooled asymmetrically and this cannot be detected

when the heat transfer coefficient is constant. Therefore the

second aim of this work is to estimate the heat transfer

coefficient, for which the radiator effect must be considered.

1. Description of a problem for
calculation of thermally induced
stresses of ceramic mirrors

This study describes a system with side-cooled mirror

with side grooves as proposed in [5,17]. The highest stresses
will obviously occur on a heated narrow mirror strip. Side

cooling of the mirror is assumed (
”
cooling“) (Figure 1).
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Table 2. Mirror cooling methods

References Q q Mirror dimensions

Beam
Cooling

α
Red Coolant

[W] [W/mm2] [mm×mm×mm]

dimensions Direct Indirect Indirect Indirect

[kW/(m2
·K)]on the mirror (directly from from from

[mm×mm]
in side bottom combined

crystal)

[6] 8.5 10× 10× 15 × 7 − Water

[1] 333max 310.14×4.488 × × 3 − Water

[8] 100 0.15 40 to 150× 25 × × up to Liquid

to 35× 40 to 70 55000 nitrogen

[9] 0.0014 1200× 120× 58 × −

[2] 150× 50× 20 × Water

[5] 440 0.88 500× 75× 75 500× 1 × × 1 Water

[10] 1100 900× 70× 65 ∼ 600× ∼ 3 × 20000 Water

[21] 90 0.4 60× 40, Liquid

20× 55 nitrogen

[11] ∼ 3400 136 1200×100×95 1160× 70 × 2 Water

[22] 8− 780 8− 240 80× 30× 40 × Liquid

nitrogen

[12] 50× 50× 25 × × Liquid

nitrogen

[13] ∼ 540 240 ∼ 2.5− 8 × 1− 5 Liquid

nitrogen

[4] 5900−12000 1200× 100× 95 4.5× 3.14 × −

[18] 1.35 50− 3 × Water

[19] 200× 74× 3 × 5 Water

[14] 100 500× 60× 60 Water/

Liquid

nitrogen

[17] 300× 80× 60 × 3 Water

[15] 5.2 25× 34× 10.5 × × Water/

Liquid

nitrogen

[16] × to 200 −

Figure 1 shows the cross-section dimensions of the mirror.

The mirror length is 300mm. The origin of coordinates was

placed in the center of the reflecting surface.

Heat flux was supplied from the top of the mirror,

the
”
heating“ zone, the irradiated zone width was equal

to 2mm. Heat flux density was defined depending on

coordinates and corresponded to the Gaussian distribution.

Mean heat flux density qw = 1W/mm2.

Real monochromator designs use multilayer mirror optics.

This study estimated the variability of layer properties in

terms of the equivalent thermal conductivity coefficient. The

mirror material is silicon [23,24]. Simulation was performed

both without and with a copper radiator (α = const and

var, respectively). The cooled region (radiator) height was

7mm, the length was equal to the mirror length. For

cooling
”
without radiator“ the coolant (water) temperature

and heat transfer coefficient were defined on the
”
cooling“

surface. In all cases, conditions of radiant heat exchange

with the environment were defined at all other boundaries

(vacuum, temperature 25◦C, mirror emissivity factor was

set to 1). It was considered that cooling was supplied

via two independent tubes, therefore a plane-of-symmetry

Technical Physics, 2025, Vol. 70, No. 10
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Figure 1. Dimensions of the mirror, mirror attachment method.
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Figure 2. Dependence of the thermal conductivity and thermal

expansion coefficients of silicon on temperature.

problem may be considered. A steady-state heat exchange

mode was assumed. The thermal conductivity coefficient

of silicon was defined as a function of temperature

derived after data approximation [24] (Figure 2). The

cooling water temperature at the radiator inlet was set to

22◦C.

Tabular thermal expansion coefficients were used for

thermal strain simulation [23] (Figure 2). The mirror was

fixed as follows: the plane of symmetry could not move

along the x axis. One of the points on the plane of symmetry

was fully fixed and couldn’t move along all axes. The second

point on the plane of symmetry could move along the z

axis.

2. Mathematical problem formulation

A system of equations was solved for evaluation of the

thermal strain state:

εx =
1

E
[σx − µ(σy + σz )], γxy =

1

G
τxy ,

εy =
1

E
[σy − µ(σz + σx )], γyz =

1

G
τyz , (1)

εz =
1

E
[σz − µ(σy + σx )], γz x =

1

G
τz x ,

where E and G are the modulus of elasticity and shear

modulus, µ, λ are Poison’s ratio and Lame constant, with

the following dependences between them: G = E
2·(1+µ) ,

λ = E·µ

(1+µ)(1−2·µ) , γ is the shear angle, σ , τ are normal and

tangential stresses, [Pa].
Total strains were defined as follows:

εx = εy
x + αt · T,

εy = εy
y + αt · T, (2)

εz = εy
z + αt · T,

where ε
y
x , ε

y
y , εy

z are elastic strains, αt is the thermal

expansion coefficient, T is the temperature, [K].
Temperature field was derived by solving the thermal

conductivity equation:

∂

∂x

(

λ
∂T

∂x

)

+
∂

∂y

(

λ
∂T

∂y

)

+
∂

∂z

(

λ
∂T

∂z

)

= 0. (3)

Here, x , y, z are Cartesian coordinates, [m], λ is the thermal

conductivity coefficient of the mirror material [W/(m·K)].
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To consider heat exchange within the copper radiator,

a system of Navier-Stokes equations supplemented by k-ω

SST turbulence model was additionally solved.

3. Mathematical model test results

Thermal calculations were performed with a double ac-

curacy of computation. For the ’without radiator’ case, one

energy equation was solved. The solution was converged

with an accuracy in the order of 10−15. According to

the grid convergence results, a grid with approximately

2 000 000 computational cells was chosen for the thermal

problem. Further grid refinement didn’t cause any change in

the temperature profiles. For radiator cases, as many as 7

differential equations were solved (conservation equation,

equation of motion in projections to appropriate axes,

energy equation, equation for turbulence kinetic energy and

dissipation. The solution was converged with an accuracy

not worse than 10−6.

Figure 3 shows the comparison of linear movements of

the irradiated surface along the x axis. Three computational

grids with different number of elements were studied:

750 000, 1 500 000 and 3 000 000. For all described

computational grids, movement data coincided, suggesting

that further strength calculations may use grids with 750 000

elements.

4. Thermal calculations. Comparison of
simulation results with and without
copper radiator

A high heat flux density absorbed by the mirror and

small heat flux application area lead to uneven temperature

distribution inside a silicon mirror and on its external

surface. Figure 4 shows a typical mirror temperature field

without a copper radiator: the maximum temperature is
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Figure 3. Grid convergence for thermal strain state calculations

of a silicon mirror.
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Figure 4. Typical temperature field of the mirror.
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Figure 5. Local Nusselt number variation along the cooling

radiator.

observed on top near the plane of symmetry and the

minimum temperature is observed at the ends. In this

case, α was set to a constant value on the mirror side. For

α = var, i.e. for the case with an attached copper radiator,

the temperature field is alike.

Since coolant is heated as it flows within the radiator, the

heat transfer coefficient varies lengthwise. Figure 5 shows

the local Nusselt number variation along the radiator cooling

tube length depending on the coolant mass flow rate. The

Nusselt number was calculated from the simulation data as

follows:

Nu =
−λ

(

∂T
∂y

)

w

Tw − T

d

λ
, (4)

where q, [W/m2] is the local heat flux, Tw , [K] is the

wall cross-section temperature, T , [K] is the coolant bulk

cross-section temperature, d, [m] is the tube diameter, λ,

Technical Physics, 2025, Vol. 70, No. 10
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[W/(m·K)] is the coolant thermal conductivity coefficient.

Almost in all cases, with a relative length z/Z < 0.3,

there is first a rapid drop and then growth of the Nusselt

number, where Z is the radiator mirror length. A further

increase in the length causes a smooth decrease in the

local Nusselt number. This Nusselt number behavior is

associated with the boundary layer growth on the tube

walls and further laminar-turbulent transition. Diagram 5

was used to calculate the mean heat transfer coefficient

for the side wall that was included in further calculations

at α = const. Figure 6 shows comparison of simulation

data for α = var (black circles) and the corresponding

mean values of α = const (red lines). With high values

of α (α > 6000W/(m2
·K) (which is equivalent to a high

coolant flow rate), symmetric surface temperature pro-

file distribution is observed. With α < 6000W/(m2
·K),

symmetric temperature profiles were observed only in

calculations with α = const, when a radiator is considered,

both asymmetric temperature distribution along the mirror

and considerable difference in the temperature values are

observed (a difference between α = const and α = var

may be 10 degrees and more). Therefore, when a

mirror temperature is estimated with low coolant flow

rates, a conjugate problem of heat exchange with cooling

radiators shall be solved. At high coolant flow rates

(and relevant high values of α > 6000W/(m2
·K)), a mirror

temperature may be estimated to the approximation of

α = const.
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Figure 7 shows the maximum silicon mirror temperature

variation depending on the coolant flow rate (Figure 7, a)
and depending on the heat transfer coefficient (Figure 7, b).
It is shown that with α > 6000W/(m2

·K) the maximum

mirror temperature almost remains unchanged, this sug-

gests that further increase in the heat transfer coefficient

doesn’t cause any significant change in the internal mirror

temperature field. When the radiator is considered, an

increase in the coolant flow rate causes slow reduction

of the maximum mirror temperature, which is probably

attributed to the radiator effect (heat transfer surface of the

radiant component of heat exchange increases). In both

cases, with fixed heal load (q ∼ 106 W/m2), the maximum

mirror temperature is approximately equal to 75◦C.

5. Groove depth effect on the thermally
induced mirror surface strain

Section 5 shows the simulation of the thermal strain state

of the silicon mirror. The groove depth effect on linear

movements is shown in Figure 8. Line 1 represents linear

movements along the mirror surface without side grooves.

Lines 2−9 are strains with an increasing groove depth,

10 — are strains with a fully removed bottom ( the groove

goes all the way through). In this case, linear strains

decrease with the groove depth up to 12mm and reach

their lowest values at 12mm (the groove height is equal to

3mm in this case). When the groove depth is larger than

12mm, an increase in the linear strains is observed. Angular

movements (Figure 9) also decrease as the groove depth

increases to 12mm, and then start increasing. (Figure 8

onwards, Z is the mirror length, X = 17mm is the mirror

half-width).
Maximum linear and angular movements of the mirror

surface depending on the groove depth is shown in

Figure 10 (H is the maximum groove depth corresponding

to the mirror half-width. With H = 17mm, the mirror
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Figure 9. Angular movements along the mirror surface. (h=0, 2,

8, 12, 16, 17mm — lines 1−6, respectively).
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has no bottom at all). Smart-cut provide a decrease in

linear strains by almost 10 times, whilst angular movements

decrease by approximately 8 times. On all above-mentioned

curves, the groove height was fixed and equal to 3mm.

Groove height also affects the finite thermal strain (Fig-

ure 11). Thus, minimum movements across the mirror width

are observed with a groove height of 3mm on average,

however, in the irradiated area x/X < 0.15, minimum

movements are observed when the groove height is 5mm,

whilst the mean absolute movement across the width is

higher than that for a groove height of 3mm.

Conclusion

Numerical simulation of a thermally induced strain state

of silicon mirrors of a synchrotron radiation source with

a high heat flux density has been performed. Simulation

results have shown that:

1. For silicon mirror cooling with a heat transfer co-

efficient lower than 6000W/(m2
·K), the effect of heat

transfer coefficient variation along the mirror length shall

be considered for evaluation of the temperature field.

2. α > 6000 W/(m2
·K) doesn’t cause any significant

temperature field variation.

3. Smart-cut may reduce thermally induced linear move-

ments of the mirror by almost an order of magnitude, and

angular movements may reduce the movements by almost

8 times. This decrease in linear and angular movement is

observed in the given case. When the heat load or mirror

material properties change, a new improvement calculation

of side grooves shall be carried out because the internal

mirror temperature field and relevant strains change.
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