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Introduction

Synchrotron x-ray windows are vacuum separators and are usually made of thin beryllium

metal. Filters are provided upstream to absorb the soft x-rays so that the window is protected from

overheating, which could result in failure. The filters are made of thin carbon products or

sometimes beryllium, the same material as the window. Because the window is a vacuum

separator, understanding its potential structural failure under thermal load is of utmost importance.

The planned insertion devices and bending magnets for the Advanced Photon Source (APS)

generate very high heat fluxes. To guarantee the integrity of the filter and window, extensive

investigations have been carried out on both components. The material selection for filters and

windows from among the possible candidate materials was investigated first. Then a series of

thermal and structural analyses were performed on the filter and window. Results are presented

from power absorption, analytical results from thermal, and structural analyses as well as

application of the failure criteria suggested by Wang and Kuzay [1] to the filters and windows.
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Failure Criteria for the Filter and Window Assembly

When the filter/window absorb radiation, the temperature in these components rises. Due to

thermal expansion, compression stresses are produced. The larger the temperature difference, the

larger the compression stresses. At a certain level of compression stress, the structure may buckle.

Also, the tensile stress at the boundary or due to bending in the assembly can cause failure. High

temperatures in the assembly can cause melting or evaporation of the filter/window or vacuum-

wise unacceptable amount of outgassing. A previous paper [1] has discussed the failure criteria for

the filters and windows covering above possible failure modes. Wang and Kuzay [1] suggested

that the following conditions should be satisfied:

1. The number of photons passing through the filter/window assembly at the minimum

usable energy be larger than a certain fraction of the total (typically 50 percent or higher).

2. The maximum temperature in the filter/window should not cause melting or cause

sublimation of the material in ultra high vacuum environment nor yield unacceptable outgassing.

3. Low cycle fatigue should not occur under normal working conditions.

4. The maximum tensile stress should not exceed the tensile strength of the filter/window

material. This ensures that the material will not break. This «s extremely important for

filters/windows made of low-tensile-strength material, such as carbon. For ductile materials, the

maximum tensile strain should be less than the allowable tensile strain.

5. The maximum deformation of the filter/window assembly should not affect the function of

the assembly.

6. Buckling should not occur under normal working conditions. Buckling load can be

checked in many ways, such as using finite element analysis or analytical methods based on

successful simplified models.

In design and analysis of a filter/window assembly, all possible failure modes should be

identified and a corresponding failure criteria should be used for each failure mode. Different

safety margins should be specified for different failure modes, because some failures can be



catastrophic, such as the break of a window made of brittle material, and some are less threatening,

such as the outgassing due to high temperatures.

Material Selection

Material characteristics that are important for a filter/window design include the tensile

strength and compression strength, low-cycle-fatigue behavior, stiffness, and Ihermo-physical

properties such as thermal conductivity, thermal expansion coefficient, and photon absorption of

the material, etc.

As a rule, low-Z materials, such as carbon/graphite, beryllium, and diamond, should be

given first consideration for windows and filters used to protect the window because low-Z

materials absorb less photon energy than do the high-Z materials. Table 1 lists the material

properties for some low-Z materials: beryllium, diamond, and graphite [2].

Tablet. Low-Z Material Properties

Material Properties

Atomic Number, Z

Density (g/cm3)

Thermal Conductivity (W/cm-K)

Thermal Expansion Coefficient (K-bdO"6)

Specific Heat (J/Kg-K)

Thermal Diffusivity (cm2/s)

Young's Modulus (GPa)

Poisson's Ratio

Melting Point (°C)

Tensile Strength (GPa)

Compression Strength (GPa)

Yield Strength fMPa)

Diamond

6

3.5

15

1.5-4.8

520

8.24

1050

0.1-0.29

NA

2

NA

Beryllium

4

1.85

2.0

12

190

5.7

320

0.02-0.08

1280

0.3-0.550

206-480

Graphite

6

1.74

8

1.2

711-1926

6.46-2.39

5-10

0.1-0.2

NA
0.020

0.060

The advantages and disadvantages of the low-Z materials listed in Table 1 are described

below.



Beryllium

Advantages: iow atomic number, high Young's modulus, good thermal conductivity.

Disadvantages: high thermal expansion coefficient, hazardous.

Beryllium is the most popular material for window design. Its biggest advantage is that it has

a small atomic number. It absorbs fewer photons than other materials. The Young's modulus is

high, and the strength is also high. It has high low-cycle-fatigue resistance. At yield point, the

low-cycle-fatigue number can be considered as infinite [3]. Its thermal conductivity is not as good

as copper's but is as good as aluminum's. Because beryllium is a ductile material, the

postbuckling behavior can still be considered a part of the safety factor.

Graphite

Advantages: low atomic number, high thermal conductivity, can work in high temperatures,

low thermal expansion coefficient, inexpensive, easy to shape and cut.

Disadvantages: low tensile and compression strength.

Due to the distinct advantages of graphite material, it is widely used as a filter material. It can

be made in the form of very thin films. It can also be produced in anisotropic forms both in

structural strength and in thermal properties.

Diamond

Advantages: high Young's modulus, high conductivity, high strength, low thermal

expansion coefficient.

Disadvantages: brittle, higher photon absorption, low temperature tolerance (~ 1000 °C),

expensive.

Diamond has about twice the density as does graphite, which means that it will absorb more

photons than graphite. T^e failure of a diamond window is likely to be buckling or breaking, if it

is thin. Once it buckles, it will fail due to its brittleness. Increasing the thickness of a diamond

window will increase the photon absorption and the price of the assembly. Because diamond

cannot be exposed to very high temperatures, it cannot be used for filters with radiation cooling. A



convection-cooled diamond filter will have the same failure mode as a window, due to the clamped

edge.

If the beam power is not very high, it is common to use Be as the window material without

filters. However, if the beam is very powerful, such as the one from an APS insertion device, a

filter must be used. Due to the fact that Be has an atomic number of 4 and graphite has an atomic

number of 6, the filter in front of the Be window absorbs most of the low energy photons. The

Be window absorbs only very few low energy photons.

The temperature increment due to absorbed power in the filter is proportional to Z^k [2], that

is,

A7-'~;t/z2. (1)

The buckling stress is proportional to E
ocr-E. (2)

Assuming that the thermal stress is proportional to the thermal strain, that is,

and comparing acr and at, one comes up with the following safety factor with respect to buckling:

aZ2 *

This means that the capability to withstand thermal buckling of a material is not dependent on

its stiffness. If we compare the factors for diamond and graphite we find that the ratio is about 1.0

under the condition that both have the same dimensions and boundary conditions. However, a

combination of factors should be compared when different designs are being considered. The

consideration should include the safety factor of the filter/window assembly as a whole, photon

transmission, and the total price of the assembly, etc.

Window and Filter Design for APS Undulators, Wigglers, and Bending Magnets

A set of analyses was first performed to determine the materials for the filter/window

assembly from possible candidate materials. The graphite filter and Be window combination was

the preferred choice. In the following, graphite filter/Be window assembly analyses are then

performed for various gap size of the APS insertion devices and bending magnets.



TheAPSUndulatorA

For different thicknesses of graphite filter and two 250-|xm Be windows, absorbed power,

thermal, and thermal stress analyses were performed. The graphite filter was assumed to be either

conductively cooled like a window or radiatively cooled. Figure 1 shows the total absorbed power

in the filter and the two windows and the maximum temperature on the conductively cooled filter.

When the filter thickness is larger than 0.25 mm, the absorbed power on the two Be windows is

almost the same. Because the absorbed power and the conduction heat transfer in a window is

proportional to its thickness, the maximum temperature will be almost independent of the thickness

of the window.

Because the tensile strength and the compression strength are different for materials like

graphite, one may postulate that the optimal size of the filter should be when the safety factor for

compression stress and tensile stress state is the s«jne. For graphite material, the allowable tensile

stress is 20 MPa, and the allowable compression stress is 60 MPa. A number of analyses were

performed on filters with different sizes. With a 280-nm graphite filter, the optimal size of the

filter is 4 X 4 (cm), which gives a safety factor of about 3.7 for both the compression and tensile

stress states. A larger filter will result in a larger compression stress, and a smaller filter will result

in a larger tensile stress. Both cases wi!l yield a smaller safety factor than the optimum case above.

Because the filter/window assembly may block many usable photons at low photon energies,

it might be impossible to design a filter/window assembly that can satisfy the requirement for both

structural integrity and low-energy photon transmission. Therefore, another series of

filter/window analyses were performed for a graphite filter and a Be window at different device

gap sizes. When the gap size increases, there is less total beam power and larger photon energy at

first harmonic. Therefore, it is more likely that a filter/window assembly will satisfy both the

structural integrity and low-energy photon transmission requirements if the minimum photon

energy to be used is that of the first harmonic photons.

Table 2 lists the maximum graphite filter thickness for different gaps of Undulator A. The

maximum thickness of the filter was decided such that 50% of the photons at the first harmonic



energy can pass through the assembly. The window is assumed to be composed of two 250-jJ.m

Be foils. Ei in Table 2 is the photon energy at the first harmonic.

Table 2. Maximum Graphite Filter Thickness for Undulator A at Different Gap Sizes

Gap size (cm)

1.15
1.30
1.40
1.50
1.70
1.90
2.50

Peak Field (T)

0.722

0.622
0.564
0.511
0.421
0.347
0.195

Eff. Field (T)

0.703
0.609
0.554
0.504

0.417
0.344
0.194

K

2.17
1.88
1.71
1.55

1.28
1.06
0.60

Ei(KeV)

4.21

5.10
5.73
6.39
7.73
9.02

12.00

Max Thickness (um)

10

100

160

280

540

1020

3230

The analyses proceeded from smaller gap sizes. For each gap size, thermal and structural

analysis were performed for the graphite filter thickness given in Table 2. If either the filter or

window could not satisfy any of the criteria described previously [1], the next gap size was

analyzed. The analysis continued until the corresponding graphite filter thickness would satisfy the

filter/window assembly.

For a gap size of 1.15 cm, the previous analysis on different device parameters has shown

that at least a 300-p.m graphite filter was needed for a structurally safe assembly; while, from Table

2, at most a 10-|xm graphite filter can be tolerated. Hence, there is no need for further analysis of

windows for an undulator gap size of 1.15 cm. We then proceeded to an undulator gap size of

1.30 cm. Table 3 lists the analytical results for three gap sizes: 1.3,1.4, and 1.5 cm. With a gap

size of 1.5 cm, the filter/window assembly can satisfy all the criteria, and 50 percent of the photons

at the first harmonic will pass through the assembly. With a 280-^m graphite filter and two Be

window, no structural failure is predicted under normal working conditions. Because the stress

levels in both windows are similar to the yielding stress of the Be material while having a buckling

load factor of two or larger, the failure mode will be plastic deformation or plastic-deformation-

induced low-cycle fatigue. Due to the plasticity of the Be material, the windows can tolerate an



abnormal temperature jump (over normal temperature) of a factor of two. It should be noted that,

although the second window absorbs less power than the first, the stress level may turn out to be

higher than that in the first window if an air pressure exists. Transmission efficiency of such

system at various photon energies on the down stream side are presented in Figure 2 for the case in

which K=1.5.

Table 3. Results of the Thermal and Structural Analyses for Different Gap Sizes

Gap Size (cm)

K Value

Ec (KeV)

Graphite Filter Thickness (nm)

Distance from Source (m)

Total Power (W)

Absorbed Power on Filter (W)

Absorbed Power on 1st Be Window (W)

Absorbed Power on 2nd Be Window (W)

Max. Temperature on Filter (K)

Max. Mises Stress on Filter (MPa)

Max. Tensile Stress on Filter( MPa)

Max. Compression Stress on Filter (MPa)

Structurally Safe for Filter?

Max. Temperature on 1st Window (C)

Min. Temperature on 1st Window (C)

Max. Mises Stress on 1st Window (MPa)

Max. Compression Stress on lsi Window (MPa)

Buckling Load Factor

Structurally Safe for 2nd Window?

Max. Temperature on 2nd Window (C)

Min. Temperature on 2nd Window (C)

Max. Mises Stress on 2nd Window (MPa)

Max. Compression Stress on 2nd Window (MPa)

Buckling Load Factor

Structurally Safe for 2nd Window?

1.30

1.88

19.84

100

24

2736

412

63

49

3260

19.9

6.8

-29.4

YES

260.5

35.9

859.2

700.3

1.10

NO

-

-

-

-

-

-

1.40

1.71

18.05

160

24

2264

444

42

35

3263

19.0

6.4

-19.6

YES

191.5

32.1

462.2

477.7

1.48

NO

-

-

-

-

-

-

1.50

1.55

16.42

280

24

1867

484

25

23

3030

15.8

5.4

-15.8

YES

134.8

29.3

273.5

284.4

2.08

YES

124.2

28.9

287.7

315.9

10.9

YES



The APS Wiggler AM

The window and filter analyses for wigglers are based on the Wiggler AIII parameters,

which is the most powerful planned wiggler at the APS. Analyses were performed for an graphite

filters of various thicknesses and two 250-pm Be windows. When the thickness of the filters is

less than 0.25 mm, the absorbed power on the filter initially increases very rapidly with the

thickness. Then the absorption curve becomes flatter, that is, the increment rate of absorbed power

becomes smaller.

The analyses begin by deciding the filter thickness that the window can operate safely. The

thickness of the filter starts from very thin, then increases until the window is determined to be

safe. The minimum thickness for a safe filter/window assembly is 300 fim.

As with the Undulator A analysis, the absorbed power on a Be window is proportional to its

thickness if there is a graphite filter (at least 0.25 mm thick) in front of it. The maximum

temperature of the window will be a constant regardless of its thickness. The optimal thickness of

the window is made such that the buckling stress equals the yielding stress, and this value is found

to be about 0.21 mm. A window thinner than this value will undergo elastic buckling. A window

thicker than this will block more photons. It is further assumed that both for wiggler and

undulators buckling is unacceptable for a safe window. A separate paper [4] discusses the

possibility of incorporating the postbuckling behavior of a window into the window design.

Thermal analyses were then performed for graphite filters of various thicknesses with

radiation cooling. It was assumed that the graphite filter has an emissivity of 0.5 and that two

sides can radiate heat. The minimum temperature of the filter is dependent on the size of the filter.

According to physical laws governing radiation, the total energy emitted is proportional to the

absolute temperature to the fourth power. Thus the maximum temperature increases very little

when the total absorbed r,vower increases. The maximum temperature difference decreases as the

filter thickness increases as shown in Figure 3, and, therefore, the maximum stresses decrease as

the thickness of the filter increases. Another paper [5] discusses further the cooling method for the

filter and window.



Because only high energy photons are to be used and most photons above 10 keV pass

through the assembly, there is no minimum filter thickness requirement. The maximum stress

level is below the tensile strength, the compression strength, and the buckling stress of graphite

material. Therefore the 300-jim thick filter remains safe.

Large-deformation nonlinear-thermal-stress analyses have been performed using the

temperature field from the thermal analysis. As expected, the window yields first, then goes to

plastic buckling. At a thickness of 0.2 mm, the buckling load is about the same as the yield stress

given in Table 4, which gives the tabular form of the maximum, and minimum temperatures, the

calculated maximum absolute ax and Cy stresses, von Mises stress, and buckling factor of the

window with different thicknesses of graphite filters. At a thickness of t=0.25 mm, the window

yields before it buckles.

Table 4. Tm a x , Tmj,,, Temperature Difference, and Stresses of the Window with Different

Thickness of Filters

Thickness

Cu.m>

100

200

300

T

(°O
217

162

136

Mnin

(0C)

63
51
45

AT

(°C)
154

111
91

maxOx

(MPa")

-654

-410

-326

maxCTy

CMPa")

-586

-370

-293

max a
TMPa>

634

400

317

buckling factor

1.06

1.29

1.63

The maximum temperature of the Be window is far below the melting temperature of the

material and poses no outgassing problem at 217 °C. With a 300-jim graphite filter, the maximum

von Mises stress of the window is 317 MPa. If a material has a yielding stress above 320 MPa,

there is no low-cycle fatigue concern for a 300-fim graphite filter and a 250-jim Be windows

design. The buckling load factor becomes 1.63 for this design.

The APS Bending Magnets

Analysis of a 0.25-mm Be window was performed based on the APS bending magnet with

300 mA current. The absorbed power is very small. Even when twice the absorbed power was

imposed on the window, the maximum temperature is about 70 °C, and the maximum temperature

difference in the window is 30 °C. The corresponding thermal stress shews that the maximum



compression stress is only about 106 MPa, and the maximum von Mises stress is 95 MPa. Both

are far below the yielding stress and the buckling stress. APS bending magnet front ends can

function with a single Be window and require no filter.

Conclusions and Suggestions

Multi-failure criteria with different safety margins have been used to analyze and design the

APS filter/window assembly.

When APS Undulator A is operated at minimum gap size, the filter/window assembly will

block a large fraction of low energy photons. However, when the gap size is equal to or larger

than 1.5 cm, at least 50 percent of the photons at first harmonic energy can pass through the

filter/window assembly that satisfies all the failure criteria described here and in reference [1].

APS Wiggler AIII can safely operate with a graphite filter/Be window assembly. APS bending

magnets do not require filters. In this case a single Be window is sufficient.
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Maximum Temperature of Graphite Filter
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Figure 2. Transmission of photons through filter/window assembly for K = 1.55.



1000

900

800--

700--

600 —

500--

400

300
225 450 675

Thickness of. Filter (micron)

Figure 3. Temperature difference across the filter (vertical direction).

900


