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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 can be 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. When the synchrotron x-rays pass

through a filter or window, part of the photons will be absorbed by the filter or window. The

absorbed photons cause heat to build up within the filter or window. Successful filter and window

designs should effectively dissipate the heat generated by the absorbed photons and guarantee the

safety of the filter and window.

The cooling methods typically used in a filter or window design are conduction and radiation

cooling or a combination of the two. The different cooling methods were first examined with

regard to efficiency and effectiveness in different temperature ranges. Analysis results are

presented for temperature distribution and corresponding thermal stresses in the filter and window.

Another important issue to be resolved in designing a filter/window assembly is how to select the

thickness of the filters and windows. This paper focuses on the criteria for choosing the thickness

of a filter: whether it is better to use a few thick filters or a series of thin ones; how to determine the

The submitted manuscript has been authored
by a contractor of the U. S. Government
under contract No. W-3M09-ENG-38.
Accordingly, the U. S- Government retains a
nonexclusive, royaJty-free Jicense IO publish
or reproduce the published form of this
contribution, or allow others to do so, lor
U. S. Government purposes.

MASTERR
CF THIS DOCUMENT IS UNUKITEB



minimum /maximum thickness; and the difference in thickness considerations for the window

versus the filter. Numerical investigations are presented.

Failure Criteria for the Filter and Window Assembly

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

thermal absorption, stresses in filters and windows can cause failure. A previous paper [1] has

discussed failure criteria for filters and windows and, to prevent filter/window failure, Wang and

Kuzay [1] suggested that the following conditions should be satisfied:

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

energy be larger than a certain fraction of the total. By this, one cannot use a very thick filter and

window, especially when the user wants to use low energy photons.

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

the material at the designed vacuum level nor unacceptable outgassing in vacuum.

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

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

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

filters/windows made of low-tensile-strength material, such as carbon. For ductile material, 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 can be checked in

many ways, such as finite element analysis or analytical methods based on simplified models that

give a good estimation.

When selecting the cooling method and thickness for the filter and window, all the above

conditions should be satisfied. One should select an appropriate cooling method and the right

thickness to ensure an optimal system while, at the same time, satisfying all the safety criteria.



Cooling the Filter: Radiation Cooling or Conduction Cooling?

When selecting a cooling method for the filter/window assembly, one can choose between:

radiation cooling, conduction cooling, or a combination of the two. Conduction cooling of a

filter/window is achieved by conducting away the heat through the body to its clamped or brazed

edges. The temperature difference in the filter/window depends on the thermal conductivity of the

filter/window material. The temperature difference between the filter/window and the clamped

edges depends on the contact resistance between the filter/window and the clamped frame. In turn,

this contact resistance is dependent on the clamped force and the clamping materials. If the

filter/window is brazed on the frame, the thermal resistance is minimal at the interface. Due to the

constraint by the clamped or brazed edges, the filter/window cannot expand freely when heating,

which will cause extra thermal stress. Radiative cooling is governed by the law of radiation and

dissipates the heat load from the filter/window surfaces. The heat taken away is proportional to the

absolute temperature of the surface to the fourth power. If the absolute temperature is increased by

a factor of two, the heat taken away will increase by a factor of sixteen. Thus radiation cooling is

very effective when the surface temperature is high. However, the high temperature can affect the

structural integrity of the system. The maximum temperature in the filter/window should not

become as large as the melting temperature or sublimation temperature of filter/window material in

vacuum. Also, the high temperatures should not result in an unacceptable outg&ssing rate.

Radiation cooling requires materials that have high temperature tolerance and a high surface

emissivity. Good thermal conductivity is helpful but is not critical.

For conduction cooling, a material with good thermal conductivity is required. Because the

temperature is relatively low in the case of conductive cooling, very high temperature tolerance is

not a must. The candidate materials for the filter/window are discussed in reference [2], where

graphite has been highlighted because it has a favorable high temperature tolerance (about 2400 °C

sublimation temperature in high vacuum [3]). Anisotropic graphite exhibits very good conductivity

in the grain plane. Diamond has very high conductivity, but lower high temperature tolerance.

Also, diamond is a brittle material that is susceptible to bending stress caused by thermal load.



Beryllium has the lowest atomic number of the three materials mentioned above and has a high

stiffness, good plasticity, but a relatively low melting temperature. A Be window cannot survive if

it is directly exposed to a very high heat flux such as that from APS Undulator A. It has been

suggested [4] that graphite filter/Be window is the best combination for a filter/window assembly

design. Because the function of a window is to separate different vacuum system, it is brazed at

the edges. Conductive cooling or a combination of conductive and convective cooling is the

normal mode of operation. The following discussion will focus on the cooling method of the

filter, especially a graphite filter.

A comparison has been carried out that uses the same analysis model but different cooling

methods for the filter. The analyses are composed of four different cases. Case 1 and case 2 are

for the beam from APS Undulator A with a gap size of 1.5 cm, which corresponds to a deflection

number K = 1.55. The graphite filter thickness is 280 |xm for both cases. Case 1 is cooled only

by radiation, and case 2 is cooled by radiation and conduction. Case 3 and case 4 are similar to

case 1 and case 2, respectively, but are for the APS Wiggler AIII beam. The graphite filter

thickness assumed is 300 u,m. In all four cases, the filter size is 10 mm X 72 mm. Table 1 lists

the results from the analyses. Figures 1 and 2 depict the Mises stress contours calculated for the

radiative cooling case and the conductive cooling case, respectively.

Table 1. Comparison of analysis results of radiatively cooled filters vs. conductively cooled filters

Case

1

2

3

4

Tmax

(°K)
3265

1741

2961

2012

Tmin

(°K)
1132

400

1698

400

max ox

(MPa)

11.61

0.13

4.08

-0.95

mincTx

(MPa)

-7.68

-15.16

-3.16

-29.69

maxGy

(MPa)

2.33

2.45

1.13

2.17

mincTy

(MPa)

-5.31

-4.89

-1.34

-21-.il

maxc e

(MPa)

12.30

13.52

4.14

29.73

It can be seen from Table 1 that the maximum compression stress with convection cooling

(case 4) is more than seven times larger than that with radiation cooling (case 3). For case 1 and

case 2, the difference is not as large because the thermal stress is localized in a very small area due

to the small footprint from the undulator. Because radiation cooling for the wiggler case results in



a more uniform temperature distribution and hence smaller thermal stresses, radiation cooling

should be preferred for filter designs in the case of a large beamline footprint (such as from a

wiggler beamline) as long as the other temperature criteria can be satisfied. Because the maximum

temperature in the filter with radiation cooling is much higher than that with convection cooling, the

surrounding filter box has to be cooled.

Note that "pure radiative" cooling is assumed in the radiation analysis in Table 1 (above), that

is, no conduction cooling is assumed at the boundary of the filter. In practice, a filter is held by a

frame that is cooled by a coolant. Due to the contact of the filter with the frame, part of the heat is

conducted away through the frame. Depending on the way the filter is mounted on its frame, this

conducted portion can be significant. Therefore even if a filter is designed for radiative cooling, it

is actually cooled by a combination of radiation and conduction. The emissivity of graphite

material is 0.8 to 0.98 according to Reynolds [3] and can be fitted to a form a+bT where T is in °K

and a and b are constants. The value of a varies between 0.8 and 0.98 and that of b varies from a

few times 106 to a few times 10"4, depending on the surface condition. In the analysis, a value of

0.5 is used instead. Both of the above factors contribute to the over estimation of the maximum

temperature in the filters for radiation cooling in Table 1. The maximum temperature in the filter

could be much less than that calculated.

The reason that the maximum stress in the filter is smaller with radiation cooling than with

convection cooling is mainly because, with radiation cooling, almost all of the heat dissipates into

the surroundings from where the heat is generated, and the temperature distribution tends to be

more uniform.

Because the total energy emitted is proportional to the absolute temperature to the fourth

power, the maximum temperature changes very slowly as the total absorbed power increases. For

example, if the absorbed power increases by a faccor of three, the maximum absolute temperature

only increases by a factor of 1.3. Moreover, the corresponding thermal stress decreases because

the temperature difference decreases. With conductive cooling, the heat has to travel out some

distance to the cooling boundary. The temperature difference is proportional to this distance as



well as to the total heat load. The resulting thermal gradients are larger than those found with

radiatively cooled filters. Hence, the stresses found in conductively cooled filters are larger than

those found in the radiatively cooled filters.

Also note that, in the above analyses, anisotropic material properties for graphite (thermal

conductivity) have been used. Anisotropic graphite has very good thermal conductivity in the grain

plane compared to that across the grain plane. Isotropic graphite has the same thermal conductivity

in all directions, but it is very low compared with the conductivity in the grain plane of anisotropic

graphite. Anisotropic graphite is very expensive, while isotropic graphite is inexpensive. Because

radiative cooling is not sensitive to thermal conductivity, a low-priced isotropic graphite can be

used.

In summary, as long as the maximum temperature in filters is below the melting or

sublimation temperature of the filter material and the high temperature on the filter/window

assembly and the surrounding structure, such as outgassing, etc., does not affect the integrity of

the system, a radiatively cooled filter results in a smaller thermal stress in the filter than does a

conductively cooled filter. In practice, the combined radiation and conduction cooling due to

contact between the filter and its frame will lower the maximum temperature in the filter while not

increasing the thermal stress too much.

In the case of smaller total power absorption, if conductive cooling can handle the situation

with a low maximum temperature and lower thermal stress, conduction cooling should be given

strong consideration.

Consideration of Window and Filter Thickness: Thicker or Thinner?

The thickness of the filter/window is a key parameter in the design of the assembly. In order

to use low energy photons, one should try to design thin filters/windows. In the case that the

window itself cannot survive the heat flux, a filter is used in the front of the window to absorb the

low energy photons. The filter usually is made of graphite material. There is a minimum thickness

requirement for this purpose, below which the window cannot operate safely. Once the total

thickness of filter is determined, the question remains whether one should use several thin filters or



a few thick ones. To chose an appropriate window thickness is also very important. How does

one chose an optimal window thickness?

Analyses have been performed on filters/windows with different thicknesses. For the case of

APS Undulator A, figure 3 presents the power absorbed by graphite filters and two successive Be

windows and also the maximum temperature in the filters. It can be seen that the first 250-|J.m

graphite filter absorbs about 700 W of power, while the second 250-u.m graphite filter absorbs less

than 100 W of power. Because the second 250-fAm filter has the same thermal conduction area,

both the maximum temperature and the temperature difference decrease as the filter thickness

increases. With an increase in thickness, it can be seen that the increment of total absorbed power

becomes less and less, that is, the tangent of the total absorbed power vs. thickness curve becomes

smaller and smaller. The same is true for filters made of other materials, because photon

absorption is similar in all cases. The advantages of thick filters/windows are that, first, the

maximum stresses in the filter become smaller; second, with the increase in thickness, the buckling

stress increases as the square of the thickness. This is true for both the radiatively cooled and the

conductively cooled cases.

From figure 3, it can also be seen that, after a certain thickness of the graphite filter in front

of the windows, the absorbed power in both windows will be the same. In another words, the

absorbed power is proportional to the Be window thickness. AH the low energy photons are

absorbed by the graphite filter(s), while each of the low-Z Be windows absorbs only a very small

fraction of high energy photons. The total number of high energy photons entering the previous

Be window is almost unchanged for the next Be window. Structurally, this simplifies the problem

at hand to a two-dimensional problem; that is, the result will not depend on the thickness as long as

buckling is not considered. One consequence is that the safety factor will remain constant when

the thickness of the window increases above the buckling level. Analyses on a 1.0-mm Be

window and a 0.4-mm window, both with a 130-jj.m graphite filter in the front of them, have

revealed that the maximum stress on a 1.0-mm Be window is about same as that on a 0.4-mm

window. Because both cases have a very large buckling stress, 1.0-mm Be window and a 0.4-



mm window have almost the same safety factor by the criterion that the maximum Mises stress is

less than the yielding stress of the material. In practice, one cannot decrease the thickness of the

window to less than the thickness at which the buckling stress equals the yielding stress of the

window material. Continuing decreasing of the thickness of the window will change the failure

mode from plastic deformation or low cycle fatigue to elastic buckling of the window, which has a

lower allowable stress than the failure mode considered previously.

Therefore, fora fixed total thickness of the filter assembly, one should use as few pieces of

filter as possible or the thickest filters possible. Once the thickness of the filter is decided, the

analysis should be performed, and the assembly checked against the suggested failure criteria [1].

If the filter is thick enough, the optimal thickness of the window can be chosen by letting the

buckling stress of the window equal the yielding stress of the window material.

Conclusions

For a wiggler beamline, radiation cooling is preferred to conductive cooling for the filter as

long as the temperature in the filter will not result in melting, sublimation, or unacceptable

outgassing. For an undulator beamline, if the footprint of the beam is several times smaller than

the filter size, thermal stresses from both convective and radiative cooling are similar and in this

case no preferred cooling method is obvious for the undulator beamline.

From a structural point of view, the thicker the filter, the smaller the thermal stresses in the

structure, as a thicker window will result in a more uniformly distributed temperature field.

If a filter is thick enough, the maximum temperature of the window is almost constant and is

independent of the thickness of the window. An optimal thickness can be found by equating the

buckling stress of the window with the yielding strength of the material. Below this optimal

thickness, the window is likely to buckle. A window thicker than one with the optimal thickness

will absorb more photons while not increasing the resulting safety factor.
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Figure 1. Mises stress of graphite filter cooled by conduction
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Figure 2. Mises stress of graphite filter cooled by radiation
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