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Abstract

The analytical results and design considerations for a novel cryogenically cooled Advanced

Photon Source (APS) monochromator are presented. Because the monochromator uses silicon

crystal, cryogenic cooling enables one to take advantage of the high conductivity and low

thermal expansion coefficient of silicon at cryogenic temperatures. The APS monochromator

features a machined slot with variable thickness below the surface. With this configuration, only

a fraction of the total undulator power is absorbed by the crystal; the remaining power is

transmitted through the crystal and is absorbed by a second element that can be cooled by

standard cooling techniques. A variety of analyses has been performed with different parameters

and configurations to maximize the performance of the monochromator and minimize the total

absorbed power by the crystal.

Introduction

Knapp [1] proposed a cryogenically cooled monochromator that uses a cut under the

monochromator surface. The advantage of such a monochromator would be to reduce the load of

the cryogenic cooling system. Wang and Kuzay [2] propose a variable thickness window

concept for a synchrotron radiation beamline. The use of a variable thickness window can

increase the heat conduction area without increasing the thickness in the core area so that the
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maximum temperature in the window can be significantly decreased. The structural integrity can

be increased in regards to the buckling load in thin windows and the shock due to sudden loss of

vacuum.

This paper combines the concepts suggested by Knapp [1] and that of variable thickness [2]

and suggests a monochromator with a variable thickness cutting slot under the monochromator

surface. As an example of an application of the concept, a APS monochromator design is

investigated. The paper will examine different design options and find one that fits the need best.

Comparison of uniform thickness, variable thickness, and solid piece of monochromator is

presented.

Cryogenically Cooled Monochromator Analyses

The APS Undulator A monochromator is located 30 meters from the source. There is a 2.5

mm X 1.5 mm slit in front of it. Material properties are: Young's modulus E = 130 GPa, fracture

stress 6f = 180 MPa, density p = 2.325 g/cm 3, and the thermal expansion coefficient and thermal

conductivity are temperature dependent. Boundaries are assumed to be convection cooled with a

film coefficient of 2 W/cmK.

Variable thickness monochromator

Figure 1 shows a cross section of the variable thickness monochromator concept and its

model used for finite element analysis. The thickness of the crystal is expressed by the fonn:

h(x,y)=a+bx2 +cv 2 . (1)

Because the monochromator may be operated under any gap size condition and the incident

angle is different, as shown in table l, analysis must be performed for all cases to guarantee the

performance of the monochromator. An alternative is to find the worst case and only perform

the analysis for the worst case. Then, the performance of all other cases can be guaranteed.

XRAP [3] is a code developed for the purpose of x-ray absorption and variable thickness

structure heat transfer and thermal stress analysis. XRAP can do an x-ray absorption analysis



and precise heat transfer and thermal stress analysis for two-dimensional structures with

temperature-dependent material properties, such as thermal conductivity and thermal expansion

coefficient, and with consideration of radiation cooling. When the structure is thick, XRAP can

give an average across the thickness. XRAP is used here for a first step screening analysis. The

analysis of the monochromator starts with the absorption and heat transfer analysis for all cases

in table 1. If a worst case is found, that case is then further analyzed by a three-dimensional

finite analyses with a more precise model.

Table 1. The cases analyzed for APS Undulator A monochromator

Case Gap Eft. Field K El 0 (degree)

(mm) (T) (keV) [Si(111)]

1 11.5 0.703 2.17 4.21 28.04

2 13.0 0.609 1.88 5.11 22.82

3 15.0 0.504 1.55 6.39 18.05

4 16.0 0.458 1.41 7.06 16.28

5 18.0 0.379 1.17 8.39 13.66

6 20.0 0.313 0.96 9.63 11.88

7 30.0 0.121 0.37 13.19 8.64

8 40.0 0.047 0.14 13.96 8.16

Because the spectral distribution of the X-ray photons is different for different values of the

deflection parameter K and for different inciden angles, a series of analyses are performed for

eight different K values with three sets of fixed geometry parameters, (i.e., a = 0.5, b = 0.4 and c

= 0, a = 0.25, b = 0.4, and c = 0, and a = 0.5 and b = c = 0, in Eq. 1.) to determine the worst case.

The temperature-dependent thermal expansion coefficient and thermal conductivity are

from reference [4]. All analyses by XRAP assume that tile edges of the monochromator, which

is cut into a curved shape (so-called variable thickness), have a temperature of 100 K.

Analysis results are listed in table 2 for the total absorbed power and the maximum

temperature on the monochromator.



Table 2. Analysis results for the different monochromators at Bragg an[_le

K 0* h = 0.25 + 0.4x 2 h = 0.5 + 0.4x 2 h = 0.5

Pabsorb (W) Tmax (K) Pab_,rb(W) Tmax (K) Pab_,rb(W) Tmax (K)

2.17 28.04 156.2 !50.7 179.6 129.5 164.9 !57.9

1.88 22.82 166.1 147.1 187.8 127.1 174.6 153.9

1.55 18.05 165.7 131.3 183.4 120.0 173.0 136.9

1.41 16.28 160.9 126.2 176.1 117.0 167.2 129.3

1.17 13.66 149.4 119.8 160.7 113.2 154.4 121.8

0.96 11.88 123.3 111.8 130.1 108.0 126.9 112.7

0.37 8.64 24.3 102.0 24.8 101.5 24.7 102.2

0.14 8.16 0.67 100.2 0.76 100.1 0.76 100.1
* 0 is the Bragg angle between beam and crystal (degree)

From table 2, it can be seen that if the monochromator is at the Bragg angle with the x-ray

beamline, the worst case occurs when K = 2.17, i.e., when the gap size is the minimum. The

maximum temperature for the case with h = 0.5 + 0.4x 2 is 129.5 K, and it is in the range of the

minimum thermal expansion coefficient. This design is very promising and can potentially be a

successful design if all the assumptions (especially that of the edge temperature of the

monochromator being 100 K) in the analysis can be met. Because the temperature at the edge of

the cutting slot of the monochromator is assumed to be at a fixed temperature, 100 K, a large
_J

model including the whole silicon crystal block and its convection boundary should be used to

see if this assumption is true.

A three-dimensional finite element analysis using ANSYS [5] then is performed on this

worst case. The finite element model is shown in figure 1, in which only one quarter of the

monochromator is modeled due to symmetry (not exactly symmetric about x-y plane, but the

difference is very small). The parameters used are as follows:

Geometry
Height 40 mm
Width 81.5 mm
Length 80 mm

Thickness of the cutting 0.25 + 0.4 x 2, 0.5 + 0.4 x z and 0.5
Convection heat transfer coefficient 2 W/cm 2 K
Bulk temperature 90 K



For the APS monochromator analysis, two layers of a solid element are used to consider the

depth effect. Table 3 presents the results for case i in table I from both a finite element analysis

and a finite difference method implemented in XRAP. When the edge temperature in the

analyses by XRAP is obtained by corresponding finite element analysis, both approaches give

very similar results.

Table 3. Analysis results for the K=2.17 case
Thickness 0.25 + 0.4 x 2 0.5 + 0.4 x2

Analysis method ANSYS XRAP ANSYS XRAP
. Pabsorbed(W) 161.92 156 193.4 170.1

Tbulk (K) 90 N/A 90 N/A
Tedge(K) 108 108 113 113
Tmax(K) 163.6 163.5 153.3 155.4

0x (10 "6radian) N/A N/A I 1.0 N/A

0y (10 6 radian) N/A N/A 1.9 N/A

It can be seen that the edge temperature from finite element analysis is larger than that used

in the table 2 in the analysis by XRAP (which was an assumed boundary condition). This means

_, that the design modeled by the finite element method cannot achieve the design goal of I00 K for

the edge temperature. We have to improve the design by using a different geometry and better

cooling technique for a larger convection coefficient, or, alternatively, use a smaller incident

angle. The first choice might be not practical or is limited by the current cooling technique.

Using a smaller x-ray incident angle seems to be the first choice.

The investigation then focuses on the same geometry and assumption as above but with a

I0-degree x-ray incident angle. The bulk temperature of the coolant is assumed to be 85 K. The

thickness of the cutting slot is h = 0.25 + 0.4x 2. The total absorbed power is 191.7 W calculated

by XRAP. The finite element analysis reveals that the maximum temperature on the

monochromator is 122.8 K. As shown in figures 2 and 3, the angular changes in the vertical

direction are almost zero in the usable range and those in the horizontal direction are about 1.2

micron radian, all within user's tolerance. Again, when using the edge temperature from the
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finite element analysis, 103.5 K, XRAP determines the maximum temperature of the

monochromator to be 124.2 K. The results from both approaches are very close.

it can also be seen from tables 1 and 2, if all the conditions are the same, the thicker the

monochromator, the lower the maximum temperature. There will always be some trade-offs

between using thick and thin cut monochromator. A thicker monochromator is easier to

manufacture than a thin one. But a thicker one has a larger absorbed power that must be handled

by the cryogenic cooling system. The extreme is to use a solid block monochromator that

certainly has a better performance than that of a cutting slot monochromator. But, in that case,

the cryogenic cooling system has to handle all the incident x-ray power.

Uniform thickness m0nochromator

Analyses are performed on both a uniform thickness monochromator and a variable

thickness monochromator. The same assumptions are used here as for the previous section.

Table 4 lists the results of three cases: one variable thickness monochromator and two uniform

thickness monochromators. In table 4, the parameter K is the device deflection parameter, t_ is

the inclined angle of beam on to the monochromator surface, and h is the thickness of cutting

monochromator.

Table 4. Comparison of results of uniform thicknesses and variable thickness
monochromators

K ot h -- 0.25 + 0.4x 2 h = 0.25 h = 0.5

Pabsorb (W) Tmax (K) Pabsorb(W) Tmax(K) Pab_,rb(W) Ymax (K)

2.17 85 230.7 110.0 211.9 122.5 238.3 110.8

1.88 80 199.9 119.8 178.6 158.7 208.3 122.3

From the table, one can see that, by using a variable thickness monochromator, the

temperature increment of the monochromator can be significantly decreased while not increasing

the total absorbed power very much. For example, in the case of K=1.88, the maximum

temperature increment of the variable thickness is 19.8 K and that of uniform thickness

monochromator (h = 0.25) is 58.7 K, an almost 300 percent improvement. However, the total

absorbed power is 199.9 W versus 178.6 W, only a 12 percent increment.



Compton Scattering Effect

The difference in the total absorbed power with consideration of the Compton scattering

effect and that without consideration of Compton scattering is within three percent.

Discussion

The analyses show that the deformation of the monochromator at the beam footprint is

negative. This suggests that one can adjust the coolant temperature (or equivalent) so that the

maximum temperature is in the range of 120 - 125 K, in which the monochromator has the best

performance (least angle change). When designing the cooling system of a monochromator, one

can control the maximum temperature of the silicon crystal at 120 to 125 K, in which range the

thermal expansion coefficient is minimum.

A solid piece monochromator will give the best performance if the cryogenic cooling

system can handle the total power of the beamline. This value from a 2.5 mm X 1.5 mm slit can

be as large as 300 to 400 watts. The variable-thickness cryogenically cooled monochromator can

satisfies the performance requirement of the monochromator while the absorbed power is low.

Conclusion

A cryogenically cooled, variable-thickness monochromator with h = 0.25 + 0.4x 2, which

has an incident angle of 10 degrees with the x-ray beamline, can guarantee small algular changes

under the APS Undulator A power. The total absorbed power in the monochromator is 190

watts, which would need to be handled by the cryogenic system.
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Figure 1. Finite Element Model of APS Monochromator and Temperature Distribution
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