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Abstract
Eight potential monochromator crystal designs were subjected to a combination of three different beam powers on two different footprints.  The temperature and thermal deformation were determined for each.  It was found that thermal deformation of the lattice is negligible compared to the surface curvature, and that while the thinnest crystal wafer showed the smallest temperature increase, crystals cooled from the bottom alone demonstrated a far more uniform thermal deformation and a larger radius of curvature.
INTRODUCTION
In this work we have explored various monochromator crystal designs.  Monochromator crystals are used to select a single wavelength of x-rays from the broad spectrum produced in a synchrotron device [1-2].  The high energies these crystals are subjected to causes them to heat up significantly, leading to thermal deformations that distort the uniform surface of the crystal, leading to multiple wavelengths being selected [3-4].  This is problematic as it is not always obvious whether the change in wavelength at the detector is due to thermal distortion of the monochromator or interaction with the sample being tested.
In order to attempt to reduce or even eliminate this thermal deformation it must be understood how different variables affect the system.  To this end we have modelled several different designs of monochromator crystal to see what effect changing the geometry has on the thermal deformation.
As we are concerned primarily with thermal behaviours, we have made a number of approximations.  The cooled surfaces remain at 80 K throughout to approximate the flow of liquid nitrogen with an ideal thermal contact [5].  This is a very non-physical boundary condition, which means the results are not directly comparable to real world systems.  However, for the purpose of this work it has been used to create a directly comparable baseline between the different models.   
It is also assumed that each crystal has thermalized prior to exposure to the beam, and therefore is initially at a uniform temperature of 80 K.
Three beam powers were considered; 110 Watts, 550 Watts and 1100 Watts.  This was to simulate exposure to low power, high power and future high power beams as used at the Diamond Light Source.  Each of these powers had to be applied using the Beer-Lambert law of beam transmission [6], as shown in Eq. (1) below.
					(1)
	In Eq. (1) I is the intensity of the beam, I0 is the intensity of the beam at the surface, μ is the absorption coefficient and x is the distance into the material.
As the beam produced by the I20 beamline is broad spectrum, this calculation was done for each energy and then integrated across all energies as shown in Eq. (2).
			 (2)
	In Eq. (2) I0 (E) is the intensity of the beam at the surface for x-rays of a given energy and μ(E) is the absorption coefficient for x-rays of the given energy in silicon.
This was done for the measured intensities of each wavelength at the I20 beamline for the given power values.  The intensity penetrates the surface, decreasing as it propagates.
Two major factors were considered; the deformation of the diffracting surface could change both the spacing of the lattice layers and change the angle of incidence, both of which can damage the Bragg diffraction desired by modifying lattice layer structure [1].
These are only an issue if they are non-uniform across the diffracting surface, as a uniform change can be allowed for when angling the monochromator crystal.  As such the radius of curvature of the diffracting surface has been calculated at the centre of the surface for each design.  
The curvature, k, can be calculated by mapping some function y to the deformation of the surface, then applying Eq. 3 [7].
 					(3)
The radius of curvature is simply the reciprocal of the modulus of curvature [7], as shown in Eq. 4.
 					(4)
A larger radius of curvature relates to a flatter crystal surface, i.e. the larger the radius of curvature the better. 
The lattice spacing as a function of temperature was also calculated, to see if a non-uniform temperature gave rise to a non-uniform lattice that would have affected the Bragg diffraction.  However, calculations showed that between 150 K and 80 K the lattice spacing varied only by 5.5e-15 m, a statistically negligible change given the lattice spacing is only of the order of Angstroms.  This shows that the variance of the lattice spacing directly due to temperature is unlikely to impact the Bragg diffraction.
Despite varying designs between the different crystals, the mechanical boundary conditions used stay the same; each crystal is anchored by a single fixed point in the centre of its base, with a line extending from this point to the diffracting surface prescribed movement in the x- and y-directions.  The entire crystal is also mounted to a spring foundation of ten Newtons per metre.  This combination of boundary conditions enables us to model free thermal expansion, giving an accurate image of how each crystal would behave.
METHOD
Eight monochromator crystal designs were considered, varying structure and/or cooling method: the current monochromator design for Diamond’s I20 beamline, a number of modifications to that crystal and then a silicon wafer.  These designs are subjected to each of the incident powers in both the minimum and maximum angles of the beam footprint, i.e. at a footprint of 36 mm x 25 mm representing an incident beam angle of 30° to the crystal and at a footprint of 5 mm x 25 mm representing an incident beam angle of 6° to the crystal.
The first design modelled was the crystal currently used in Diamond Light Source’s I20 beamline as shown in Fig. 1.  The crystal is based on a rectangle with the top edges removed; this is to allow the beam to pass, as the I20 beamline features very little space between the monochromator crystals.  The entire crystal is thermalized at 80 K, to represent liquid nitrogen cooling reaching an equilibrium.
(a)
(b)

Figure 1: a cutaway view of the existing I20 monochromator crystal design.  Point (a) is held fixed while line (b) is restrained in the x- and y-directions.
The next model simulated was using the same crystal design as shown in Fig. 1, but this time cooling only the bottom surface.  This was to allow the heat to dissipate more evenly through the crystal, and was anticipated to produce less overall cooling and a higher peak temperature but a more uniform deformation across the diffracting region.  
In order to explore alternate designs we next simulated a five-hundred-micron silicon wafer as shown in Fig. 2.  Theoretically by reducing the thickness of the crystal we should allow more of the waste X-ray to pass through, reducing the thermal load on the crystal and therefore the peak temperature.
(a)
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Figure 2: a cutaway view of the silicon wafer monochromator crystal design.  Point (a) is held fixed while line (b) is restrained in the x- and y-directions.
RESULTS
Although eight crystal structures were modelled, in the interest of brevity we have chosen the existing crystal and the two most interesting results to explore here in depth.  Figures 3, 4 and 5 show the temperature distribution and resulting deformation caused by the 1100 W power in the 30o configuration.
In the current I20 crystal with both sides cooled as well as the base, the temperature profile is drastic as shown in Fig. 3; the centre of the diffracting surface is somewhat hotter than the edges, resulting in stresses in the diffracting surface.  There is high stress particularly in the centre of the diffracting region; this could cause a stress dislocation, where the lattice misaligns as a result of the stress on it.  The crystal surface distorts by fifty-five picometres over a width of twenty-five millimetres, giving rise to a radius of curvature of 688,000 m (3s. f) at the centre of the diffracting surface.
[image: ]
Figure 3: The current I20 monochromator after thirty second exposure to the 1100 W beam at a 30o angle of incidence.
With only the bottom cooled, we see a far more uniform temperature profile in the diffracting region as shown in Fig. 4.  There is very little stress in the diffracting region; what stress is found is on the edges of the crystal and is formed by the surface contracting; in essence the crystal is attempting to curl up.  Although the crystal as a whole deforms more, it is worth noting that the relative deformation of the diffracting region is largely constant due to the lack of cooling on the sides.  The diffracting surface deforms by forty picometres over a width of 25 mm, giving a radius of curvature of 917,000 m (3s.f.) at the centre.
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Figure 4: The current I20 monochromator cooled from the bottom only after thirty second exposure to the 1100 W beam at a 30o angle of incidence.
As theorised the thinner crystal does accomplish a slightly lower temperature than that of the current crystal design.  However, due to the thinness of the crystal it bows very easily under the lower temperature as shown in Fig. 5; the diffracting surface deforms by six hundred picometres, resulting in a radius of curvature of 103,000 m (3s.f.) at the centre.
[image: ]
Figure 5:  The silicon wafer monochromator after thirty second exposure to the 1100 W beam at a 30o angle of incidence.
CONCLUSION
To help analyse the performance of the crystals the radius of curvature of each design at each power has been plotted on Figs. 6 & 7 for the 30o and 6o angle of incidence respectively.

Figure 6: Radius of curvature as a function of beam power deposited in a 36 mm footprint.

Figure 7: Radius of curvature as a function of beam power deposited in a 5mm footprint
A common feature of all the models tested is that the thinner the crystal, the lower the maximum temperature.  This is due to the heat conducting to the cooled surface in less time when the crystal is thinner.  However, due to their flexibility these designs also show significant bowing with a lower radius of curvature.
The models with consistently the highest radius of curvature, and therefore the least bowing, are thicker crystals cooled from the bottom alone.  This design allows the heat to dissipate more evenly, though more slowly, throughout the crystal, resulting in less variation in the deformation and a higher radius of curvature.
The next step is to explore the mechanical side of these designs; how would they be held in good thermal contact with the heat exchangers and what steps can be taken to minimise mechanical stresses upon them.  Many synchrotron facilities clamp their monochromator crystals between heat exchangers to hold them in the beam path; this design is not compatible with the concept of cooling the crystal from the base alone.  However, bolting directly down to a heat exchanger or cooling the bolting plate itself could cause stresses to develop in the diffracting surface as the crystal contracts from the surface.  Further work is needed to ascertain the feasibility of this approach.
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