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A Finite Element Analysis of Room Temperature Silicon Crystals 
for the Advanced Photon Source 

Bending-Magnet and Insertion-Device Beams 

Lahsen Assoufid, Wah-Keat Lee, and Dennis M. Mills 

Abstract 
In this paper, we give the results of a series of thermal and distortion finite element analyses 
performed on room temperature silicon for the three standard APS sources, namely, the bending 
magnet, Wiggler A, and Undulator A. The modeling was performed with the silicon cooled 
directly with water or liquid gallium through rectangular channels. 

I. Introduction 

The Advanced Photon Source (APS) will provide researchers with x-ray 
beams of unparalleled brilliance. Concomitant with this increase in brilliance 
is a substantial increase in the total power and power density compared to 
those from existing sources. The APS has put considerable effort into 
exploring various approaches to mitigate the thermal distortion problem in x- 
ray optical components. In particular, for double-crystal monochromators, 
the use of silicon cooled with liquid gallium [l], silicon at cryogenic 
temperatures [2], the effect of crystal geometry (inclined [3-91, asymmetric 
[lo], and thin crystals), and the use of diamond [ll-123 instead of silicon are 
all currently being studied both experimentally and computationally. This 
paper summarizes a series of finite element analyses (FEA) performed, using 
version 5.0.a of the ANSYS code 1131, on room temperature silicon for the 
three standard APS sources, namely, a bending magnet, Wiggler A, and 
Undulator A. All modeling is performed with the silicon cooled directly with 
water or liquid gallium through rectangular channels, and, in all cases, we 
assume the monochromator to be the first optical component in the beamline. 
The temperature . distribution and the maximum thermally induced 
deformations are presented. 
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11. The Bending-Magnet Monochromator 

A. Properties of the source 

At a ring energy of 7 GeV and a current of 100 mA, the bending magnet will 
radiate a power _ _  of 86.72 watts per horizontal milliradian 1141. The normal 
peak power density at 30 m from the source, the monochromator location, is 
about 0.82 W/&2 after two 0.250-mm-thick Be windows. 

B. Description and analyses of the crystal 

The crystal geometry and dimensions are sketched in Fig. 1. I t  is directly 
cooled by flowing water through 51 rectangular channels. The overall size of 
the crystal is 120mm x 102mm x 35.5mm, and this size is maintained 
throughout the analyses. The fact that the channels are alternating with the 
fins will result in a local variation of the thermally induced slope error 
(ripples) across the channels. There has been concern that this will affect the 
crystal performance. To minimize this problem, the channels are oriented 
along the beam footprint. 

Because the magnitude of the power and the power density emitted by the 
bending magnet is low, water cooling is sufficient. For our analyses, we have 
chosen a flow rate of 5.5 gpm, flowing in 51 channels, which corresponds to a 
fluid velocity of about 1.39 m / s  and a Reynolds number of about 2700. The 
heat transfer coefficient estimated using Gnielinski [15] equations is about 
0.61 W/cm2-K. The coolant average temperature is set to 25 "C. 

The absorbed power along the beam optical path is evaluated using 
PHOTON2 [16] by dividing the crystal into several layers and calculating the 
power density profile absorbed by each layer. Calculations show that, for a 
Si(ll1) crystal set to diffract 4keV photons, about 54% of the incident power 
is absorbed in the face plate. The remaining power (i.e., the fraction that is 
not reflected from the crystal surface or transmitted through the crystal base) 
is distributed between the fins, the coolant, and the base. The total absorbed 
power depends on the length of the optical path of the beam within the 
crystal, which depends on the Bragg angle and the crystal size. 
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The absorbed power is treated as a heat generation rate in the thermal 
analysis and is used to  evaluate the temperature distribution and the 
corresponding distortion field. In all our calculations, the silicon is assumed 
to be isotropic, and the material properties are evaluated as a function of 
temperature. 

C, Temperature and distortion results 

The performance of the crystal was studied for x-ray energies from 4 to 24 
keV. Fig. 2 shows the displacement and slope error profile along the center 
line of a Si(ll1) crystal set to diffract 4keV photons. At 4 keV (Bragg angle 
=29.6'), which corresponds to the highest heat flux, the increase in 
temperature above that of the coolant (25 "C) for the 51-channel case is about 
7.5 "C, and the total thermally induced slope error is only about 26% of the 
Darwin width. At higher photon energies, although the surface power 
density is lower (lower incidence angles), the total absorbed power by the 
crystal face plate is higher due to the increased optical path as the beam 
traverses the crystal. This impacts on the thermally induced slope errors. At 
8 keV (Bragg angle =14.3'), the thermally induced slope error is 32% of 
Darwin width, while at 24 keV (Bragg angle= 4.7'1, it is equal to 40%. 
However, at high photon energies, one can certainly improve the crystal 
performance by using appropriate filters to cut off all the power from lower 
energy x-rays, which would be otherwise absorbed in the face plate. Reducing 
the number of channels will increase the fluid velocity, and accordingly it 
increases the heat transfer coefficient for the fixed flow rate of 5.5 gpm. The 
same performance can be achieved by simply increasing the flow rate. 
However, the increase in the fluid velocity may be limited because of the flow- 
induced vibrations. 

D, Conclusion 

Our simulations show that a water-cooled, Si(ll1) slotted crystal will perform 
acceptably under the heat load fiom the APS bending-magnet beam. The 
effective slope error for the 4-keV case, which corresponds to the highest heat 
flux on the crystal surface, is only about 26% of the Darwin width. For 
higher energies, the ratio of the total slope error to the Darwin width is larger 
due to the increase in the power absorbed by the face plate (lower incidence 
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angle) along with the decreases of the Darwin width. However, in this case, 
one can certainly further reduce the distortions by using appropriate filters to 
cut off the power load from lower energy x-rays. In the extreme case, the 
overall performance of the crystal can be further improved by using liquid 
gallium as a coolant instead of water. Liquid gallium gives much higher heat 
transfer coefficients for a fixed flow rate compared to water. With water as a 
coolant, enhanced heat exchangers, such as the pin-post [ 171, microchannel 
design [l8], or cooling channels filled with porous medium [19], should also be 
considered. 

III. The Wiggler A Monochromator 

A. Properties of the source 

A standard APS Wiggler A [20] has a period of 8.5 cm and 56 poles. The beam 
from a 2.1-cm-magnetic-gap Wiggler A (deflection factor, K, equal to  7.94, 
with a critical energy of 32.6 keV) contains 7.4 kW of power at a ring energy 
of 7 GeV and a current of 100 DA The normal peak heat flux is about 75 
W/mm2, at 30 m from the source, the monochromator location. This peak 
heat flux is given after two 0.250-mm Be windows and two 0.300-mm 
graphite filters, which are included in the standard APS Wiggler A beamline. 
The beam size at 30 m from the source is about 29 mm (horizontal FWHM) by 
2.7 mm (vertical FWHM) . 
B. Description and analyses of the crystal 

The crystal geometry used for the finite element model is similar to  that of 
the bending-magnet crystal, except that the height of the channels was 
reduced to 3 mm (see Fig. 1) and liquid gallium is used as a coolant. A 
smaller channel height was chosen because of the better thermal conductivity 
of liquid gallium. 'Additionally, in order to reduce the pressure-induced 
deformation due to the liquid-gallium flow, the thickness of the crystal  face 
plate was increased to 0.7 mm. 

The coolant flow rate was chosen to be 4 gpm, flowing in 17 channels. This 
corresponds to a fluid velocity of about 4.95 d s .  The heat transfer 
coefficient, evaluated using Lyon's correlation [21], is about 21.8 W/cm2-K. 
The average coolant temperature was set to 50 "C. 
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The power deposited in the crystal was computed following the same 
procedure as for the bending magnet, and all calculations were performed 
assuming a Wiggler A beam at 2.1-cm gap (K=7.94, Ec=32.6 keV) with the 
standard graphite filters and beryllium windows. 

C. Temperature and distortion results 

The performance of the crystal was studied as a function of Bragg angle. Fig. 
3 shows the variation of the effective thermally induced slope error as a 
function of the beam incidence angle at 2.1-cm magnetic gap. For 
comparison, the symmetric Si(ll1) Darwin width and the corresponding 
energy are also plotted. For example, for a Si(ll1) crystal set to diffract 8- 
keV photons (Bragg angle of 14.3"), the total thermally induced slope error 
would be about 54 pad,  compared with the intrinsic Darwin width of about 
34 pad.  

The FEA results plotted in Fig. 3 suggest that the use of slotted Si(ll1) 
crystals with gallium cooling and with a 2.1-cm-gap Wiggler A will lead to 
severe thermal distortions for x-ray energies below 20 keV. At about 16 keV 
(7' incidence angle), the thermally induced slope error becomes comparable to  
the Darwin width, while at 24 keV, the slope error becomes larger than the 
Darwin width again. At low incidence angles (higher energies), although the 
surface power density is lower, the total absorbed power is much higher due 
to the increased optical path as the beam traverses the crystal. These 
simulations clearly show that, for the APS Wiggler A, additional methods for 
reducing the power load is required; some of the possible options are proposed 
below. 

1. Asymmetrically cut crystal option 

Fig. 3 indicates that, in order to minimize thermal slope errors, one should 
work at low incidence angles. Depending on the scanning range required, 
this can be done by using an asymmetrically cut crystal. However, note that 
the use of asymmetric crystals in a double-crystal monochromator also entails 
a greater sensitivity to thermal distortions. This together with energy 
tunability range and an increased photon acceptance of the asymmetric 
crystal are all issues that have to be weighed when considering the use of 
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asymmetric crystals. An asymmetrically cut monochromator with adjustable 
asymmetry is currently under development at  the APS [lo]. This 
monochromator will allow one to increase the energy scanning range and, at 
the same time, spread the area of the footprint of the beam on the surface of 
the crystals [ 121. 

2. Gap opening and filter options 

Depending on the energy, possible ways to reduce the power load are to open 
the wiggler gap or use filters or a combination of both. In this section, we 
describe various scenarios related to the gap opening and the use of filters. 
As an example, we studied the case in which the user is interested in 10-keV 
photons. Table 1 summarizes the results of the various scenarios. By setting 
the wiggler gap to 4.57 cm (K=2.44), the brilliance of the 10-keV photons 
impinging on the crystal is maximized, and, at the same time, the heat flux 
on the crystal is significantly reduced, thus reducing the thermal distortions 
to an acceptable level (see Table 1). However, the total number of 10-keV 
photons produced by a K=2.44 wiggler is only about 25% that for the case in 
which K=7.94. Now, let us assume that we are interested in maximizing the 
total number of 10-keV photons through the monochromator. Additionally, 
we assume that we can tolerate total slope errors on the crystal of about half 
of the intrinsic Si(ll1) Darwin width for that energy. Based on the results of 
the FEA studies, we compared the total flux incident on the crystal from 
opening the gap (3.65 cm, K=3.88) and leaving the gap closed (2.1 cm, 
K=7.94), but using filters to reduce the heat load. Fig. 4 shows the results of 
calculations using PHOTON2 simulating the flux at a 2.1-cm gap (K=7.94) 
with and without various filters and the flux at opened gap with K=3.88. The 
flux and power densities are given after the standard 0.600 mm of graphite 
filters and 0.500 mm of Be windows, at 30 m from the source. The gap 
opening and the filkrs were chosen so that, with the crystal at an incidence 
angle of 11.4O (10 keV, Si(lll)), the surface power density on the crystal 
would be about 6.4 W/mm2. This surface power density was chosen based on 
the FEA studies (Fig. 41, and it corresponds to a thermal distortion of about 
14 p a d  on the crystal (about 52% of the Darwin width). Note that the actual 
thermal distortions should be less because the FEA studies were based on the 
case where K=7.94 and the total power was about 7.4 kW, whereas the total 
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power after the filters or a more open wiggler gap will be considerably less. 
The flux for the closed gap (K=7.94) without filters is shown for comparison. 
Fig. 4 shows that if one is interested in working at 10 keV with Si(ll1) and 
can tolerate a 14-pad total thermal distortion, it is much better to open the 
gap of the wiggler than to use filters with a closed gap. The filters would 
absorb all the desired 10-keV photons. In this case, the flux (for 10-keV 
photons) incident on the crystal at K=3.88 is about 40% of that at K=7.94 
with no filter. 

However, if the user is interested in higher energies (> 25 kev), the use of 
filters may be a better option for maximum flux. Note that the above only 
compares the flux incident on the crystal and not the actual flux after the 
crystal. To predict the actual flux after the crystal would require a detailed 
ray-tracing simulation, possibly using SHADOW, that incorporates the 
thermal distortions of the crystals. Clearly, a case-by-case study to optimize 
brilliance and/or flux is necessary. 

Other alternative approaches include the use of cryogenically cooled thin 
crystals or a mirror as the first optical component [22] thereby reducing the 
power load on the monochromator. Thin crystals have the advantage of 
absorbing less power and, when cooled with liquid nitrogen, may offer a 
solution. 

D. Conclusion 

We have performed simulations for a liquid-gallium-cooled, slotted Si( 11 1) 
crystal subjected to the Wiggler A radiation in the worst-case scenario: a 2.1- 
cm magnetic gap, K=7.94 with a critical energy at 32.6 keV (for 7 GeV-100 
mA operation). The FEA results clearly show that the use of Si(ll1) crystals 
with the chosen cooling scheme for the classical energy region of 420 keV 
will result in severe thermal distortions. Depending on the beam parameter 
of interest, energy, brilliance or total flux, and on the amount of distortion 
that is tolerable in the crystal, we have proposed various options. In the low 
energy range, the best option to reduce the heat load is to open the Wiggler A 
gap. As an example, setting the wiggler at a gap of 4.75 cm (K = 2.44) will 
reduce the peak heat flux on the crystal surface to the point at which it can 
be handled by a slotted crystal with liquid-gallium cooling. The FEA 
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calculations indicate that, in this case, the maximum slope error for a crystal 
set to diffract 10-keV photons (Bragg's angle=11.4"), is on the order of 12.5 
p a d  (see Table 1) compared to the Darwin width of 27 p a d  for the Si( 111) 
reflection. For this particular Wiggler A gap value of 4.75 cm, the brilliance 
of the 10-keV photons is optimized at the expense of the incident flux on the 
crystal. However, depending on the amount of distortion that is tolerable, by 
setting the wiggler gap to a lower value (higher K) one may optimize the total 
number of 10-keV photons through the crystal. Detailed ray-tracing 
simulations will be required to predict the optimum K value that would yield 
a maximum photon throughput. Either way, opening the wiggler gap 
significantly reduces the heat load on the crystal. In the high energy range 
(>25 keV), the use of filters maybe more appropriate. Here, opening the gap 
(&om 2.1 cm) will reduce both the brilliance and the total flux incident on the 
crystal. 

Other approaches to  reduce to the heat load on the crystal include the use of 
mirrors as power filters C223, cryogenically cooled thin crystals, and 
asymmetrically cut crystals with adjustable asymmetry [lo]. 

VI. The Inclined Crystal for Undulator A 

A. Properties of the source 

Simulations were performed for two different deflection parameters: K= 2.17, 
corresponding to the first harmonic at 4.2 keV, and K= 1.23, corresponding to 
the first harmonic at 8 keV. At a ring energy of 7 GeV and a current of 100 
mA, the total power and the peak heat flux (including beam emittance effects) 
generated by Undulator A 1231 at 30 m from the source, the monochromator 
location, are: 

Energy of the first harmonic BeVJ 4.2 8 
Total power RWl 3.8 1.18 
Peak heat flux W/mm2J 140 75 

Because it may be necessary to operate the undulator beamline in a 
windowless mode, no filters or Be windows were included in this worst-case 
calculation. 
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B. Description and analyses of the crystal 

For the inclined crystal (see Fig. 5), the planes of diffraction make an angle 
with the crystal surface, thereby spreading the power density on the crystal 
surface by a factor of l/(sinecosp), where 8 is Bragg's angle. In the APS design 
[5], the inclination angle and energy range was originally chosen so that the 
power density on the crystal surface does not exceed about 5 W / m 2  and the 
crystal is under 250 mm long [3]. The surface power density limit was chosen 
based on previous experimental and computer simulation results. The APS 
design calls for one set of Si(ll1) crystals with 85" inclination to cover the 
energy range from 4 to 9 keV, while another set with 78" inclination to cover 
the 8 to 20 keV energy range. For further details on the concept and 
geometry of the inclined crystal refer to references 13-91. 

The cooling channels were oriented along the crystal main axis (see Fig. 5) 
and have the same aspect ratio as those of the Wiggler A crystal (see Fig. 1). 
The flow rate of the coolant (liquid gallium) was chosen to be 4 gpm, flowing 
in 50 channels, which corresponds to a fluid velocity of 1.68 d s .  The heat 
transfer coefficient, estimated using Lyon's correlation [21], is about 18 
W/cmzK The liquid gallium average temperature was set to 50 "C. 

Because of the high inclination angles with which we are dealing? the crystal 
intercepts the beam at a very shallow glancing angle. Therefore, we assume 
that the incident power is totally deposited on the crystal surface. To keep 
the sizes of the crystals reasonable, it has been assumed that slits could be 
used to let through only the central radiation cone. The slit opening at 30 m 
from the source is 3.6 mm in the horizontal direction and 1.8 nun in the 
vertical direction, which corresponds to >40 of the central harmonic radiation 
cone. The total incident power is therefore reduced to about 750 watts for K = 
2.17 (the first harmonic at 4.2 keV), and to about 400 watts for K = 1.23 (the 
first harmonic at 8 keV). There has been concern, however, that the use of 
vertical slits introduces a sharp thermal gradient, thereby increasing the 
thermally induced slope, and this is also a question we sought to answer. 
Here, the planes of diffraction are not parallel to the surface, and the overall 
structure is not symmetric. Therefore, the full crystal was modeled. The 
incident power is treated as surface absorption in the finite element thermal 
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analysis. The thermal distortions are calculated assuming the crystal fuced 
at the bottom face. 

C. Temperature and distortion results 

As mentioned previously, simulations were performed for two different 
deflection parameters: K=2.17 and 1.23. For K=2.17, the inclination angle, p, 
is 85", and for K=1.23, it is 78". For each case, calculations were performed 
with and without vertical slits, and in all cases the horizontal slit opening is 
kept at 3.6 mm. The results of the analyses are summarized in Table 2. Fig. 
6 shows the variation of displacement and the slope in the direction of the 
reciprocal lattice vector for the two cases. A comparison is made between the 
case where vertical slits are used and the case with no vertical slits. 

Fig. 6 reveals that, for an inclined geometry, the thermally induced slope 
error under the beam footprint has a constant sign. The peak slope error for 
the 4.2-keV case (and with 1.8-mm vertical slits), for example, is about 34 
wad. The peak slope error represents the maximum deviation from Bragg's 
angle. The effective thermally induced slope error, which contributes to the 
broadening of the rocking m e ,  is the difference between the peak slope and 
the slope at the edge of beam beam footprint. Its value for the 4.2-keV case 
with 1.8-mm vertical slits is about 21 pad. This is to be compared with the 
Darwin width of 71 pad. 

For the 78O-inclined Si(ll1) crystal set to  diffract 8-keV photons, the 
maximum effective slope error is only about 7 p a d  (for 1.8-mm vertical slits). 
This is to be compared with the Darwin width of 33.9 pad. 

Regarding the effect of vertical slits, the FEA results indicate that the 
thermally induced slope error increases when a 1.8-mm vertical slit opening 
is used. The effect is worse for the 4.2-keV case, in which the use of slits 
almost doubles the effective slope error. Thus, vertical slits should be left 
open. This can be done without affecting the crystal size because the length 
of the crystal depends mostly on the inclination angle and the horizontal size 
of the beam. 
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D. Conclusion 

The above simulations predict that the inclined crystal will perform 
reasonably well when subjected to the APS Undulator A beam. For the 
worst-case scenario, Si(lll), 4.2-keV photons , and 85" inclination angle, the 
effective thermal distortion (for the slitted beam) is only 21 pad.  This is to be 
compared with the Darwin width of 71 p a d  for this reflection. For the case 
of Si(lll), 8-keV photons with 78" inclination, the effective thermally induced 
slope error for the slitted-beam case is about 7 pad  or 20% of the intrinsic 
Darwin width. 
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Table 1: Summary of scenarios for 10-keV photons. E is the photons' energy, K is the deflection parameter, Ec 
is the critical energy, Pd is the peak heat flux on the crystal surface, The Darwin width is for Si( 11 1) 
reflection. Note that all calculations include the 0.600-mm-thick graphite and the 0,500-mm-thick Be window 
before the monochromator location, and that the maximum slope errors are based on the results of the FEA 
for the 2.1-cm gap case. 

Scenario 

10 

Gap size K Ec Fraction Incident 
CCml [Kev] of 10keV Power 

incident [kWl 
photons 

Pd 
[W/mm2] 

Maximum 
Slope 
[pradl 

Gap 
opening 

4.75 2.44 10.0 25% 0.35 

3.65 3.88 15.9 40% 1.1 

I 

Filters: 
18 mm of C 

No filters 14.8 I 38.0 

2.1 7.94 32.6 0.011% 2.0 

2.1 7.94 32.6 100% 5.8 

Darwin 
Width 
b a d 1  

27.0 

I 
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Detail #1 

Dsracted beam 

Flow f /  
Incident beam 

Parameter Bending Magnet 

5 

1 

0.5 

Insertion Devices 

3 

1 

0.7 

Fig. 1: The crystal geometry modeled with the FEA. The channels' width and 
height as well as the face plate thickness are given for the bending-magnet 
and insertion-devices crystals. 
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Fig. 2: The bending-magnet monochromator: Variation of the total thermally 
induced slope error as a function of Bragg's angle (bottom axis) and the 
corresponding energy (top axis) for a Si(ll1) crystal. The results are plotted 
for crystals with 51 and 29 channels with a fixed flow rate of 5.5 gpm of 
water. For comparison the Si( 111) Darwin width is also shown. 
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Fig. 3: Calculated total distortion as a function of incidence angle. For 
reference, the corresponding energy (top axis) and the Darwin width are also 
plotted for Si( 111) reflection. 
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Fig. 4: Comparison of flux incident on the crystal between the case of a 
magnetic gap of 2.1 cm (K=7.94, Ec=32.6 kev) with a variety of filters and the 
case of 3.7-em magnetic gap (K=3.88, Ec=15.95) with no filters. Flux 
calculations were performed with PHOTONB. This comparison is for a 
Si(ll1) crystal set tb 11.4" Bragg angle (10 kev). The filters and gap opening 
are set so that, based on FEA results, the total distortion on the crystal 
surface is half of the Darwin width of the reflection. The advantage of 
opening the Wiggler A gap is clear in this case. At 3.7-cm gap (K=3.88), the 
number of 10-keV photons is about 40% that produced the wiggler at 2.1-cm 
gap (K=7.94). 
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Fig. 5: The inclined crystal geometry. 
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Fig. 6: The inclined crystal: Displacement and thermally induced slope along 
the scattering plane for an 85" inclined Si(ll1) crystal set to  =act the first 
harmonic at 4.2 keV, comparison is made between the case with vertical slits 
(with 1.8 mm opening) and the case with no vertical slits; the horizontal slits 
are kept at 3.6 mm in all cases. The crystal and the slits are assumed to be 
located at 30 m from source. This figure also indicates the beam footprint (4 
x G of the central radiation condsin 0) and the differential slopes. 
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