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1. Introduction 
1.1. General Geometry of the XTOD K-Measurement Monochromator System (K-

Mono) X-Ray Optical System: Figure 1 presents an elevation view of the x-ray 
beam path through the K-Mono optical system. The two, mirror-image, channel-
cut silicon crystals direct the incident x-ray beam around a tungsten-heavy-alloy 
beam-stop. As a result, the monochromatized beam is returned to ~ the initial 
beam direction, while at the same time, the beam-stop greatly reduces the 
downstream flux of unwanted high-energy photons and Bremsstrahlung gamma 
rays. 
The three elements illustrated in Figure 1 are mounted, fixed, to a common 
baseplate. The adjustable-photon-energy x-ray source is located almost 90 m 
away, has a FWHM diameter of ~ 100 µm and a full-source opening angle of ~ 
25 µrad. Consequently, this optics assembly must be accurately located "in" the 
source beam, and must be quite accurately pointed "at" the source, so that the 
diffraction condition for all four bounces will be simultaneously satisfied to 
obtain an output beam. 
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Figure 1: 
1.2. Mirror-Image Crystal Assembly Advantage: If the two channel-cut crystal 

assemblies are fabricated as mirror images, the range of fine Bragg-angle 
adjustment needed can be minimized. The incident photon beam will be 
contained in a horizontal plane. If the two crystal assemblies are mirror images, 
and are mounted using identical wedges on a perfectly flat baseplate, the beam-
pass diffraction condition will be obtained when the baseplate is level. Then, 
even if there is some fabrication misorientation of the crystals, as is suggested in 
Figure 1 by the light blue lines (representing the underlying Si(111) planes) 
indicated over the diffraction volumes, the beam-pass diffraction condition is 
still obtained with the baseplate level, although the beam-pass photon energy is 
altered (but this is not important).  
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2. Requirements 
 

2.1. Silicon Material Requirements: Table 1 below summarizes requirements for the 
silicon material, with reference to the text sections giving additional explanation. 

 

Table 1 
Parameter Text Section

float-zone grown 2.1.1 
Si(111) boule 2.1.2 

zero-dislocation 2.1.3 
resistivity > 10 ohm-cm 2.1.4 

n-type 2.1.5 
 

2.1.1. float-zone grown: The crystallographic perfection of float-zone, single-
crystal silicon is superior to the more-common Czochralski-grown material, 
primarily as a result of the lower impurity concentrations of oxygen and 
carbon. In the Czochralski process, molten silicon in a silica crucible is 
heated by a graphite heater. Dissolution of the crucible and 
reaction/vaporization of the heater are the respective sources for oxygen 
and carbon incorporation into the final single crystal. In the float-zone 
process, on the other hand, there is no crucible and no graphite heater. An 
RF induction coil locally melts a silicon source bar. The molten material so 
obtained adds to the growing single crystal. The entire process is 
conducted in an inert gas or vacuum atmosphere. Impurity reductions of 
between one and two orders-of-magnitude can be obtained. 

2.1.2. Si(111) boule: The proposed fabrication scheme for obtaining mirror-
image channel-cut crystal assemblies, Section 2.5, requires a Si(111) boule. 

2.1.3. zero-dislocation: In 1958 and 1959, W.C. Dash published experimental 
results describing techniques capable of growing silicon single crystals 
completely free from detectable dislocations. This is not to say that the 
resulting crystals were free from all crystallographic imperfections; point 
dislocations and various agglomerations of impurities and vacancies 
continue to be present in even the best silicon crystals grown today. 
However, shortly following the results published by Dash, most silicon 
crystals have been grown commercially with zero dislocations. 

2.1.4. resistivity > 10 ohm-cm: Fluctuations in crystal growth conditions can 
result in localized spatial distributions of increased dopant impurity content. 
By avoiding low-resistivity silicon, and its higher dopant impurity 
concentrations, fewer of these structures tend to appear. 

2.1.5. n-type: The great majority of p-type single-crystal silicon is obtained 
through boron doping. Natural elemental boron contains nearly 20% 10B, 
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which exhibits a high thermal-neutron-capture cross-section. Within the 
radiation fields of the LCLS, this may be undesirable. Consequently, n-type 
silicon, typically doped using phosphorus, is specified. 

 

2.2. Geometrical Design and Finishing: 
2.2.1. General design and geometrical tolerances are indicated in Figure 2. 
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Figure 2: 
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2.2.2. Finishing 

2.2.2.1. The channel-cut silicon crystal assemblies shall be polished and etched 
to minimize strain in the diffracting volumes. 

2.2.2.2. Labeling: 
2.2.2.2.1. Label each channel-cut crystal as illustrated in Figure 3, at either 

or both locations indicated. 
2.2.2.2.2. Each crystal must have a unique serial number, which also allows 

it to be related to its mirror-image partner. 
2.2.2.2.3. Labeling shall be accomplished by hand or laser scribing prior to 

etch. 
 

 
Figure 3: 
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2.3. Crystal Lattice Orientation, Tolerances, and Verification: 

2.3.1. The basic orientation of the underlying single-crystal silicon lattice is 
indicated in Figure 4: 

 

 
 

Figure 4: 
 
2.3.2. Tolerances: The lattice/surface orientation tolerances for the channel-cut 

assemblies are specified in Table 2. 
 

Table 2 
Physical Features and Crystal Lattice Tolerance 
Primary Mounting Surface* & {111} ≤ ± 0.05° 

60 mm Edges on Diffracting Volumes† & < 112> ≤ ± 0.05° 
 

* The "Primary Mounting Surface" is the crosshatched surface indicated in 
Figure 4, and reference surface A in Figure 2.  

† The "60 mm Edges on Diffracting Volumes" are most easily identified in 
Figure 2. 
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2.3.3. Verification: 
2.3.3.1. The diffracting volumes shall be "verified strain-free", using x-ray 

diffraction or x-ray topography. 
2.3.3.2. Test Sample: A test sample shall be provided, to permit LCLS 

verification of two important vendor processes, 1) the crystal 
alignment/orientation procedure used to form physical surfaces aligned 
to the silicon crystal lattice and 2) the physical and chemical processes 
utilized to obtain "strain free" diffracting volumes. 

2.3.3.2.1. Test Sample Geometry and Finishing: The exact shape and 
dimensions of the test sample are at the discretion of the vendor, 
but should be discussed-with and approved-by LCLS, and 
generally follow the description in Table 3 below: 

 

Table 3 
Test Sample Feature Description 

Overall Form Circular Disk 
Diameter ~ 130 mm ≤  φdisk ≤ ~ 50 mm 
Thickness tdisk ≤ ~ 10 mm 

"Front" and "Back" 
 Surfaces Parallel θ wedge ≤ 90 µrad 

"Front" Surface Finishing "verified strain-free" 
 

2.3.3.2.2. Test Sample Crystal Lattice Orientation and Tolerance: See Table 
4 below: 

Table 4 
Test Sample Feature Description

"Front" Surface Orientation Si {111} 
Surface/Lattice Tolerance ≤ ± 0.05° 

 
2.3.3.2.3. The test sample shall be figured, polished, and finished using the 

same processes to be applied to the channel-cut silicon crystal 
assemblies. 

2.3.3.2.4. The test sample should be prepared and separately-delivered to 
LCLS as soon as feasible following the award of contract, to help 
expedite the LCLS verification measurements. 

 

2.4. Deliverables: 
2.4.1. Channel-cut silicon crystal assemblies, in pairs, i.e. a channel-cut assembly 

and its mirror image. 
2.4.2. Test Sample per Section 2.3.3.2. 
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2.4.3. Manufacturer's certification documentation for the silicon material, which 
at a minimum must include: 

2.4.3.1. Silicon growth process 
2.4.3.2. Boule orientation 
2.4.3.3. Zero-dislocation certification 
2.4.3.4. Bulk resistivity 
2.4.3.5. Doping type and dopant species 

2.4.4. Verification/Certification: 
2.4.4.1. Verify dimensional tolerances achieved 
2.4.4.2. Certify crystal alignment/orientation process tolerance 
2.4.4.3. Verify strain-free processing achieved 

 

2.5. Fabrication Procedure: 
2.5.1. Introduction: This section outlines a procedure for producing "mirror 

image" channel-cut Si(111) crystal assemblies for the LCLS K-Mono. Using 
this procedure, the important reference/mounting surfaces for a pair of 
assemblies are machined together, i.e. they are fabricated as common 
planes for the two assemblies. As a result, the operation of the final four-
bounce assembly in the K-Mono instrument can be considerably simplified. 

2.5.2. Caution: A simple modification of this procedure won't work! Simple 
2D and solid model illustrations of the completed channel-cut assemblies 
"inside" the initial boule are given below, as Figures 5 and 6. One end of 
the channel-cut assemblies has a 20 mm chamfer. For the opposite end, 
the outside corner of the diffraction plate is essentially located on the 
Si(111) boule axis, on a diameter. This arrangement of the mirror-image 
pair places the two diffraction plates close to the boule axis, where 
maximum material is available. However, if one imagines rotating the pair 
of crystal assemblies 180° within the Si(111) boule, about an axis 
perpendicular to the diffraction {111} planes, located within the 2 mm gap 
between the two assemblies, the resulting orientation places the diffraction 
plates far from the crystal boule axis. In this geometry, the two back-to-
back assemblies will not fit within the boule properly! 
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Figure 5: 
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Figure 6: 



 

______________________________________________________________________________________________________________ 
ESD 1.5-130-r0  Check the LCLS Project website to verify  
11 of 18  that this is the correct version prior to use. 
 

 

 
Figure 7: 

 

2.5.3. Step 1: The Crystal Boule: The starting Si(111) boule for a pair of 
channel-cut crystals is illustrated in Figure 7. It is 127 mm in diameter and 
135.6 mm long. 
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Figure 8: 

 

2.5.4. Step 2: The First {110} Slice: The first machining operation produces a 
flat {110} base for subsequent fabrication, as illustrated in Figure 8. Of 
course, this slice will be approximately parallel to the boule axis. 
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Figure 9: 

 

2.5.5. Step 3: {111} Slices: Next, the boule is rotated and mounted, with the 
{110} machined face at the bottom. After careful x-ray alignment, {111} 
slices are then made to create the central 39 mm slab, as illustrated in 
Figure 9. As illustrated more simply in Figure 5, these slices will be made at 
an angle of approximately 19.5° to the boule axis. From Figure 9, note that 
the left-hand {111} face of the 39 mm slab begins its cut on a boule 
diameter at the upstream end of the figure (see also Figure 5). 

 

Once this slab is obtained, its {111} faces should be ground and 
lapped so that minimal additional machining will be required on 
them. These are the important reference/mounting faces for the 
final pair of channel-cut assemblies! 
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Figure 10: 

 

2.5.6. Step 4: Precision < 112> Slices: The 39 mm slab illustrated in Figure 9 is 
removed and rotated by 90° counterclockwise (as viewed from the front of 
the figure) to obtain Figure 10. Note that the initial {110} machined face is 
located on the right-hand side of Figure 10. Now the < 112> is carefully 
located by x-ray alignment and two, 50 mm-thick bars are produced from 
the original slab, assuming a "saw kerf" of 2 mm for the central cut.  

 

Note the arrows drawn on the {111} faces, to indicate where the "front 
end" of each bar is located, as well as the "bottom" face of each bar. 
THESE ARE IMPORTANT FOR SUBSEQUENT FABRICATION, to 
assure that the bars are not inadvertently turned over or turned end-for-
end! 
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Figure 11: 

 

2.5.7. Step 5: Cut the Channel: Starting with Figure 10, the left-hand bar is 
removed and is illustrated in the upper right-hand corner of Figure 11, 
above. That bar is then rotated 90° clockwise (as viewed from the "front 
end" of the bar), to sit on the "bottom" {110} face, as shown in the lower 
left-hand portion of the figure. (Note the movement of the larger 
triangular patch of original-boule surface as the bar is rotated from one 
view to the other.) Once the bar is mounted, the 19 mm-wide channel is 
cut 12 mm deep into the block. 
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Figure 12: 

 

2.5.8. Step 6: Trim the Ends and Chamfer: At this point, the bar is machined 
to final length, 130 mm, as illustrated in Figure 12. In addition, the 20 mm 
chamfer is produced at the "front end". 
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Figure 13: 
 

2.5.9. Step 7: Mill the Diffraction Plates to 60 mm: Finally, the excess material 
on the two diffraction plates is removed, so is that each plate is 60 mm 
long, as illustrated in Figure 13. 
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Figure 14: 

 

2.5.10. Step 8: Prepare the Mirror-Image Assembly: Repeat Steps 5, 6, and 7 
above using the right-hand bar illustrated in Figure 10. This will produce 
the channel-cut assembly illustrated in the upper right-hand corner of 
Figure 14, above. Note once again the use of the arrows written on the 
bars in Figure 10. For the properly-machined mirror-image block, the 
arrows also point toward the "bottom" and "front end" of the assembly. 

 


