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1. Introduction 
The XTOD Offset Mirror System (OMS) will likely comprise five mirrors and 11 
photon beam collimators. It will primarily occupy the downstream portion of the Front 
End Enclosure (FEE) and the extreme upstream portion of Near Experimental Hall 
(NEH) Hutch #1, against Wall 2, with collimators C5 and C6 located at the downstream 
end of NEH Hutch #1 and the upstream end of the X-Ray Transport Tunnel (XRT), 
respectively. Altogether, the OMS generates three branch beam lines from the incident 
LCLS FEL and spontaneous radiation, two soft x-ray branch lines and one the hard x-
ray branch line. The overall configuration is illustrated in Figure 1. 
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Figure 1: The Offset Mirror System (OMS) within the FEE and upstream end of NEH Hutch 
#1. Mirrors, Collimators, Pop-In Monitors, and shield walls are illustrated. 
OMS Alignment has two primary purposes: First, to thread the desired photon beams 
through the collection of collimators, and onto the various downstream instruments and 
experimental stations. But secondly, alignment is required to assure that the photon 
bandpass of the various branch beam lines meets the respective requirements. That is, a 
high-photon-energy cut-off is set by the photon incidence angle on each mirror. Unless 
the given path through a particular branch line of the OMS also produces mirror 
incidence angles within a required tolerance band at each mirror, the photon bandpass 
requirements will not be met. 
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2. Overall Alignment Scheme 
2.1. Primary Diagnostic Tools: 

2.1.1. Reticle Marker for Beam Centering: This marker consists of small-diameter, 
high-Z wires, oriented vertically and horizontally and mounted to an x-y 
translation stage. The wires are highly absorbing for a significant fraction 
of the incident spontaneous radiation, and thereby cast a shadow to be 
used for alignment of downstream instrumentation. See Figure 2. The 
translation stage allows the wires to be accurately centered within the 
incident LCLS beam. Additional means are required to completely remove 
the wires from the projected beam area defined by the Fixed Mask. The 
Reticle Marker should be located upstream of both the Narrow Band-Pass 
Monochromator (K-Mono) and Direct Imager. 

2.1.1.1. Wire Diameter: The apparent width of the Reticle Marker increases as 
its shadow is projected to points downstream, due to the divergence of 
the spontaneous radiation. It is probably reasonable to limit this width, 
for the mirror furthest downstream, to 25% of the mirror horizontal 
acceptance. Specifically, I assume a zero-length source point at the 
downstream end of the undulator, and that the M3 mirrors are the 
target in the case of the Soft X-Ray Offset Mirror System (SOMS), 
while M2H is the target for the Hard X-Ray Offset Mirror System 
(HOMS). The Reticle Marker is assumed to be located at the upstream 
end of the K-Mono. The calculation then answers a question "What 
wire width at the reticle, when projected to the target mirror, results in 
a projected width 25% of the mirror acceptance?". The so-estimated 
wire diameters are given in Table 1 below: 

 
Table 1: 
Reticle Marker Wire Diameter 

SOMS φ730 µm 

HOMS φ120 µm 
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Figure 2: The Marker Reticle. 

 

2.1.2. K-Mono: The center of the spontaneous radiation transverse spatial 
distribution may not be apparent in its unfiltered state. However, a narrow 
band-pass monochromator, whose central photon energy is tuned to near 
the fundamental of the spontaneous radiation, reduces the incident spatial 
distribution to a narrower, circular distribution, from which the beam 
center can be easily located. See PRD 1.5-016 for additional information. 

2.1.3. Direct Imager: This camera initially observes the shadow of the Reticle 
Marker within the filtered beam produced by the K-Mono. See PRD 1.5-
010 for additional information about the Direct Imager. 

2.1.4. Angle-of-Incidence-Measuring Pop-In Monitor (Alpha Pop-In): These 
pop-in monitor imaging systems are specifically designed to measure the 
angle-of-incidence of an associated OMS mirror. One of these monitors, 
called "Alpha Pop-In's", is located downstream of each individual mirror in 
the OMS, as illustrated in Figure 1. (The pop-in monitors illustrated in 
Figure 1 within the NEH and the XRT are "Image Pop-In's", a different 
design.) The beam pipes between each mirror and its Alpha Pop-In are 
sized and oriented such that a portion of the incident photon beam and the 
reflected photon beam can both be imaged simultaneously using a large 
scintillator crystal and wide field-of-view camera system. These systems are 
calibrated so that the separation between the incident photon beam and 
the reflected photon beam can be accurately measured. From this 
measurement, the mirror incidence angle, can be calculated. See Figure 3 
below. 
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Figure 3: Angle-of-Incidence-Measuring Pop-In Monitor (Alpha Pop-In): The 
downstream end of the mirror sets up the geometry necessary to measure the 
mirror angle-of-incidence from the image on the scintillator screen. The 
scintillator screen is oriented perpendicular to an extension of the centerline 
down the long dimension of the mirror reflecting surface. The inset on the right-
hand side of the figure illustrates a portion of the screen, with the resulting 
image. 

 

2.2. Procedure Description: The OMS alignment procedure is likely to be conducted 
at the "hard x-ray setting" of the LCLS accelerator complex, i.e. the fundamental 
photon energy of the resulting spontaneous photon energy distribution is ~ 8.3 
keV. The procedure begins upstream and works its way downstream through the 
OMS.  

2.2.1. Finding Beam Center: First, the beam center must be located. This is 
accomplished by placing the Reticle Marker, K-Mono, and Direct Imager 
into the beam path. The filtered radiation spatial distribution produced by 
the K-Mono is viewed in the Direct Imager. Using the Reticle Marker 
translation stage, its two-wire intersection point is placed in the center of 
the beam. At this point, the Direct Imager and K-Mono are withdrawn 
from the beam. The Reticle Marker remains in the beam, to continue to 
mark the center.  

2.2.2. Check and Adjust Centering of Collimator C1: At this point, the horizontal 
beam centering through collimator C1 is checked. This is done at Alpha 
Pop-In P1, which will see the outline cast by the φ5 mm aperture in C1 as 
well as the horizontal and vertical shadows cast by the Reticle Marker. C1 
should probably be centered on the incident beam within 0.5 mm. The 
very first time the OMS is aligned, if this centering is not initially met, one 
must determine whether it is feasible to re-center the electron beam orbit 
through the LCLS undulator to achieve the alignment, or if C1 must be 
moved instead. If a major adjustment is required in the position of C1, 
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both C1 and all other collimators should be relocated together, in order 
to maintain the required, relative relationship between the collimators, 
which together define the OMS geometry. 

2.2.3. Individual Mirror Centering and Pointing: For the remaining alignment, the 
branch beam lines are aligned one at a time, starting upstream and 
proceeding downstream. Each mirror is adjusted: first by centering the 
mirror on the incident beam and secondly by setting the required mirror 
incidence angle:  

2.2.3.1. Centering: The Alpha Pop-In associated with the mirror is inserted. 
Images of the reflected beam and the remnant of the incident beam are 
seen. (Note that the incident beam should always overfill the mirror. 
For M1S and M1H, the φ5 mm aperture in C1 exceeds the horizontal 
acceptance of either mirror. For subsequent, downstream mirrors, the 
finite divergence of the beam assures that each downstream mirror will 
be at least slightly overfilled horizontally by the reflected beam from 
the upstream, previous mirror.) The reflected beam should also show 
the shadow cast by the Reticle Marker. The x-translation of the mirror 
is used to center the shadow of the Reticle Marker in the reflected 
beam imaged on its Alpha Pop-In. When this is accomplished, the 
center of the incident beam is now coincident with the center of the 
mirror. See Figure 4 for example beam images. 
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Figure 4: Reflected beam images with the Reticle Marker centered, i.e. the mirror is 
properly centered on the incident x-ray beam. 

 

2.2.3.2. Mirror Incidence Angle/Pointing: Now the mirror incidence angle 
needs to be set. Using the Alpha Pop-In, the separation between the 
appropriate edges of the incident and reflected beam spots is precisely 
measured. This, together with the known distance between the 
downstream end of the mirror and the Alpha Pop-In scintillator screen, 
is used to calculate the mirror incidence angle. The mirror rotation 
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stage is then used to adjust the incidence angle to its nominal operating 
point. Since the mirror rotation center is designed to essentially 
coincide with the center of the mirror reflecting surface, adjustment of 
the mirror rotation should leave the previous beam centering 
adjustment essentially undisturbed.  

2.2.3.2.1. De-Centering to Aid Pointing: To more easily set the required 
incidence angle, however, it may be desirable to disturb the 
previous centering setting intentionally, in order to increase the 
image size associated with the incident beam. The x-translation is 
used to slightly withdraw the mirror from the incident beam. In 
this way, a larger fraction of the incident beam goes directly to 
the Alpha Pop-In. Once the incidence angle adjustment has been 
made however, the x-translation can be returned to its previous 
setting to re-center the mirror. See Figure 5 below. 
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Figure 5: Example of mirror incidence angle measurement. 

 

2.2.3.3. Excessive Incident Intensity: If the mirror being aligned is the first 
mirror of either the SOMS or the HOMS, the intensity of the incident 
beam seen on the Alpha Pop-In may overwhelm that of the reflected 
beam, since the incident beam is the full, white-light spontaneous 
radiation; it may not be possible to image the reflected beam and the 
incident beam at the same time. In order to properly image the 
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reflected beam, either for beam centering or mirror incidence angle 
measurements, it may be necessary to temporarily insert the north jaw 
of the 4-jaw X-Ray Slit, to just block the portion of the incident beam 
that misses the mirror. For proper centering of the incident beam on 
the mirror, this slit insertion must be done very carefully, so as not to 
also remove significant beam which is actually incident on the mirror 
and thereby disturb the centering measurement. 

2.2.3.4. Completing the Branch Line Alignment: The overall alignment 
procedure then is accomplished by centering the beam on the first 
mirror, then setting the proper incidence angle of that mirror. The 
Alpha Pop-In for the first mirror is retracted and the beam is allowed 
to travel to the second mirror. The same procedure of centering and 
setting the incidence angle is performed for the second mirror and any 
subsequent mirrors using their associated Alpha Pop-In's. As long as 
the centering is done reasonably well and the incidence angles are set 
within the allowable tolerance range, discussed below, the beam should 
proceed through the whole array of collimators, within a reasonable 
tolerance of the collimator aperture center lines. 

 

3. Fundamental Tolerances 
3.1. Mirror Angles-Of-Incidence: Initial design of the SOMS and HOMS mirrors has 

estimated the mirror incidence angles necessary to meet the physics 
requirements. However, the necessity of specifying an acceptable incidence angle 
range, that is, a central incidence angle and a symmetrical tolerance zone about 
that angle, has not previously been considered. This is a necessary ingredient for 
a practical OMS alignment scheme. 

3.1.1. SOMS: The present design for the SOMS mirrors has selected a 50 nm 
thick reflective coating of B4C. Accounting for the as-deposited density of 
B4C, the required single-mirror reflectivity of ≥ 90% at 2.0 keV is just 
achieved at an incidence angle of 13.9 mrad (as calculated from the CXRO 
website). Higher incidence angles than this would not be acceptable. 
Therefore, a slightly lower incidence angle is chosen for the central 
setpoint. A symmetrical tolerance zone of 100 µrad total width is 
somewhat arbitrarily selected. Therefore, the SOMS mirror incidence angle 
is 13.85 mrad ± 0.05 mrad. 

3.1.2. HOMS: The governing boundary conditions for the HOMS mirror 
incidence angle are somewhat different from that of the SOMS. In addition 
to the reflectivity requirement, a minimum separation ≥ 30 mm is required 
by SLAC Radiation Physics between the incident white beam and the 
output beam. With a mirror separation of 11.333 m, this requires an 
incidence angle of ≥ 1.324 mrad (CXRO). Estimating the single-mirror 
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reflectivity for a 50 nm thick reflective coating of SiC, with an as-deposited 
density of 2.89 g/cm3 (90% of the CVD SiC density reported by Rohm & 
Haas) operated at 25 keV (the high photon energy limit for the HOMS), 
90% reflectivity can just be attained at 1.379 mrad (CXRO). These two 
incidence angles set the boundaries of the allowable tolerance band. 
Therefore, the HOMS mirror incidence angle is 1.350 mrad ± 0.025 mrad. 

3.2. Permitted Path Deviation from Collimator Centerlines: The expected 
uncertainty in absolute transverse position measurements in the FEE is 
approximately 0.5 mm, due to the cumulative error in transfer monuments from 
Station 100. This limits the initial installation accuracy of collimator C1 on the 
theoretical LCLS beam centerline, prior to transport of actual beam. At the same 
time, considering the 5 mm diameter and 3 mm diameter apertures of the OMS 
collimators for SOMS and HOMS, respectively, and the 5σ dimensions of the 
expected FEL beams (between φ2.0 mm and φ1.0 mm for SOMS and φ1.0 mm 
and φ0.4 mm for HOMS), a beam path deviation limit from collimator centerline 
of approximately 0.5 mm also seems reasonable. Somewhat arbitrarily, I adopt 
this limit. 

 

Table 2: 
Fundamental Tolerances 

SOMS 13.85 mrad ± 0.05 mrad Mirror Angles-of-Incidence HOMS 1.350 mrad ± 0.025 mrad 
Permitted Path Deviation  
from Collimator Centerline 0.5 mm 

 

4. Mirror Angle-of-Incidence Measurement Tolerances 
Although fundamental tolerances on mirror angles-of-incidence and beam path 
deviation are established in the previous section, not all combinations of allowable 
angles-of-incidence on the various subsystem mirrors will result in an acceptable beam 
path. This impacts measurement tolerances for the Alpha Pop-In's described in Section 
2, and was explored numerically to identify a range of mirror angle-of-incidence 
tolerances which could always result in an acceptable beam path through the collimators. 
4.1. Program Description: A very simple ray-tracing program was developed to 

follow the beam path centerline through a series of mirrors and collimators 
representing each branch line of the OMS. Proceeding from upstream to 
downstream, the x-position of the beam centerline and the beam "yaw" angle 
(angle to the z-axis) at each element was calculated. At mirrors, the beam angle 
was also modified by a total deflection value. Once the entire path for a given 
situation was calculated, it could be compared to the ideal beam path. 
The "space" of acceptable beam paths was obtained brute force for each branch 
beam line for the entire angle-of-incidence tolerance zone for each mirror. That 
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is, for a given setting of one mirror, all possible settings for all other mirrors in 
the branch beam line were tested. 

4.2. Results and Conclusion: Results from the program are illustrated in Figures 6 
and 7 below. The polygonal figures form the outer border the regions with 
acceptable combinations of mirror incidence angle deviations. In the case of 
SOMS, Figure 6, each branch line uses three mirrors. The incidence angle 
deviation for M1S is always on the horizontal axis, while the vertical axis is the 
deviation for M2S or M3S1/2. The smaller closed polygon pertains to M2S, and 
the larger one to M3S1/2.  
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Figure 6: SOMS mirror pointing correlation results. 

 

Figure 7 is laid out in a similar way. In general, the diagonal appearance of the 
polygons demonstrates that an acceptable beam path is possible when one 
mirror is set for a large deviation angle, as long as other mirrors in the branch 
beam line have properly-correlated deviations of their own. This effect is quite 
strongly seen in Figure 7, for HOMS. However, it may be undesirable to have to 
correlate the incidence angle variations of beam line mirrors. Instead, we elect to 
choose the largest zero-centered region within the polygons and tentatively 
define it as the mirror angle-of-incidence measurement tolerance. If this choice 
becomes too restrictive, a larger portion of the space can be used, but then the 
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effects of angle correlation must be accounted for. Table 3 summarizes these 
results.  
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Figure 7: HOMS mirror pointing correlation results. 
 

Table 3: 
Mirror Angle-of-Incidence 
Measurement Tolerances  
SOMS ±23 µrad 
HOMS ±3 µrad 

 

5. Requirements on Pop-In Monitors 
5.1. Probable Locations: Initial Alpha Pop-In locations were obtained after applying 

modifications to Version 56 of the Configuration Drawing, such as increasing 
pipe diameters and modifying pipe orientations to permit free passage of both 
the incident and reflected x-ray beams to an Alpha Pop-In. A list of the 
modifications made is presented in Table 4 below. The distance separating each 
mirror from its associated Alpha Pop-In is listed in Table 5 below.  
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Table 4: 

Modifications to Configuration Drawing Version 56 

Item 
# 

Approximate 
Z- Location 

(m) 
Purpose Description 

1 742.6 Prepare location for 
pop-in P2S 

Replace φ1.5 inch spool with custom φ3 
inch spool to accommodate incident and 

reflected beams. 

2 750.4 Prepare location for 
pop-in P2H 

Custom spool between isolation valve 
and collimator C2H, to center beam pipe 
on incident and reflected beams. Rotate 

modified spool into position using 
bellows upstream of isolation valve. 

3 754.1 

Increase beam pipe 
deflection range limit 
between M3S1/2 and 

collimator C3’s. 

Replace φ1.5 inch beam pipe and bellows 
with φ3 inch on both soft x-ray branch 

beam lines. 

4 754.2 Prepare location for 
pop-in P3H 

Rearrange differential pump, spool, and 
bellows to place P3H as far downstream 
as possible. Custom spool on upstream 

side of differential pump for P3H 
installation. 

 

5.2. Required Field-of-View: An estimate of the required field-of-view for the Alpha 
Pop-In's can be made using the nominal mirror incidence angles (≡ αNom), given 
in Table 2, the location information mentioned in Section 5.1 above, presented 
in Table 5 (≡ dMir-PopIn), the overall lengths of the SOMS and HOMS mirrors (≡ 
LMir = 250 mm and 450 mm, respectively) and the collimator aperture diameter 
associated with the respective branch beam line(≡ φCol), i.e. φ5 mm for the 
SOMS and φ3 mm for the HOMS. That is: 

φα Col

Mir
PopInMirNom

LdFOV ⋅+⎟
⎠
⎞

⎜
⎝
⎛ −⋅⋅≈ − 3

2
2  

The first term is the separation between the incident and reflected beam edges 
(see Figure 5). Since the basic dimensions of the beam spots is set by the 
collimator aperture, adding this diameter once roughly accounts for the beam 
spot sizes. Adding two additional units of the collimator diameter takes some 
account of component positioning uncertainties and beam steering errors. Field-
of-view estimate results are also included in Table 5 below, using this approach. 
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5.3. Required Angle-Of-Incidence Measurement Resolution: Section 4 above and 
Table 3 lead directly to the required angle-of-incidence measurement resolution 
for the Alpha Pop-In's. These values are listed in Table 5. An estimate of the 
achievable, single-pixel angle-of-incidence measurement resolution, based on a 
2k x 2k CCD camera, is also included. This is obtained by taking half the 
calculated angle subtended by single pixel at the separation between the 
downstream end of the mirror and the scintillator screen. The division by two 
accounts for the fact that the separation of the incident and reflected beam edges 
results from twice the mirror incidence angle (see Figure 3). 

Table 5: 
Requirements on Pop-In Monitors 

Pop-In 
Name 

Associated 
Mirror 

Pop-In/Mirror 
Separation† 

(mm) 

Field-of-
View 
(mm) 

Required Angle-
of-Incidence 
Measurement 

Resolution (µrad) 

Achievable 
Single-Pixel 
Resolution* 

(µrad) 
P1 M1S 546 26.7 15.9 
P2S M2S 930 37.3 11.6 
P3S1 M3S1 1115 42.4 10.7 
P3S2 M3S2 1115 42.4 

±23 

10.7 
P2H M1H 10,258 36.3 0.9 
P3H M2H 2471 15.1 ±3 1.7 

† From centerline of mirror in z. 
*Assuming a 2k x 2k CCD camera. 

 

6. Requirements on OMS Mirror Movers 
6.1. Angular Pointing: A consistent set of specifications will consider:  

6.1.1. Pointing Range Restriction Due to Beam Pipe Size: This was explored 
using an AutoCAD anamorphic of the modified Configuration Drawing 
Version 56, and appears as Figure 8 below. Extreme rays are drawn from 
the center of each mirror through the bounding beam pipe diameter in 
order to determine the maximum allowable beam deflection both "North" 
and "South" of the nominal beam centerline. Standard pipe wall 
thicknesses and a 3 mm stay-clear have been included. The numerical 
results are summarized in Table 6. 
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M3S
6.8 mrad_N
7.0 mrad_S

M4S
6.8 mrad_N
7.0 mrad_S

M1H
2.7 mrad_N
3.0 mrad_S

M2H
4.1 mrad_N
3.7 mrad_S

N

Mirror Pointing Range Restriction
due to 

Beam Pipe Diameter

 
Figure 8: Mirror Pointing Range Restriction Due to Beam Pipe Diameter: This 10:1 
anamorphic drawing was generated from the modified Configuration Drawing Version 56. 
See text for further details.  
 

6.1.2. Required Pointing Step Size from PRD Stability Requirement: The PRD's 
(1.5-004 and 1.5-005) require a pointing stability capable of limiting the 
output beam position motion to less than 10% of the FWHM beam size. 
Although a number of assumptions are involved, this requirement also 
implies a requirement on the mirror pointing rotation minimum step size. I 
assumed the smallest FWHM beam at the furthest experiment for both 
HOMS and SOMS. 10% of the FWHM at the distance gives a deflection 
angle. Half of that angle is the mirror rotation pointing angle change. I 
assumed one third of that as the mirror pointing rotation step size. A 
Mathcad worksheet was used to perform the arithmetic, and appears as 
Appendix 1. The results appear in Table 6 below. 
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6.1.2.1. Pointing Mechanism Cam Radius: Once a pointing step size is obtained, 
assuming values for the rotation stage lever arm and the cam rotation 
mechanism reduction (motor and gearbox ratios) leads to a value for 
the pointing mechanism cam radius. This is detailed in Appendix 1. 

6.1.2.2. Pointing Rotation Full Range: As in the section above, but without 
further assumptions, the pointing rotation step size and cam radius can 
be used to obtain the pointing rotation full range. See Appendix 1. 

6.1.3. A Fully-Consistent Example: Utilizing realizable reduction mechanisms, 
and a reasonable cam radius, a pointing rotation subsystem capable of 
meeting the required pointing rotation step size, together with the beam 
pipe deflection range limit, is achievable. See Appendix 1 for details, and 
Table 6 below for the essential performance. 

6.2. Required Translation Range: Using a modified version of the program described 
in Section 4, the range of mirror translations corresponding to the angle-of-
incidence tolerances given in Table 3 was estimated. (This simple program 
assumes that the x-ray beam incident on the first mirror is perfectly positioned.) 
The results are listed in Table 6, and are quite modest.  

Table 6: 
Considerations for OMS Mirror Movers 

Beam Pipe 
Deflection Range 

Limit (mrad) Mirror 
Required 

Translation 
Range (µm) 

"North" "South"

Required 
Pointing 
Rotation 
Step Size 

(nrad) 

Obtained 
Pointing 
Rotation 
Step Size 

(nrad) 

Obtained 
Pointing 

Deflection 
Full Range 

(mrad) 

Cam 
Radius 
(µm) 

M1S 0 8.4 4.9* 
M2S ±64 15.2 43.1 
M3S1 ±390 6.8 7.0 
M3S2 ±390 6.8 7.0 

328 188 ± 6.0 450 

M1H 0 2.7 28 
M2H ±68 4.1 3.7 

28 3 ± 2.4 300 

* "South" deflection from M1S will actually intercept the chin guard on M2S, not the 
downstream beam pipe. 

 

7. Appendix 1: Mathcad worksheet used to calculate pointing rotation step size, rotation 
mechanism cam radius, and pointing deflection full range. It also helps collect the 
various assumptions required. 
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OMS_POINTING_EST2.XMCD  Peter M. Stefan   2008/2/1  This worksheet is an update of the 2007/10/2 document
and uses portions of FEL_WIDTH_DIV_PLUS_MIR_LENGTH`_HOMS.XMCD of 2007/6/8. It attempts to estimate the
required OMS pointing requirement and step size, and states the assumptions made.

Definitions:

me 9.1093826 10
31−

⋅ kg⋅:= eV 1.60217653 10
19−

⋅ joule⋅:= keV 10
3

eV⋅:= GeV 10
9

eV⋅:=

μrad 10
6−

rad⋅:= mrad 10
3−

rad⋅:= nrad 10
9−

rad⋅:=

For this worksheet, origin in z is taken at the downstream end of the undulator.

Preliminaries:

λu 30 mm⋅:= Ku 3.500:=

Obtain the linac electron beam energy as a function of the undulator fundamental output wavelength:

Ee λ( ) me c
2

⋅

1
Ku

2

2
+

2 λ⋅
λu⋅:= Ee 0.15 nm⋅( ) 13.640 GeV⋅= Ee 1.5 nm⋅( ) 4.313 GeV⋅=

Assume a linear variation of electron beam size from 4.313 GeV to 13.640 GeV, given rms beam sizes at
these extremes: 

σemin 36 μm⋅:= σemax 49 μm⋅:= Eeλmin Ee 0.15 nm⋅( ):= Eeλmax Ee 1.5 nm⋅( ):=

σe Ee( )
σemax σemin−

Eeλmax Eeλmin−
Ee Eeλmax−( )⋅ σemax+:= σe Eeλmin( ) 36.000 μm⋅=

σe Eeλmax( ) 49.000 μm⋅=

Obtain the beam width and divergence:

w0 λ( ) 2 σe Ee λ( )( )⋅:= w0 0.15 nm⋅( ) 50.912 μm⋅=

LRayleigh λ( )
π w0 λ( )

2
⋅

λ
:= z0 λ( ) LRayleigh λ( )−:= w z λ, ( )

z z0 λ( )−( )2 λ
2

⋅

π
2

w0 λ( )
2

⋅
w0 λ( )

2
+:=

(z is defined from the downstream "end of the undulator", "eou")

wFWHM z λ, ( ) 2 ln 2( )⋅ w z λ, ( )⋅:=

w'FWHM λ( )
8 ln 2( )⋅

wFWHM z0 λ( ) λ, ( )
λ

4 π⋅
⋅:= (from the diffraction limit)
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List parameters for the OMS:

zeou 647 m⋅:=

zNEH2 779 m⋅:= (to near the downstream end of the hutch)

zFEH 1072 m⋅:= (end of the FEH vault, beyond FEH6)

zM34S 750.751 m⋅:=

zM2H 751.843 m⋅:=

Obtain smallest FWHM beam sizes at the 2 experimental postions, i.e. "worst cases" from high photon energy limits:

wSOMS wFWHM zNEH2 zeou− 0.62 nm⋅, ( ):= wSOMS 0.556 mm⋅=SOMS: 2.0 keV at the end of NEH2:

HOMS: 8.3 keV at the end of FEH: wHOMS wFWHM zFEH zeou− 0.15 nm⋅, ( ):= wHOMS 0.533 mm⋅=

Obtain the pointing angle changes corresponding to 1/10 of these FWHM values:

Δαpointing wfwhm zmir, zexp, ( )
wfwhm

2 10⋅ zexp zmir−( )⋅
:= (1/10 the FWHM is the deflection.  The mirror

pointing rotation is 1/2 that.)

ΔαSOMS Δαpointing wSOMS zM34S, zNEH2, ( ):= ΔαSOMS 984.535 nrad⋅=

ΔαHOMS Δαpointing wHOMS zM2H, zFEH, ( ):= ΔαHOMS 83.181 nrad⋅=

Define the pointing angular step-size as:

ΔαSOMS_step
ΔαSOMS

3
:= ΔαSOMS_step 328.178 nrad⋅=

ΔαHOMS_step
ΔαHOMS

3
:= ΔαHOMS_step 27.727 nrad⋅=

Given the rotation stage lever arm, obtain the Δx step:

leverSOMS 150 mm⋅:= leverHOMS 250 mm⋅:=

ΔxSOMS_step leverSOMS ΔαSOMS_step⋅:= ΔxSOMS_step 49.227 nm⋅=

ΔxHOMS_step leverHOMS ΔαHOMS_step⋅:= ΔxHOMS_step 6.932 nm⋅=

Define assumptions for the cam rotation stage mechanical reduction:  1000 step/rev motor and 100:1 gearbox

ratiomotor 10
3−

:= ratiogearboxSOMS 10
2−

:= ratiogearboxHOMS
1

2500
:=

ΔθmechSOMS 2 π⋅ ratiomotor⋅ ratiogearboxSOMS⋅:= ΔθmechSOMS 62.832 μrad⋅=

ΔθmechHOMS 2 π⋅ ratiomotor⋅ ratiogearboxHOMS⋅:= ΔθmechHOMS 2.513 μrad⋅=
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Estimate the cam eccentricity: The maximum step size occurs when the line between the cam center and its rotation
center forms a right angle to the output linkage flexure Δx direction.  At the extremes of the range, however, the step
size approaches zero!  This may be useful!

rcam_SOMS
ΔxSOMS_step

ΔθmechSOMS
:= rcam_SOMS 0.783 mm⋅= rcam_SOMS 0.031 in⋅=

rcam_HOMS
ΔxHOMS_step

ΔθmechHOMS
:= rcam_HOMS 2.758 mm⋅= rcam_HOMS 0.109 in⋅=

Obtain the full angular range of the resulting drive:

Δθsys_range_SOMS
2 rcam_SOMS⋅

leverSOMS
:= Δθsys_range_SOMS 10.446 mrad⋅=

Δθsys_range_HOMS
2 rcam_HOMS⋅

leverHOMS
:= Δθsys_range_HOMS 22.064 mrad⋅=

However, the beam pipe deflection range limit may modify these values. For SOMS, a total deflection range of
approximately 13 mrad is reasonable, but 12 mrad is better, while for HOMS, 5 mrad is reasonable.  The full angular
range of the mirror mover drive is 1/2 of this. Modify the cam radius appropriately:

Δθsys_limit_SOMS 6.0 mrad⋅:=

Δθsys_limit_HOMS 2.5 mrad⋅:=

rcam'_SOMS
Δθsys_limit_SOMS leverSOMS⋅

2
:= rcam'_SOMS 450.000 μm⋅=

rcam'_HOMS
Δθsys_limit_HOMS leverHOMS⋅

2
:= rcam'_HOMS 312.500 μm⋅=

Round the HOMS cam radius to 300 μm:

rcam'_HOMS 300 μm⋅:= Δθsys_limit_HOMS'
2 rcam'_HOMS⋅

leverHOMS
:= Δθsys_limit_HOMS' 2.400 mrad⋅=

Obtain the Δα_step sizes for these cam choices:

ΔαSOMS_step'
rcam'_SOMS ΔθmechSOMS⋅

leverSOMS
:= ΔαSOMS_step' 188.496 nrad⋅= ΔαSOMS_step 328.178 nrad⋅=

Achievable exceeds requirement!

ΔαHOMS_step'
rcam'_HOMS ΔθmechHOMS⋅

leverHOMS
:= ΔαHOMS_step' 3.016 nrad⋅= ΔαHOMS_step 27.727 nrad⋅=
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