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X-Ray Stay-Clear Apertures from Undulator to FEE 
 

Stay-Clear Apertures 

The spontaneous radiation produced in the undulator emerges with an opening angle that demands 
a minimum stay-clear aperture between the undulator and the FEE (Front-End Enclosure) wall.  
The opening angle is largest at the lowest electron energy operation, 4.3 GeV. 
 
Several elements are located in the electron beamline after the undulator to provide focusing, 
diagnostics, collimation, and safe beam disposal.  The apertures of these elements must be larger 
than the x-ray stay-clear limits, which expand linearly as the radiation opening angle, as defined 
below. 
 
The undulator terminates in a quadrupole and BPM vacuum chamber with 8-mm ID.  The vacuum 
chamber in the adjacent undulator segment has a 5-mm vertical full-height (and 10-mm full width).  
The 8-mm width and 5-mm height set the spatial extend of the x-ray beam as it exits the undulator. 
 
Calculations of the transverse profile of the spontaneous radiation at 4.3 GeV have been completed, 
which show the FWHM (full-width at half maximum) size of the photon beam at the exit of the 
FEE (Front-End Enclosure) wall (75 meters downstream of the end of the undulator) to be 46 mm 
horizontally and 21 mm vertically.  Allowing slightly more room than this, but also factoring in the 
limited apertures of the vertical main dump and horizontal safety dump dipole magnets, the full-
width stay-clear apertures are chosen as 50 mm horizontally and 30 mm vertically at FEE wall exit, 
75-m downstream of the undulator exit.  This forms angles of: ½×{50 mm – 8 mm}/(75 m)} ≈ 
0.28 mrad horizontally, and ½×{30 mm – 5 mm}/(75 m)} ≈ 0.17 mrad vertically. 
 
The following half-width and half-height stay-clear formulas can then be defined. 

( )]m[28.00.4]mm[ zx ∆⋅+±=  

( )]m[17.05.2]mm[ zy ∆⋅+±=  

These are the half-width and half-height aperture limits, where ∆z is the distance from the end of the 
undulator (z = 647.0 m) to the aperture location (z = 722 m at FEE wall exit).  Figure 1 shows 
example horizontal apertures for each device superimposed on the x-ray stay-clear limits, while Fig. 
2 shows the same for the vertical plane.  The figure shows apertures at the FEE wall which are 
slightly smaller than the stay clear.  This choice is outlined in reference [1]. 
 
These stay-clear values require specific aperture limitations for the various beamline elements as 
listed in Table 1, and graphically illustrated in Figs. 1 and 2.  The table is only the minimum stay-
clear distance, not the actual aperture of the device. 
 
Not shown are adjustable slits for x-ray collimation and x-ray PPS stoppers.  The devices must fit 
within the constraints laid out in these figures.  The slit apertures, of course, may occasionally be set 
more tightly than the x-ray stay-clear limits in order to collimate the photon beam. 
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Table 1.  Aperture limits for the various beamline devices shown in Figs. 1 and 2. The end of the 
undulator is located at z = 647.0 m (station-100 is at z = 0). Several devices, such as quadrupole 
magnets, will have cylindrical aperture symmetry and will then have equal values for x and y.  The 
list below is only the minimum stay-clear, not the actual aperture of the device. 

Device 
Name 

Device Description Location 
of device 

center 
z [m] 

Half-width 
aperture 

limit, 
x [mm] 

Half-height 
aperture 

limit, 
y [mm] 

UNDend Exit of last undulator segment 646.9 4.0 2.5 

QD Last undulator quad. magnet 647.0 4.0 2.5 

RF-BPM Last cavity BPM 647.3 4.0 2.5 

IMUNDO Charge reading toroid 658.2 7.1 4.4 

BPMUE1 Beam position monitor 658.7 7.3 4.5 

QUE1 Quadrupole magnet 659.4 7.5 4.6 

YCUE1 Vert. corrector magnet 660.1 7.7 4.7 

XCUE2 Hor. corrector magnet 670.9 10.7 6.6 

QUE2 Quadrupole magnet 671.7 10.9 6.7 

BPMUE2 Beam position monitor 672.4 11.1 6.8 

VV36 Vacuum valve 684.4 14.5 8.9 

BPMUE3 Beam position monitor 684.9 14.6 8.9 

YCD3 Vert. corrector magnet 686.7 15.1 9.2 

XCD3 Hor. corrector magnet 687.0 15.2 9.3 

BYD1 Vert. dipole dump magnet (center) 688.0 15.5 9.5 

BYD2 Vert. dipole dump magnet (center) 689.7 16.0 9.8 

BYD3 Vert. dipole dump magnet (center) 691.3 16.4 10.0 

PCPM1 Protection collimator 692.8 16.8 10.3 

MUSPLR Muon spoiler (center) 702.0 19.4 11.9 

PCPM2 Protection collimator 703.3 19.8 12.1 

BXPM1 Hor. permanent magnet (center) 704.2 20.0 12.2 

BXPM2 Hor. permanent magnet (center) 705.5 20.4 12.4 

BXPM3 Hor. permanent magnet (center) 706.7 20.7 12.6 

FEE-wall Exit end of FEE shield wall 722.0 25.0 15.0 
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Figure 1. Horizontal stay-clear apertures between undulator and FEE wall.  The apertures drawn 
here are only representative, while the dashed lines are the stay-clear limits. 

 
Figure 2. Vertical stay-clear apertures between undulator and FEE wall. The apertures drawn 
here are only representative, while the dashed lines are the stay-clear limits. A PCPM1 to 
PCPM2 ray-trace is also shown as a worst case particle, which still misses the BXPM3 aperture. 
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Horizontal and Vertical Dump Dipole Magnet Aperture Limits 
These stay-clear apertures allow the main vertical dump dipole magnets (BYD1, BYD2, and 
BYD3) to include a 4-mm thick vacuum chamber wall with a 1-mm clearance maintained on 
each side, for a pole-to-pole gap of 2×(16.4 mm + 4 mm + 1 mm) ≈ 43-mm (a horizontal gap in 
this case). 
 
In addition, the permanent-magnet horizontal dipoles (BXPM1, BXPM2, and BXPM3) can 
include a 4-mm thick vacuum chamber wall, with a 1-mm clearance maintained on each side, 
and still clear the worst case ray-trace (see Fig. 2 ray from PCPM1 to PCPM2) if the pole-to-pole 
gap (a vertical gap in this case) is 
 

gy = 2×[4 mm + 1 mm + 12.1 mm + θ (706.7 m + 0.5 m − 703.3 m)] = 51 mm, 
 
where 0.5 m is the approximate half length of the BXPM3 magnet,  θ is the angle of the ray trace 
in Fig. 2, and the half-height (y) and z-location ‘values are from Table 1. 
 

θ = (12.1 mm + 10.3 mm)/(703.3 m − 692.8 m) = 2.1 mrad. 
 

Table 2.  Dipole magnet full iron gaps and vacuum chamber wall thickness. 
Dipole 
Magnet 

vac. chamber 
wall thickness

[mm] 

clearance on
each side 

[mm] 

min. hor.
full gap 
[mm] 

min. ver. 
full gap 
[mm] 

BYD1, 2, 3 4 1 43 - 

BXPM1, 2, 3 4 1 - 51 
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