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Brief Summary:
This document defines how the BCS and shielding requirements will be met on the SXRinstrument
beam line. It states the methods used to calculate flucnce, dose, and damage thresholds at allFEL
beam-intercepting components along the beamline. It shows that the FEL beam can safely be
contained using passive and active BCS systems. It demonstrates how the shielding requirements
are met. It includes a plan for controlling configuration of BCS and shielding components.
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1. Introduction:   

The SXR instrument is being built for research into materials, and will utilize the ultra short 
coherent soft x-ray pulses from the Linac Coherent Light Source (LCLS).  The scientific 
program on SXR is expected to cover a number of broad topics which will include: Pump-
Probe Ultrafast Chemistry, Coherent Magnetic Imaging, X-Ray Scattering Spectroscopy on 
Strongly Correlated Materials, and High-Resolution Ultrafast Coherent Imaging.  To 
accommodate these different areas, the SXR instrument will deliver the FEL beam to an open 
endstation location at which experimental systems can be placed. Initially, these end stations will 
be supplied by outside user groups.  In time, the LCLS will build several experimental systems 
for use by the general user community. The SXR instrument will deliver either the full FEL 
band pass or a monochromatic beam at the endstation location. The beam can be used in either 
focused or unfocused configurations at the endstation.  There will also be capability to do 
transmission absorption spectroscopy by placing a sample in the beam before the 
monochromator, using the monochromator as a spectrometer.   

The SXR instrument is being designed and constructed by a consortium, with members from 
Stanford University, University of Hamburg, Center for Free Electron Lasers (CFEL) in 
Hamburg, Lawrence Berkeley National Laboratory (LBNL), and LCLS.  The physical 
requirements for the SXR instrument are defined in the SXR Technical Design Report, Rev 0, 
dated July 2008.  The SXR proposal was reviewed by the LCLS Scientific Advisory Committee 
(SAC) and reviewed and accepted by the LCLS management.  

 
The operational modes for SXR running are defined in PRD 1.6-009-r3. The defined modes 
allow personnel to access Hutch 1 with beam through the SXR system in Hutch 1 and up to the 
Photon Stoppers S2B in Hutch 2.  Start up will be with a "no access" mode in Hutch 2 when 
HPS Photon Stoppers S2B are open.  The SXR ray trace is continued through to the back wall 
of Hutch 2, but issues of the endstations are not addressed, as these will have to be reviewed on 
a system-by-system basis. Until such a review process takes place, there will be no access to 
Hutch 2 when S2B stoppers are open. 

2. Description of SXR Instrument: 

The SXR instrument will be located in the first and second hutches of the LCLS Near 
Experimental Hall (NEH) on the 30 mrad soft x-ray line.  A layout of the instrument is shown 
in Figure 2.1.  
 
In the first hutch: 
 Single pulse picker: slow equipment protection shutter (EPS) and fast shutter single pulse 

picker shutter. 
 Transmission sample chamber with laser in-coupling mirror. 
 Adjustable apertures and monochromator optics system with Zero-Order collimator. 
 Beam limiting Collimators. 
In the second hutch: 
 Monochromator exit slit and spectrometer detector. 
 Photon stoppers S2B. 
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 Intensity monitor. 
 Collimator and K-B Focusing optics. 
 Differential pump with collimators and coaxial laser in-coupling system 
 Endstation 
 Beam stop 
 
These systems are shown in Figure 2.1. Both the transmission sample system and the 
endstations are configured to use the NEH pump laser.   
 

 

Figure 2.1: The layout of the SXR beam line. The FEL beam enters from the left. The user 
endstations will be downstream of the Laser In-coupling System at the right. 

2.1. The optical system for the SXR beam line includes: the SOMS mirrors, which deliver the 
beam to the instrument, the monochromator, which can be operated as a monochromator, 
as a spectrometer, or can pass the unfiltered FEL beam through, and the focusing mirrors, 
located just before the endstation.    

2.1.1. There are four flat, non-focusing, SOMS mirrors in the FEE which deflect the FEL 
beam horizontally to separate it from the hard x-ray beam. The first of these can be 
inserted for directing the beam to soft x-ray instruments, or withdrawn for hard x-ray 
operations. The last two mirrors, only one of which can be in the beam at one time, 
deflect the beam into either the AMO or the SXR instrument. These mirrors are all 
B4C coated, as are all the mirrors and gratings in the SXR beam line, and operate at a 
grazing angle of 13.85 mrad.  This strongly cuts off the FEL radiation above 2000eV.  
This energy cut off effectively eliminates all hard x-rays in the spontaneous and FEL 
radiation, see Figures 2.2 and 2.3 1.  The hard x-rays are further attenuated at each 
additional mirror in the SXR system.   
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Figure 2.2: Reflectivity of one SOMS mirror. 
The reflectivity of the set of three SOMS mirrors 
is the cube of this spectrum. 

Figure 2.3: Spectra of 14 GeV and 17 GeV 
spontaneous radiation, both unfiltered and 
filtered by the 3 SOMS mirrors. 

2.1.2. The first optical element after the Front End Enclosure is the spherical M1 mirror in 
the Monochromator optical tank. This mirror focuses in the vertical on the Exit Slit. 
The grazing angle of this mirror is 14 mrad. It has a very limited angular range of 
+0.02º/-.14º.  There are hard stops to limit this travel. 

2.1.3. Downstream of the M1 mirror is the grating. The grating can be used to disperse the 
beam in the vertical plane. The grating has an angular range of +0.75°/-0.1° from zero 
order.  The zero-order grazing angle is 14 mrad in this constant-included-angle 
monochromator. There are hard stops to limit this travel. The grating can be operated 
with the diffracted beam passing on to the exit slits (monochromatic or spectroscopic 
modes), or with the zero-order beam passing through the open exit slits.  The grating 
can be translated to an un-ruled area, a flat mirror, to pass unfiltered radiation to the 
endstations. 

2.1.4. Down beam of the grating is a Zero-Order Stop.  This is a photon absorber designed 
to safely stop the zero-order beam when operating in monochromatic mode. 

2.1.5. The Exit Slit is used to define the energy resolution of the beam in monochromatic 
mode operation. The slits must be open for zero-order operation because the focused 
beam would damage the slit blades. 

2.1.6. The final optical elements of the beam line are a K-B pair of focusing mirrors. The 
first in the pair is the M2 mirror, which horizontally images the source at the nominal 
sample position. The second is the M3 mirror, which vertically reimages the exit slit 
focus at the sample position.  The nominal sample position is 1.5 m from the center of 
the M3 mirror.  These mirrors can be bent to move the focus out to infinity.  Care will 
have to be taken not to put the focus on or near the back wall of vacuum chambers.  
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There will be a beam stop that can dissipate the focused beam in the back of Hutch 2.  
These mirrors have hard stops to limit the travel of the five struts controlling insertion 
and pitch. The mirrors cannot be fully removed from the beam.   

2.2. All the beam-intercepting components in the SXR beam line are listed in Table 2.1.  The 
materials that can be in the beam at each location are listed.  The valves are interlocked to 
the MPS, which should trigger a fast dump at the upstream end of the undulator if any of 
these valves are not fully open, or if a valve tries to close while there is an upstream HPS 
stopper open. 

Table 2.1: Beam-intercepting components: SXR beam line components with a radiation safety 
implication, such as collimators, shielding, and optical elements that can redirect the beam, are 
highlighted in red. 

Item  System: SXR Coordinate System  

    Component: z x y Beam intercepting Material  
ref Front End/ XTOD      
ref   DS End undulator -112.458 2.305 0.000 n.a. 
ref   SOMS M1S -20.335 -0.247 0.000 B4C on Si 
ref   SOMS M2S -17.657 -0.247 0.000 B4C on Si 
ref   SOMS M3S2 -8.731 0.000 0.000 B4C on Si 
ref  B4C1S2 -7.481 0.000 0.000 B4C 
ref  Photon Stopper S2 -4.053 0.000 0.000 B4C 
ref   Collimator C3S2 -3.507 0.000 0.000 B4C 
ref  Bellows Downstream C3S2 -3.276 0.000 0.000 SST/air, Ø 12.7mm aperture
ref   Collimator C4S2 -0.814 0.000 0.000 B4C 
ref   SOMS Treaty Valve  

(origin SXR Coordinate Sys) 
0.000 0.000 0.000 SST 

1 Single Pulse Picker System  
1.1   EPS shutter 0.150 0.000 0.000 B4C 
1.2   Single Pulse Shutter 0.429 0.000 0.000 Graphite on Steel
2 Transmission Sample System  
2.1  SXR IV 1 0.626 0.000 0.000 SST 
2.2  Exclusion zone around SXR IV1 0.626 0.000 0.000 n.a. 
2.3  Insertable gas cell window US 0.804 0.000 0.000 Al or C on polyimide
2.4  Insertable gas cell window DS 1.508 0.000 0.000 Al or C on polyimide
2.5   Laser In-coupling Mirror 1.639 0.000 0.000 Al, SiO2, SST 
2.6   Transmission Sample System 1.893 0.000 0.000 Filters: various, SST, Al, YAG
2.7   Collimator #1 1.958 0.000 0.000 B4C, Ø 5mm aperture

3 Monochromator Optics System 0.000 
3.1  SXR IV 2 2.102 0.000 0.000 SST 
3.2   Adjustable Apertures  2.289 0.000 0.000 B4C 
3.3   M1 Mirror (center) 2.643 0.000 0.000 B4C on Si 
3.4   Grating (center) 2.929 0.000 0.008 B4C on Si 

3.5  
Shield and exclusion zone around 
beam pipe, Mono to Z.O. Stop  

3.400 
0.000 0.008 n.a. 

3.6   Zero-Order Stop YAG screen 3.477 0.000 0.008 YAG, Al 
3.7   Zero-Order Stop (Collimator #2) 3.552 0.000 0.008 B4C, ø5mm aperture
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4 Collimators Systems  
4.1  SXR IV 3 3.692 0.000 0.008 SST 
4.2   Collimator #3 4.637 0.000 0.008 YAG, B4C, ø3.5mm aperture

4.3  Drift tube support 6.380 0.000 0.008 n.a. 

4.4   Collimator #4 7.915 0.000 0.008 YAG, B4C, ø3.5mm aperture

4.5   Shield around beam pipe at wall 
Hutch 1 to Hutch 2 (US side) 

9.332 0.000 0.008 n.a. 

4.6   Support for beam pipe at wall 
1/2 Hutch (DS side) 

9.950 0.000 0.008 n.a. 

5 Exit Slit system   
5.1  SXR IV 4 10.172 0.000 0.008 SST 

5.2   Exit Slit  10.434 0.000 0.008 B4C 
5.3   Spectrometer Detector 10.619 0.000 0.008 YAG, Al 
6 Photon Stopper System   
6.1  SXR IV 5 10.764 0.000 0.008 SST 
6.2   Photon Stopper (S2B) 13.359 0.000 0.008 B4C + WHA 
7 Intensity Monitor System   
7.1  SXR IV 6 13.760 0.000 0.008 SST 
7.2   Intensity Monitor 14.017 0.000 0.008 YAG, Filters: Al, Graphite, 

polyimide 
8 K-B focusing Optic System   
8.1  SXR IV 7 14.260 0.000 0.008 SST 
8.2   Collimator #5 14.360 0.000 0.008 YAG, B4C, ø3.5mm aperture

8.3   M2 Mirror (center) 14.934 0.000 0.008 B4C on Si 
8.4   M3 Mirror (center) 15.434 0.014 0.008 B4C on Si 
8.5   B4C Aperture 15.884 0.026 0.020 B4C 
9 Differential Pump System 
9.1  SXR IV 8 15.898 0.027 0.021 SST 
9.2   Collimator #6 15.921 0.027 0.022 YAG, B4C, ø3.5mm aperture

9.3   Diff Pump YAG Screen YAG, Filters: Al, Graphite, 
polyimide 

9.4   Collimator #7 16.072 0.031 0.026 YAG, B4C, ø3.5mm aperture

10 Laser in-coupling system 
10.1  SXR IV 9 16.165 0.034 0.028 SST 
10.2   Laser In-coupling Mirror 16.296 0.038 0.032 Al, SiO2, SST 
  User systems
ref  Interface to User Systems 16.456 0.042 0.036 n.a. 
ref   Nominal Focus 16.933 0.055 0.050 n.a. 
ref   Nominal Beam Absorber 18.432 0.097 0.091 B4C or other 

11 Beam Stop 
11.1   Beam Stop 19.960 0.140 0.135 Steel 
ref   Wall Hutch 2 to Hutch 3 (US 

side) 
20.260 0.147 0.142 Pb 
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2.3. Description of the basic system comprising the SXR instrument. The systems are listed 
using the numbering from Table 2.1. 

1. Single Pulse Picker:  This system incorporates a pair of shutters, first the slow 
Equipment Protection Shutter (EPS), then a fast Single Pulse Sutter (SPS).  The slow 
EPS shutter, with a normal incidence B4C absorber, can be inserted at any time and is 
for protection of equipment. The fast shutter selects single pulses or strings of pulses.  
The fast shutter is a steel blade coated with graphite. Although the graphite will protect 
the steel from damage in the FEL, this shutter is not to be used for protection of 
equipment.  The amorphous-graphite-coated steel blade has inherently very low 
reflectivity. Due to the stress of rapid acceleration, the blades may have to be replaced 
on a regular basis.  

2. Transmission Sample System: The monochromator is designed to also function as 
a spectrometer.  The transmission sample system is located just before the 
Monochromator optics system and places transmission samples in the beam.  These 
samples will be either thin film filters or gasses in a thin-windowed cell.  With a thin 
solid, an appreciable transmission is required for the spectrometer to work.  Several 
filters will be used for calibrating the monochromator/spectrometer.  During 
commissioning, several solid samples will be placed here to measure damage thresholds 
in the unfocused beam.  The gas cell has two thin windows set in gate valves. When 
these valves are closed, gas can be leaked into the cell to pressures <2torr.   The cell 
will be re-evacuated before opening the windowed gate valves to both up and 
downstream UHV sections. 

Upstream of the solid sample position, there is a laser in-coupling mirror system. A 45° 
mirror will pass the FEL beam through a hole in the mirror. The pump laser beam is 
brought in slightly off axis to the FEL beam. The pump laser beam will be slightly off 
axis, so as not to put the pump laser beam on the M1 mirror surface in the 
Monochromator Optics system. The focusing optics for the pump laser are out of 
vacuum.  There are positions for two in-vacuum mirrors, to allow for different coatings, 
optimized for different pump-laser wavelengths.  There will also be a Class 2 alignment 
laser, from which the beam will be set up along the FEL beam axis and brought 
through all the optics to the endstation. An actuator will translate the in-coupling 
mirrors into position or leave a large clear aperture.   

There is concern about putting anything in the beam that can reflect or diffract the 
beam into the unprotected system walls.  There is a collimator, Collimator #1, built 
into the downstream end of this system.  This limits the beam that can pass into the 
Monochromator Optics System to the direct FEL beam or beam reflected at very small 
angles. This will be discussed further in the sections concerning ray traces, shielding, 
active systems, and configuration control.   

3. Monochromator Optics System: This system includes 1) an adjustable aperture 
with B4C blades, 2) the M1 mirror and its mechanism to change the mirror pitch, 3) the 
grating and its mechanism to control pitch and to translate between different grating 
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rulings,  4) an insertable screen, just upstream of the Zero-Order Stop, to observe the 
beam and 5) the Zero-Order Stop.  

The M1 mirror has a very limited angular range of +0.02º/-.14º. The gratings have an 
angular range of +0.75°/-0.1° from zero order.  The grazing angle of both the M1 
mirror and the gratings is 14 mrad, with hard stops to limit travel.  The grating can also 
be translated, to change rulings or to use un-ruled regions.  Both the M1 mirror and 
grating are coated with B4C and have B4C chin guards. The Zero-Order Stop covers the 
full extent of the direct beam from the SOMS M3S2 that can pass through Collimator 
#1.  Beam that is reflected or diffracted at the sample position in transmission sample 
system will be discussed further in the sections concerning ray traces, shielding, active 
systems, and configuration control. The Zero-Order Stop is also Collimator #2. 

4. Collimator Systems:  There is a long drift tube to get the beam from the Zero-
Order Stop to the exit slit. This drift tube has to be of small diameter, since 
components for the AMO system are very close to it. It includes two collimators, #3 
and #4, to keep the beam inside the drift tube. There is a YAG screen on the upstream 
face of each collimator for viewing miss-steered beam. 

5. Exit Slit system:  This system consists of a bilaterally-opening, vertically-defining 
slit with the spectrometer detector immediately downstream.  The slit blades are B4C 
which, when fully opened, are outside of the maximum envelope of the miss-steered 
beam.  This is important for machine protection, since the beam is vertically focused at 
the exit slit. The B4C slit blades can take the monochromatic, but not the focused, zero-
order beam. The slit is interlocked although the MPS. The spectrometer detector is a 
YAG screen, which can be inserted into the beam, with a high resolution, fast camera 
to view it. There will be software interlocks to help prevent damaging the YAG crystal. 

6. Photon Stoppers (S2B):  These are a standard set of LCLS photon stoppers and are 
part of the PPS system. The stoppers have a B4C absorber, a Burn Through Monitor 
(BTM), and a block of tungsten heavy alloy (WHA).   

7. Intensity Monitor System: The monitor is a manipulator with a YAG screen for 
viewing the beam and a set of filters to measure the flux.  The initial filters are to be 
selected from: Al, Al on polyimide, and graphite on polyimide, B on polyimide, Zr on 
polyimide and polyimide. These filters may only survive in the monochromatic beam.  
If so, they will be removed for zero-order operations. There are blank flanges on this 
system for addition of future diagnostic devices.  

8. K-B Focusing System: Upstream of the focusing system is Collimator #5, to define 
the beam that goes into the K-B focusing system.  There is first a horizontally-
deflecting mirror, M2, which focuses the source, followed by a vertically-deflecting 
mirror, M3, which focuses the image at the exit slit.  These mirrors can focus their 
respective sources from a nominal minimum of 1.5 m from the center of the M3 mirror 
to infinity.  The mirrors are B4C coated and operate at the nominal angle of 13.85 mrad.  
Both mirrors are mounted in a common tank with their bending mechanisms. The tank 
is moved to point the mirrors, so the motion of the two mirrors is coupled. The motion 
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is limited by hard stops to ± 2 mm at each of the horizontal and vertical actuators. The 
pitch on the mirrors is limited by hard stops to ± 4.4 mrad.  Downstream of the 
mirrors is a Ø10 mm aperture, which is not part of the BCS. 

9. Differential Pump:  Many of the proposed experiments on the SXR instrument are 
not UHV systems. To accommodate them, a differential pumping system is required. 
This has to be located between the K-B optical system, which must be kept at UHV 
pressures, and the flange to the experimental systems, which is 1.0 m from the center of 
the M3 mirror.  This section also must include a collimator to define the allowable 
beam to the endstations.  The collimator is split into two parts, Collimators #6 and #7, 
to permit differential pumping.  There is a YAG screen that can be inserted into the 
beam between these two collimators.  

10. Laser In-coupling:  This laser in-coupling system is of the same design as the one 
used with the transmission sample system (2 above). The only difference is that the 
pump laser will be brought in coaxially with the FEL beam.  

The user systems are not part of this document.  It is noted that these systems must 
have a photon absorber downstream of the sample to stop the beam.  These absorbers 
are intended to protect the user vacuum system or detectors and are not part of the 
BCS. 

11. Beam Stop:  There will be a beam stop mounted to the back wall of Hutch 2. This 
stop is designed to dissipate the full focused beam and not allow burn-through to 
Hutch 3.  The stop will cover the maximum extent of the miss-steered beam through 
the differential pump section. 

 

3. FEL source, flux, fluence dose and damage:  

During the design of the LCLS, assumptions were made as to the source size and beam 
divergence.  Initial calculations of the source characteristics have been described in the LCLS 
documentation.  For the design of the SXR instrument, the principal references are: Controlling 
Dose to Low Z Solids at LCLS2, and the Maximum Credible FEL and Spontaneous Energy Per Pulse, 
PRD 1.1-005-r0. The beam size and dose at absorbers were initially calculated and checked 
against these references.  With the experience of operating the FEL, some of the documentation 
has been revised. The principal document on which the BCS plan is based is the revised PDR 
1.1-005-r1. 

3.1. Source Parameters: 

The source parameters: source size, divergence and beam power, are from PDR 1.1-005-r1, 
Maximum Credible FEL and Spontaneous Energy Per Pulse 3.   These are shown in abridged form 
in Table 3.1.  In Table 3.1, MAX OPR is the maximum beam parameters for normal 
operations and MAX FEL PHOTONS is the maximum-credible beam. MAX FEL 
PHOTONS has higher charge per bunch with a longer bunch length, so the peak current is 
only slightly higher. It also uses a larger electron beam size, so the FEL beam is more 
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collimated, for a higher fluence at large distances from the source. To extrapolate from the 
data in PRD 1.1-005-r1 to energies between 400 and 2500 eV, the best fit as a function of 
energy is given by: power law fits for fwhm  and T,0 , a logarithmic fit for Maximum Credible 
coherent energy/pulse, and second order polynomial for maximum operational coherent 
energy/pulse. See Table 3.2 for the parameters used.  All calculation in this document 
assume the source is at the end of the undulator, z=647m in the LCLS coordinate system. 

Table 3.1: Nominal Operational, Maximum Operational and Maximum-Credible beam parameters. 
Maximum-Credible is listed as MAX FEL PHOTONS. Data from PRD 1.1-005-r1  

 

Table 3.2: Fit to data from PRD 1.1-005-r1, Heinz-Dieter Nuhn, for interpolating coherent 
energy source size and source divergence. 

 
Coherent energy/pulse [mJ] 
 

fwhm  [mrad] 
(power law)

T,0  [mm] 
(power law)

Nominal Operational a 6.72E-5  (linear) 4653.6 46.525 
Nominal Operational b 2.656  (linear) -0.8541 -.1414 
Maximum Operational a 6.2349  (polynomial) 2977 80.612 
Maximum Operational b -7.97E-05 (polynomial) -0.8254 -0.1793 
Maximum Operational c -1.89E-08 (polynomial)   
Maximum  Credible Beam a 31.456  (power law) 903.17 257.24 
Maximum  Credible Beam b -3.13E+00  (power law) -0.6897 -0.3103 

(logarithmic =a*ln(x)+b, polynomial =a+b*x+c*x^2, power law =a*x^b) 
 



 

_______________________________________________________________________________________________________
ESD 1.6-134-r0                                                                          Check the LCLS Project website to verify  
11 of 40  that this is the correct version prior to use. 

SLAC National Accelerator Laboratory

3.2. Dose calculations: 

The dose, energy absorbed per atom, is calculated at the surface of the material.  The beam is 
assumed to be Gaussian and the peak fluence is used for the dose. The mass absorption 
coefficient, μ/ρ [cm2/g], is from the CXRO web page on X-Ray Interactions with Matter:  
http://henke.lbl.gov/optical_constants/ 5.  The dose is calculated at the surface of the 
absorber. 

 

])/(exp[/ 0 xII    
At x = 0: 

1/ 0 II  

)/(/)/( 0  xII   

Convert from density to atoms: divide by the atoms per unit volume and multiply through by 
the peak incident power density to get dose in eV/atom. 

 eV/atom J/areaeV/mJ//  matomsvolume  
 

3.3. Damage threshold: 

There are several possible damage mechanisms due to the FEL; ablation of the absorbing 
material, thermal fatigue, and radiation damage.   
 
Ablation occurs when enough energy is deposited to melt or vaporize the absorber.  At the 
LCLS with the low, 120Hz pulse rate and relatively low average power, the energy must be 
deposited in a single pulse to approach melting temperature.  It is also assumed that, for time 
scales less than few hundred femtoseconds, the energy is localized to the absorbing atoms. 
For ablation or damage to occur, the energy must be greater than that to take the material to 
its melting point. The energy required to take materials to the melt temperature is calculated 
by integrating the heat capacity, Cp, from room temperature to the melting temperature.  To 
be conservative, the heat of fusion is not included. Values of Cp(T) were obtained from  
NIST Chemistry WebBook, NIST Standard Reference Database Number 69, 
http://webbook.nist.gov/chemistry/ 7. Single-pulse damage occurs somewhat above this 
value, but it is a conservative threshold. The values for some materials of interest are shown 
in Table 3.3. 
 
Below the energy level that causes ablation, thermal fatigue is a damage mechanism. Due to 
the low pulse rate, the small volume in which the energy is absorbed is heated and then the 
energy dissipates and the volume cools. This will result in thermal fatigue. The temperature 
increase, T, at which thermal cycling will give rise to cracking and eventual damage to the 
surface can be estimated from8: 
 

E
GT 

 )1(3   
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where ν is the Poisson ratio, G is the yield strength, E is the Young’s modulus, and α the 
volumetric thermal expansion coefficient. There is debate as to whether, for brittle materials 
such as B4C, the compressive rather than tensile yield strength should be used.  To be 
conservative, the tensile yield strength has been used. The values for some materials of 
interest are shown in Table 3.3. 
 

Table 3.3: Damage thresholds for materials of interest. 
 Dose to Tmelt 

[eV/atom] 
Thermal Fatigue Threshold 
[eV/atom] 

B4C
5 0.63 0.02 

304 SST7 0.45 0.017 
Fused Silica5 0.41 0.23 
Al5 0.21 0.033 
 
Fused silica, SiO2, has a very high threshold for thermal fatigue, due to its low coefficient of 
thermal expansion. 
 
In general, radiation damage should not have an effect on the bulk mechanical properties of 
absorbers, due to the very short absorption lengths at the photon energies of interest. The 
extinction length in SiO2 at 1800eV, just below the Si K–edge, is 36 m. 

 
3.4. Dose along the beam line: 

The primary absorbing material to be used as a photon absorber on the SXR beam line is 
B4C. Using the methods outlined above, the dose in B4C is calculated along the beam line 
and compared to the damage thresholds. See Figure 3.1 for the dose at the nominal LCLS 
operating parameters and the original assumptions 1,2.  

The dose, in general, is at or above the more conservative thermal fatigue threshold 
calculated from the tensile yield strength.  Therefore the B4C alone cannot be considered as a 
beam stop for unlimited times.  Near the foci, the dose exceeds the single pulse damage 
threshold and putting beam at this fluence on shielding must be prevented. See table 3.4. 

Table 3.4: Dose at critical PPS components for each set of beam parameters listed in Table 
3.1.  The dose at stoppers and collimator C4S2 is in-vacuum at the B4C absorber. For the 
SXR collimators, it is at the shielding element after absorption in the air gap. The shielding 
element can be either B4C or steel. Collimator #4 sees the highest dose of all the SXR 
shielding elements. 

 Dose [eV/atom] at B4C in-vacuum  Maximum dose [eV/atom] at SXR 
collimators (after absorption by air) 

 Stopper S2 Collimator C4S2 Stopper S2B SXR Collimator #4 
Nominal Operating .05 .05 .06 .001
Maximum Operating .20 .19 .23 .004
Maximum Credible .87 .82 1.00 .009
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The B4C at S2B stoppers cannot be used in the beam at >0.1 eV/atom/pulse dose, which is 
the demonstrated safe multi-pulse limit4.  The absorbed dose at S2B, for the various 
operating parameters, is shown in Table 3.4. S2B can only be used as a photon dump for 
Nominal Operating parameters unless 0.3 eV/atom/pulse can be demonstrated to be below 
the damage threshold in B4C. If 0.1 eV/atom/pulse remains the damage threshold, a non-
PPS absorber will have to be inserted up stream of the stopper for operation at Maximum 
Operation parameters. 
 

 

Figure 3.1: Dose at B4C absorbers under the Maximum Operating parameters from Table 
3.1 along the SXR beam line. After the grating, the dose is calculated for the zero-order 
beam. 

4. Attenuation and Shielding: 

The B4C absorbers on the SXR beam line are generally in the thermal fatigue regime for the 
maximum operating parameters. For the maximum-credible beam parameters, the dose is in the 
single-pulse damage regime, at low energies, at several of the beam-absorbing elements.  The B4C 
cannot be used as the sole shielding element.  There are no solids that can safely absorb the FEL 
beam for indefinite periods at normal incidence.  The solution is to use a gas as an attenuator to 
protect the shielding.  Air is preferred as an attenuator; it can be assumed to be in the hutch at 
any time personnel are present. It will be in confined volumes and exclusion areas that prevent 
access by personnel.  The basic design is to use B4C as the in-vacuum photon absorber where the 
beam can be stopped for finite time periods. A vacuum chamber wall will separate the B4C 
absorber from an air space.  The air space will have enough attenuation to reduce the fluence in 
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the beam to a level that can be sustained by shielding, generally stainless steel, indefinitely.  This 
is a passive system and does not assume the beam is shut off for any reason. 

The attenuation of x-rays in air is a strong function of energy; at 500eV, the extinction length is 
500m and at 2000eV it is 1.6cm.  The amount of air required to attenuate the FEL beam to safe 
fluences at the shielding is a function of the cut off energy of the mirrors.  The SOMS mirrors 
operate at a grazing angle of 13.85mrad, while the M1 mirror and grating, at zero order, operate 
at 14.0mrad.  With these angles, the optical system has a pronounced energy cut off around 
2000eV. The maximum length of air to attenuate the on axis beam is at 2100eV. Radiation 
reflected at larger angles will have a lower cut off and require less air to attenuate.  This will be 
discussed further in Section 5, under ray traces. 

4.1. The BCS must contain the beam within the shielding.  The basic BCS photon absorbers will 
be collimators. The collimators consist of a small tube for the beam to pass through, with 
an annulus of B4C to protect the upstream face and air around the tube  to absorb the beam 
if it were to burn through the B4C and vacuum chamber wall. See Figure 4.1 

 

Figure 4.1: The standard collimator design used on the SXR beam line. It incorporates a YAG 
screen, to assist steering the beam through and the B4C absorber, mounted on the upstream 
flange. An air space and exclusion zone are built into the collimator as a single welded assembly. 
The downstream flange is the shielding. 

The collimators define the maximum excursion of miss-steered rays (see the section on ray 
tracing).  The length of the air space is varied depending on the maximum fluence at the 
collimator location.   

4.2. Dose at shielding elements:  The dose at the shielding elements for the nominal operation 
parameters is shown in Figure 4.2. and for maximum credible beam in Figure 4.3. In Figures 
4.2 and 4.3, the data points are as follows:  The blue diamonds are the dose at the steel 
shielding after the air absorber. The red squares are the dose at the B4C absorbers after 
attenuation by air. At collimator #1, the B4C is in the air space. At collimator #7, the dose is 
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for rays that have passed through collimator #6.  The green triangles are the dose at the 
flange on the downstream end of the K-B optics tank, if there are no mirrors installed and 
the beam burns through the tank wall. 

 
Figure 4.2: The dose at the BCS shielding elements for the Maximum Operating beam 
parameters (HDN 12/17/2009 MAX OPR).   
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Figure 4.3: The dose at the BCS shielding elements for the Maximum-Credible beam 
parameters (HDN 12/17/2009 MAX FEL Photons). 

 
In Figures 4.2 and 4.3 there are a number of points for both stainless steel and B4C at 
Collimator #1. There is a second annulus of B4C in the air space of the collimator as 
shielding, to keep the dose at the shielding below the thermal fatigue threshold. This 
collimator also has an extra large outer diameter.  

There are two points marked with green triangles. This is the dose on a flange if the K-B 
focusing mirrors were not installed, or dropped out of their holders.  In such a case, a B4C 
aperture and vacuum chamber wall could burn through. It is a very remote accident 
scenario.   

In the differential pump, the collimator is split into two parts, to locate a pump in between. 
These are collimators #6 and #7. Collimator #6 is the first of this pair, which are divided to 
make the differential pump.  For the direct beam that is reflected, and focused, off both 
mirrors, the steel after the air in Collimator #6 is in the thermal fatigue regime, but by the 
B4C on the upstream face of Collimator #7, the dose is well below the damage threshold. 
This is also true for the stainless steel in Collimator #7, after the additional 6.35 cm of air. 

4.3. Dose at the Photon Stoppers S2B:  The focal length of the fixed spherical radius M1 is 
given by: 

)sin(

2
/1/1
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Where p is the source distance, q is the focal length, Rt is the optical radius and θ is the 
grazing angle of incidence.  

The distance from the end of the undulator to the M1 is 115.12m. They are pulling the last 
40m of undulators out to re-shim them to work as a 2nd harmonic "after burner". Thus the 
effective end of the undulator is now 155m from the M1 mirror. The distance from the M1 
to the exit slit is 7.78m.  The radius of the M1 mirror is optimized for the source to be ~ 
one Rayleigh length from the end of the undulator, about 15m, so the total distance from 
the M1 mirror is 170m.  The specified Rt is 1048m ± 40m. The specified theta is 14.0 mrad  
+0.35/-2.44 mrad pitch limits. To make q larger, i.e. move the vertical focus closer to the 
photon stoppers, p has to decrease, Rt increase, or θ increase.  Assuming all parameters are 
at their assumed limits for the worst case: p =155m, Rt = 1089m and θ = 14.87 mrad, q 
would = 8.54m.  

The B4C on the photon stoppers is 2.92m from the exit slits.  Moving the focus down beam 
by 0.45 m increases the peak power density on the first stopper of S2B from 0.23 eV/atom 
to 0.30 eV/atom, for maximum operating beam parameters at 400 eV.  This is only 30% of 
the power density on ST1 for the same operating parameters.  A similar calculation was 
made for setting the – pitch limit, so the fluence will not damage the shielding, after 
absorption in air, at collimator #4.  

 
5. Summary of Ray Trace: 

The SXR ray trace follows the basic methods outlined in ESD 1.5-138-r1, Ray Trace Source for 
LUSI/MEC10. In the vertical, the input beam is defined by the limits of the undulator vacuum 
chamber and the outside diameter of the bellows downstream of collimator C3S2. To account 
for the maximum possible roll errors in the three SOMS mirrors, the angle of the extreme ray is 
increased by 3 x 55.4rad at the bellows. In the horizontal, the extreme rays are defined by the 
SOMS M3S2 mirror and the bellows downstream of C3S2. The upstream corner of the mirror 
at maximum insertion and pitch is one source-defining limit and the downstream corner of the 
mirror at fully withdrawn and maximum pitch is the other. Downstream of the first aperture, 
after the M1 Mirror and Grating, the vertical rays are defined by assuming an isotropic source at 
the ends of the Grating when it is positioned at its grazing angle limit. The horizontal extreme 
rays are defined by projecting back from an aperture to the opposite-side limits of the M3S2, at 
its fully-inserted or withdrawn limits, and then applying an additional rotation of 2 x 436rad, 
to account for M1 mirror and grating roll.  The same methodology is applied after the M2 and 
M3 Mirrors. 

The SXR ray trace is GP-391-750-98. Specific pertinent features that have implications to other 
systems are reviewed below.  In the sections below, the absorption in air is calculated for 
maximum-credible beam3. 
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Figure 5.1: Horizontal cross section through the downstream end of the single pulse 
shutter and beginning of the Gas Cell. Rays defined by the air gap at the bellows 
downstream of C4S2 pass through the bellows at the valve separating the SPS and the TSS 
into flanges in the Gas Cell. 

5.1. There will be an exclusion area around the valve between the single pulse shutter (SPS) and 
the transmission sample system (TSS).  The rays, as defined above, pass through both the 
B4C and W of collimator C4S2 and, defined by the air gap at the bellows downstream of 
C4S2, are shown in figure 5.1. The extreme rays pass through the bellows just downstream 
of the SPS and into flanges in the gas cell at the upstream end of the TSS.  There is not 
sufficient length in air at the bellows just upstream of SPS/TSS valve to attenuate the 
maximum credible beam to below the nominal fatigue threshold in SST. 

5.2. Collimator #1 is built into the transmission sample system. At this point, 7.7cm of air are 
required to attenuate the maximum credible beam to a fluence that can safely be absorbed 
by steel shielding.  This collimator also has an in-air B4C aperture, after 3.1cm of air, which 
is below the safe limit for that material, as well as the steel at 8.7cm. 

The transmission sample system is designed to introduce thin samples into the beam for 
spectroscopy studies.  Collimator #1 will safely absorb any scattered radiation out to 19°, 
except for those rays that can pass through the aperture.  Figure 5.2 shows the extreme and 
scattered rays at the transmission sample chamber. Figures 5.3 and 5.4 show the extreme 
scattered rays that can go through the collimator, shielding and exclusion zone at the 
downstream end of the monochromator optics tank. In Section 8.5, controls on the types 
of samples are discussed. Since the rays that pass through the material of collimator C4S2 
represent a system failure mode completely independent from that of allowing a reflective 
or diffractive sample to be placed at grazing incidence in the beam at the sample position, 
only the maximum miss-steered beam through the collimator is used for defining 
downstream BCS requirements. 



 

_______________________________________________________________________________________________________
ESD 1.6-134-r0                                                                          Check the LCLS Project website to verify  
19 of 40  that this is the correct version prior to use. 

SLAC National Accelerator Laboratory

 

Figure 5.2: Horizontal cross section through the transmission sample position and 
Collimator #1. Both the extreme rays that pass through the B4C and W of collimator C4S2 
and are limited by the air gap at the bellows downstream of C4S2 or the gas cell and the 
maximum miss-steered rays through the aperture are shown. The orange rays show beam 
reflected off the sample. The miss-steered beam envelope is nearly conical, so the vertical 
cross section is very similar. B4C is shown in magenta. Dimensions are in mm. 
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Figure 5.3: Horizontal cross section through Monochromator optics tank to Zero-Order 
Stop. Red rays are maximum miss-steer envelope. The orange rays show scattered beam, 
through Collimator #1. All the scattered rays are absorbed in the Zero-Order stop or 
flanges, except for the extreme horizontal rays at ±3.5°, where a small amount of shielding 
is needed.  Dimensions are in mm. 

 

Figure 5.4: The downstream end of the monochromator optics tank and Zero-Order Stop 
showing the extreme zero-order ray and the extreme ray off the M1 mirror in red.  The rays 
in orange are scattered from the sample position. Dimensions are in mm. 

The Zero-Order Stop is a collimator, in that it will have beam on it whenever the 
instrument is operated with a ruled grating in place, i.e. monochromatic mode.  The path 
length of air to attenuate the on-axis zero-order beam to a safe fluence is 7.2cm on axis and 
7.4cm if the beam passes by the grating and 1.8cm at the maximum zero-order angle. 

5.1. The collimators on the SXR beam line are both the primary shielding and the beam-
defining apertures. Collimator #1 has a Ø6.0 mm aperture, #2 has a Ø5.0 mm, and 
collimators #3 through #7 have Ø3.5 mm apertures.  The ray tracing of maximum miss-
steered rays is done with the total tolerance stack up, material condition, fiducialization, and 
installation alignment included. For operational reasons, these apertures are to be aligned to 
±0.25mm at both the input and output ends.  
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Figure 5.5: Collimator #3 vertical cross section. Showing extreme rays.  The extreme ray is 
2 mm from the edge of the shielding at the upstream end of the collimator. Dimensions are 
in mm. 

At the input end of Collimator #3, Figure 5.5, the extreme ray is 2 mm from the shielding, 
which is 8 times the installation tolerance.  At this collimator, the air required to attenuate 
the on-axis FEL beam to a safe fluence on steel is 7.4cm. At the extreme miss-steered ray, 
at plus 10.7mrad off the grating, 1.9 cm of air is required. In the minus direction, -7.9mrad, 
the required air is 7.6cm.  The asymmetry is due to the decrease in cut-off energy for a ray 
off the grating at its high angle limit, while the cut-off-energy ray off the grating at the low-
angle limit is dominated by the upstream mirrors, which are at essentially fixed angles.      
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Figure 5.6: Collimator #4 vertical cross section, showing extreme rays: The extreme ray is 
4.2 mm from the edge of the shielding at the upstream end of the collimator. Dimensions in 
mm. 

At Collimator #4, Figure 5.6, the amount of air needed to absorb the on-axis FEL beam to 
safe fluences is 8.6cm on axis. At the positive extreme ray, at +3.0mrad, it is 4.7cm and the 
negative, at -2.7mrad it is 8.7cm of air.   At Collimator #5, the air to absorb the beam to 
safe fluences is 8.0cm. The extreme rays are ±1.0 mrad and the air to absorb the beam over 
this angle goes from 7.2 to 8.1cm. 

Using the conservative assumption that the extreme horizontal rays are defined by M3S2 at 
it inserted and withdrawn limits, bellows downstream of C3S2 and applying the maximum 
roll at both the M1 mirror and the grating the extreme rays are just contained in collimator 
#5, see Figure 5.7. 

 

   

Figure 5.7: Collimator #5 horizontal cross section. Showing the extreme rays from M3S2 
and defined by the air gap at the bellows downstream of C3S2.  The extreme rays by 
through10mm B4C and 80mm W in collimator C4S2 The extreme ray is 1.5 mm from the 
edge of the shielding at the upstream end of the collimator. Dimensions in mm.    

5.2. The K-B Focusing system and Collimators #6 and #7 have a number of important features. 
First the K-B pair of mirrors can focus the beam to a nominal minimum at 1.5 m from the 
center of the M3 mirror. Limits will be set on the bender to prevent the focus from being 
moved in. The mirrors can be unbent to move the focus out to infinity.  The bending of the 
mirrors is independent, but the pointing of the mirrors is accomplished by moving the 
whole system. There are 5 translation stages and they will initially be set to ± 2.0 mm. This 
gives a maximum pitch to each mirror of 0.25°. The M2 and M3 mirrors cannot be 
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removed from the beam and the fluence on the mirrors is below the thermal fatigue 
threshold, so they can be in the beam indefinitely.  

If the M2 mirror were not present, most of the beam would miss the M3 mirror, intersect a 
B4C aperture in the back of the tank, intersect the back wall of the tank and then pass 
through the air space between the tank and its exit port. The downstream flange on the 
bellows shown in Figure 5.8 is the location where the beam would be attenuated by air to a 
level where it would definitely be stopped. 

 

Figure 5.8: Horizontal cross section at the downstream end of the K-B optics tank through 
collimator #7.  Extreme rays are shown if the M3 mirror were not installed. Note that the 
mirror tank and flanges on the tank move with the mirrors.  The collimators and valves are 
fixed. 

If the M3 mirror were not present, the beam (which could be converging in the horizontal), 
would intersect collimator #6 near its outer edge and, in the worst case, some of the beam 
would pass on to the space between the flanges in collimator #7, at which point the air will 
have attenuated the beam to the extent that it would definitely be stopped by the steel. See 
Figure 5.9. 
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Figure 5.9: Vertical cross section at the downstream end of the K-B optics tank to 
collimator #6.  Rays are shown for the M2 mirror not installed. The flange on the end of 
the optics tank moves.  The flange at the downstream end of the bellows is fixed in space. 

5.3. There will be a Beam Stop mounted to the back wall of Hutch 2, at the end of the SXR 
beam line.  This beam dump is strictly a BCS component, to insure that the FEL beam 
from SXR does not pass through the back wall of the hutch The Beam Stop will prevent 
installation of a vacuum system within 30cm of a steel plate mounted on the back wall of 
the hutch. 

All rays that do not pass through the center of Collimators #6 and #7 are stopped at 
flanges in the collimator/differential pump system.  This includes total removal of the M2 
and/or M3 mirrors and with the mirrors at any angle within their hard-stop limits.  In 
Figure 5.10, the rays that pass through the center of the apertures in Collimators #6 and #7 
are shown in red. In orange, the extreme rays from the mirrors at their most grazing 
incidence, through the full air gap in Collimator #7, on the side opposite the beam 
centerline from the ray origins are shown. This is shown in both vertical and the orthogonal 
plane that includes the optical axis. These extreme rays define the minimum size of the 
Beam Stop on the back wall of the hutch.   

 

Figure 5.10: Beam Stop located on the back wall of Hutch 2 with 30cm of air space. The 
red rays are the extreme rays that can pass through the apertures in Collimators #6 and #7. 
The orange rays are the extreme rays that pass inside of the air space in Collimator #7. 

6. Active Systems: 

6.1. An active BSC system is required, or it must be demonstrated that a passive system is safe 
indefinitely at the maximum-credible beam conditions.  The SXR BCS meets the latter 
requirement, (see Figures 4.3 for the dose at shielding elements with maximum credible 



 

_______________________________________________________________________________________________________
ESD 1.6-134-r0                                                                          Check the LCLS Project website to verify  
25 of 40  that this is the correct version prior to use. 

SLAC National Accelerator Laboratory

beam) except at the S2B stoppers and if diffracted beams from a sample are considered at 
the transmission sample system.  

6.1.1. HPS Photon Stoppers and BTM: The Photon Stoppers, S2B, in Hutch 2 incorporate 
Burn-Through Monitors (BTM) which are an active system and part of the HPS.  The 
Stoppers and BTM are standard HPS units with no changes.  With the BTM, the 
stoppers are considered compliant at maximum credible beam.  

6.1.2. BCS Vacuum Interlock at transmission sample system: Samples will be introduced 
into the transmission sample system, just before the Monochromator Optics system in 
Hutch 1, which may scatter or diffract the beam at an intensity that could damage the 
vacuum system walls in locations that do not have shielding designed to absorb the 
diffracted beam.  This could be handled by having access to the system controlled 
through a RSWCF and having Radiation Physics review all samples introduced. 
However, this is not a practical way to run a user experimental program. So a BCS 
vacuum interlock will be the primary BCS control at the transmission sample system, 
with administrative review by the LCLS Safety-Officer to restrict samples that would 
actually/potentially test the interlock. See Section 8.5 for further discussion of the 
issues involved and restrictions on the types of samples to be allowed. 

6.1.3. The vacuum interlock consists of a VAT 770SH-99NN HV cold cathode, fast 
response vacuum sensor set to trigger at 5 x 10-6 torr. This sensor type, which has 
provided trouble free MPS operation on SSRL beam lines for over a decade, responds 
to vacuum pressure rises in less than 10msec. It is rated for 1x107 Gy radiation 
resistance. A conservative model for the temporal response in a beam line vacuum 
system to a burn through event is presented in Section 6.4 and Appendix A. This 
analysis demonstrates that the total system response time to a burn-through event is 
less than 100msec. Trips of the vacuum fast sensor are passed to the HPS, as described 
in ESD 1.1-310, Section 10.2, paragraph n.  

6.1.4. The VAT HV cold-cathode, fast vacuum sensor is connected to a VAT 770VF-
16NNAAB power supply and sensor module. Sensor status is passed from the 770VF 
to the HPS. Upon a vacuum sensor trip, the BCS initiates an immediate shutdown of 
the linac, unless the upstream beam line photon stoppers are closed. 

6.1.5. Rate-of-rise at the vacuum sensor has been estimated for a leak in the same chamber 
as the sensor, following the methods described in Appendix A.  For the transmission 
sample system, with a 15 liter volume, a 200 l/s ion pump, and a 5 mm leak path, the 
rate-of-rise is shown as a function of hole diameter in Figure 6.1 It will take a leak with 
a hole on the order of Ø50 µm to be detected by the sensor, assuming the trip level is 
set at 5x10-6 torr. The time for the pressure to reach the trip point for this case is 0.03 
sec. and to equilibrate with the pumping is on the order of 0.3 sec., see Figure 6.1.     

6.1.6. At the transmission sample system, the beam is round and varies from Ø2.0 mm 
FWHM at 500 eV to Ø0.64 mm FWHM at 2000 eV.  A Ø50 µm burn-through hole is 
a very conservative minimum. The set point for the vacuum interlock at the 
transmission sample system will be 5x10-6 torr. 
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6.1.7. At the K-B optics tank the vacuum interlock is for configuration control only. A 
similar calculation can be done for vent rate for this system, but this is not needed for 
configuration control. For simplicity of testing systems, the set point for the K-B optics 
tank fast sensor will also be set at 5x10-6 torr.  

 

Figure 6.1: Rate-of-rise for leaks of various sizes, with the sensor in the same chamber as 
the leak.  Pumping speed and volumes are for the transmission sample system. 

6.2. Active vacuum interlocks for configuration control will be used at the transmission sample 
system in hutch 1 and the K-B optics system downstream S2B in hutch 2.  The 
implementation and hardware is the same as for a vacuum interlock for BCS. At the 
transmission sample system, the vacuum interlock serves both BCS and configuration 
control functions. 

6.2.1. At the transmission sample system, the vacuum interlock has to be cleared any time 
the system is vented, which will trigger a check that proper work planning and control 
has been followed. This would include a safety check list if new samples are loaded into 
the system, see section 8.5. 

6.2.2. At the K-B Optics system, there is a large turbo pump which could be used pump 
down upstream sections of the beam line.  The vacuum interlock has to be cleared any 
time the system is vented, which will trigger a check that proper work planning and 
control has been followed.  This also prevents pumping down the beam line from the 
K-B system and upstream for an endstation. 

7. Shielding: 

The shielding requirements for the soft x-ray lines at the LCLS are defined in RP-08-13 1.  They 
are very simple and can be summarized as: 
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 0.25 mm of iron 
 0.75 mm of aluminum 
 1.4 mm of borosilicate glass 

This shielding is sufficient to absorb the direct beam as long as it is intact, i.e. excluding burn-
through considerations.  The SXR vacuum system and collimators are designed to meet these 
requirements. 

7.1. The vacuum chamber walls are all steel, and are all greater than 0.25 mm.  The thinnest, 
small diameter, vacuum tube wall is 1.65 mm thick.  The one exception is at bellows.  

Bellows are inherently thin-walled components. There are two basic types: formed bellows 
and edge-welded bellows.  Formed bellows have relatively few convolutions and are 
generally made from a single, thin-walled tube, .006” (.15mm) steel.  It has not been 
demonstrated at this time that scattered radiation cannot strike the two convoluted bellows 
along the SXR beam path, just up and down stream of collimator C4S2, at high angles. 
Therefore, these bellows will be augmented with steel shielding around them. 

 

Figure 7.1: Geometry of rays passing through edge-welded bellows.  

Edge-welded bellows have relatively thick cuffs, the section from the flange to the disks. 
The bellows are constructed from numerous annulus-shaped wavy disks of steel, alternately 
welded along their outside and inside edges, see Figure 7.1.  The typical disk is stamped 
from 0.004” steel. Any ray that passes through more than one disk will pass through 
>0.25mm of steel. If a ray passing through a single disk is at a point where the disk is at a 
high angle to the ray, there could be less than the 0.25mm of steel, but this ray would have 
to be at a high angle to the bellows axis.  In all cases on the SXR line, when the beam passes 
through a bellows it is nearly parallel to the axis and near the center of the bellows. The 
highest angle a ray can pass through a single disk is given by:   



 

_______________________________________________________________________________________________________
ESD 1.6-134-r0                                                                          Check the LCLS Project website to verify  
28 of 40  that this is the correct version prior to use. 

SLAC National Accelerator Laboratory

 



 

)(

2
sin 1

IDOD

pitch
 

where γ is the maximum slope in the stamped disk.  Assuming that the maximum slope in 
the disk is 20°, the minimum effective thickness for any of the bellows used is 0.18mm. 
Table 7.1 lists the effective minimum thickness of edge-welded bellows from Standard 
Bellows 11. This is less than the required 0.25mm of iron to stop the direct beam. But for 
the beam to strike the bellows at this angle, it has to be scattered through >78°. At 
shallower angles, the ray must pass through more than one convolution, i.e. at least three of 
the disks and thus >0.3 mm of steel.  At these high angles, the beam must be scattered from 
within the bellows, and in the SXR beam line, there are no objects inside any of the bellows 
to scatter the beam.  A bellows would have to be rotated through at least 78° to get the 
direct beam on only a single disk. CCS is specifically designed to prevent direct beam from 
striking the vacuum chamber walls, including the bellows, at any angle. The CCS is 
discussed in section 8. 

Table 7.1: Effective thickness of Standard Bellows assemblies at mid-range of extension, 
assuming a 20° wave in each disk. 

Basic 
Standard 
Bellows Part 
Number 

Outside 
Diameter, 
OD 
[inch] 

Inside 
Diameter, 
ID [inch] 

Design length 
per convolution,  
pitch [inch] 

Minimum 
scattered for  ray 
to go through one 
disk [deg] 

Minimum 
Effective 
thickness, 
teff[mm] 

150-96 1.50 0.96 0.037 78.5 0.18 
200-125 2.00 1.25 0.050 78.8 0.18 
225-150 2.25 1.50 0.048 79.2 0.18 
275-175 2.75 1.75 0.063 79.4 0.23 
386-326 3.86 3.26 0.040 78.8 0.18 

  

All the bellows on the SXR beam line are from Standard Bellows and are designed to be at 
or below their mid-range of extension. The end cuffs on all bellows are 0.89mm thick.  All 
bellows will be covered by G10 fiberglass to protect them from dirt and damage. 

7.2. There are no aluminum vacuum systems in the SXR instrument. 

7.3. All view ports use greater than 1.4mm thick glass. The thinnest view ports used are in mini 
flanges, with 1.78mm glass. 

8. Configuration Control System: 

The Configuration Control System (CCS) plan for SXR has been developed to ensure that all 
critical items are not changed. The critical items are: BCS components, optics which are part of 
the ray trace, and shielding components.  A graded approach as to how components are 
controlled is used. Systems where non-desired changes are serious or are more likely to occur are 
more strictly controlled than those that have less severe consequences or have very low 
probability of change.  Configuration control also controls changes to any components that 
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interact with the beam and would require changes to the shielding or to the BCS.  Proposed 
changes to the instrument must be properly reviewed and documented; the proper work control 
is through a RSWCF. The configuration controls prevent both inadvertent changes and ensure 
that proper procedures are followed in all work that is intended to change, or could change, the 
system. 

8.1. Critical BCS Components:  

There are two types of components that need to be controlled by BCS locks: 

8.1.1. Collimators: 

The collimators are the most critical components in the SXR BCS configuration. They 
define the beam path and have to be aligned to a high tolerance. The adjustment struts 
to these systems shall be covered and the covers locked. 

8.1.2. Vent ports: 

The vent ports shall be controlled though locks, except for those on the transmission 
sample system and the K-B Optics system, which have BCS vacuum interlocks, Section 
6.2, and the endstation In-coupling Mirror system.  See Section 8.4 on controlling 
shielding and vacuum components. 

8.2. Optics: adjustments covered and labeled, hard stops for optical elements covered and 
labeled. 

8.2.1. Monochromator Optics Tank:  

The Monochromator optics system houses the M1 Mirror and the diffraction grating. 
These components reflect and diffract the FEL beam.  The angular range of each is 
limited by hard stops. These hard stops are not easily accessible and have a low 
probability of being improperly changed. The access to them will be covered and 
labeled as radiation safety items.  The monochromator optics tank is supported by a 
six-strut support system. The monochromator tank has a very low probability of being 
adjusted by anyone but the SLAC Alignment Crew.  Access to these adjustment points 
will be covered and labeled as radiation safety items. 

8.2.2. Photon Stoppers; 

The Photon stoppers are very large relative to the FEL beam. The effective area of the 
stopper is 82 mm x 82 mm and the nominal maximum travel of the struts holding the 
system is ± 6.4mm. The maximum miss-steered beam is <10mm in both x and y. 
Therefore, the stopper system cannot be miss-aligned out of the beam and would have 
to be removed completely. No covers or locks on its adjustments are required. 

8.2.3. K-B Optical System: 
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The K-B focusing system is down beam of the S2B stoppers in Hutch 2.  Initially, 
these stoppers control access to Hutch 2. There will be no beam to the K-B system 
with personnel in the hutch. For this mode of operation, all K-B system adjustments 
and hard stops will be covered and labeled as radiation safety items.  In the future, if an 
access mode is approved, configuration control of these items may have to be re-
evaluated. 

8.2.4. Beam Stop:  

There will be a beam stop fixed to the wall between Hutches 2 and 3. This beam dump 
shall be screwed in place and labeled as a BCS component. 

8.3. Non-BCS Systems: the adjustments will be covered and labeled. 

Single-pulse shutter. 
Exclusion zone just downstream of the gate valve between the single-pulse shutter and 
the transmission sample system. 
Laser in-coupling to the transmission sample system.  
Exclusion zone: monochromator tank to collimator #2.  
Drift tube stand between collimators #3 and #4. 
Rat shield around beam tube passing into the second hutch. 
Drift tube support on wall in Hutch 2. 
Exit slit and spectrometer detector. 
Drift tube to Photon Stopper. 
Laser In-coupling for endstation. 
Intensity Monitor Tank. 
 

8.4. Shielding and Vacuum Components: 

On the soft x-ray lines at the LCLS, with the energy cutoff at 2keV due to the three SOMS 
mirrors, the vacuum system in general is the shielding. Therefore, by controlling the 
configuration of the vacuum system, the shielding is controlled 1.  On the SXR beam line, all 
the vent/pump-down ports, with the exception of the transmission sample system and the 
vent port to the endstation In-coupling Mirror system, are manual valves.   

With all UHV systems, when initially-evacuated systems must be worked on at atmospheric 
pressure, the first step must be to vent to atmospheric pressure with dry nitrogen. Therefore, 
controlling venting of the vacuum system controls the work done on the vacuum system.  
The SXR vacuum system will initially be sectioned into eight separate vacuum regions, 
divided by gate valves. Each section has at least one manual vent valve. These valves will be 
locked with a key that is controlled per RP and the LCLS Safety Officer agreement. The 
LCLS Safety Officer will only release the key to open a valve when a RSWCF for the 
proposed work has been opened. The work has to be proposed by an instrument scientist or 
the system manager, approved by a system scientist and reviewed by both the LCLS Safety 
Officer and a representative from Radiation Physics.   This administrative control insures 
that the appropriate work planning has been done, that RP has reviewed any changes that 
might result from the work and that the work is inspected prior to closing the RSWCF. The 
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extent of review can vary depending on the type of work, from simple maintenance, where 
no functional changes are made, to upgrades that require full ray traces and new shielding 
and BCS components.  

Exceptions noted in the initial paragraph of this section concern the transmission sample 
system (Section 8.5) and the Endstation Laser In-coupling System.  The Endstation Laser 
In-coupling System is the final element of the SXR-supplied equipment, before the 
experimenter-supplied endstations, and shares a common vacuum.  This section will be 
vented every time an endstation is moved on and any changes would be reviewed as part of 
the endstation safety analysis and inspection. We will not put a lock on the venting port of 
this system.  

8.5. Transmission Sample System: 

The transmission sample system will have a variety of samples introduced as part of the user 
program. There is the issue of scattering from these samples. The goal is to make the system 
safe, consistent with the BCS, and the review of samples as efficient as reasonable. The walls 
of the chamber are not made of a material that can take the full beam, an evaluation of how 
the FEL radiation can be redirected out of the primary beam and the intensity of the 
redirected radiation must be made.  There are two physical mechanisms that would scatter 
the radiation out of the primary beam with intensities that could damage the vacuum system 
walls, reflection and diffraction.  

8.5.1. Reflection at the design photon energies of the SXR instrument, 500 eV to 2000 eV, 
requires super smooth mirrors. Even very well machined surfaces are too rough to 
specularly reflect the beam.  A compilation of maximum reflectivities from materials 
known to have good reflectivity in the 500 eV to 2000 eV range is shown in Figure 8.1. 
The materials are: Si, Pt, Be, Au, C (diamond like), Ni, Rh, B4C, calculated for zero 
roughness 5.  Several of these materials would not survive in the FEL beam, even at 
grazing incidence, but are shown to help define an envelope for specular reflection. 
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Figure 8.1: Maximum reflectivity from selected materials known to have good reflectivity in 
the 500 eV to 2000 eV range. The materials are: Si, Pt, Be, Au, C (diamond like), Ni, Rh, B4C, 
calculated for zero roughness 5. 

The collimator at the downstream end of the transmission sample chamber (Collimator 
#1) is designed to safely absorb radiation in the cone that can be specularly reflected, 
out to >20°, but there is a hole through its center for the primary beam to pass (see 
Section 5 on ray traces). Scattered radiation at angles less than 1.75° would pass 
through this aperture possibly into the wall of a downstream vacuum chamber. For this 
reason, there is additional shielding around the output flange of the monochromator 
optics tank and an exclusion zone around the flanges between the Monochromator 
Optics tank and the Zero-Order Stop. Though this shielding will safely absorb 
scattered radiation within the specularly-reflected cone, samples that are mirrors should 
be excluded from the transmission sample system, to prevent damage to hardware. 

8.5.2. Diffraction is more complicated than reflection.  Several physical properties restrict 
diffraction from crystals in the soft x-ray region. The first is the long wavelengths of 
soft x-rays. Most common crystalline materials have lattice spacings that are too short 
to diffract at or below 2000eV. The second is absorption. Efficient diffraction requires 
the x-rays to interact with a number of crystal planes, so in the soft x-ray regime, 
crystals must be comprised of elements with low absorption.  There are some crystals 
that will diffract in the range of interest and these must be screened out. 

There are also synthetic multilayers. These can be quite efficient diffracting elements in 
this photon energy range.  Multilayers rely on the contrast in the index of refraction in 
alternating layers to enhance the reflection. The most efficient multilayers generally use 
alternating light and heavy elements, which are not likely to survive in the FEL beam, 
but there are multilayers made from different light elements, which could function for 
some period of time in the FEL beam. Any multilayer should be evaluated before being 
put into the beam at the transmission sample system. 

8.5.3. Scatter from amorphous and microcrystalline materials is more diffuse and posses no 
BCS concerns at the transmission sample system. 

8.5.4. Due to the issues with scattered radiation from samples introduced into the beam 
the BCS for the transmission sample system is based primarily on the vacuum interlock 
described in Section 6.2, and secondarily on the review of samples to be placed in the 
beam. This will be part of the safety review required of all experiments at the LCLS.  
Samples that could focus or diffract the beam must be excluded. 

The administrative review will be part of the LCLS safety review of experiment 
proposals. This includes a review of other hazards. For the transmission sample system, 
the following will be added to the procedures: 

 No grazing-incidence mirrors will be permitted in the primary FEL beam. This does 
not exclude in-vacuum mirrors for the pump laser, but these installations must be 
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properly documented and reviewed to make sure they will not be in the FEL beam 
path. 

 Any single-crystal samples will have to be reviewed. If the d spacing does not allow 
diffraction at or below 2000 eV, they can be permitted to run. If they can diffract 
below 2000 eV, further review is required. 

 Any multilayer samples will be considered carefully.  They will be reviewed and it 
must be shown that they cannot diffract the FEL beam into the chamber walls. 

8.5.5. The transmission sample system adjustments are covered and locked due to the 
collimator that is incorporated into the system. 

8.6. The SXR BCS controls are summarized in Table 8.1. The SXR BCS requires 5 support 
cover locks and 10 vent port locks. 

Table 8.1: Summary of Configuration Control on the SXR beam line. 

 System 
z 

(SXR)
Control 

  Component:   
0 XTOD System   
0.1  Flex coupling upstream C4S2 -1.000 Shielding around flex coupling 
0.2   Collimator C4S2  -0.814 Cover for struts colored and labeled
0.3  Flex coupling downstream C4S2 -.640 Shielding around flex coupling 
0.4  Pop-in -.250 Vent port locked 
1 Single Pulse Picker System   
1.1   EPS shutter 0.150 Cover for struts colored and labeled  

Vent port locked 1.2   Single Pulse Shutter 0.429 
2 Transmission Sample System   
2.1  SXR IV-1 .622 Supported from Single Pulse Picker System 

2.2  
Exclusion zone around cross 
downstream of SXR IV-1 (SXR-
TSS-VGC-01) 

.730 Secure with hardware and label 

2.3   Laser In-coupling Mirror 1.639 Cover for struts colored and labeled 
2.4   Transmission Sample System 1.892 Cover for struts colored, labeled and locked 

Active vacuum interlock 2.5   Collimator 1 1.958 

3 Monochromator Optics System   
3.1  SXR IV-2 2.102 Fixed to Collimator #1 
3.2   Adjustable Apertures  2.289 Cover for struts colored and labeled  

Cover and label M1 and Grating hard stops 
Vent port locked 

3.3   M1 Mirror (center) 2.643 
3.4   Grating (center) 2.929 

3.5  
Shield and exclusion zone around 
beam pipe, Mono to Z.O. Stop  

3.400 Secure with hardware and label 

3.6   Zero-Order Stop YAG screen  3.477 
Cover for struts colored, labeled and locked 

3.7   Zero-Order Stop (coll. 2) 3.552 

4 Collimators Systems   
4.1  SXR IV-3 3.692 Fixed to Zero-Order Stop 
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4.2   Collimator 3 4.637 Cover for struts colored, labeled and locked
Vent port locked 

4.3  Drift tube stand 6.380 Cover for struts colored and labeled  

4.4   Collimator 4 7.915 
Cover for struts colored, labeled and locked
Vent port locked 

4.5   
Shield around beam pipe (US side
hutch wall) 

9.332 Bolt to wall and label 

4.6  
Drift tube support (DS side hutch 
wall) 

9.950 Cover for struts colored and labeled 

5 Exit Slit system   
5.1  SXR IV-4 10.172 Fixed to upstream drift tube support 
5.2   Exit Slit  10.434 Cover for struts colored and labeled  

Vent port locked 5.3   Spectrometer Detector 10.619 
6 Photon Stopper System   
6.1  SXR IV-5 10.764 Cover for struts colored and labeled 

6.2   Photon Stopper (S2B) 13.359 
Label system
Vent port locked 

7 Intensity Monitor System   
7.1  SXR IV-6 13.760 Fixed to Intensity Monitor 

7.2   Intensity Monitor 14.017 
Cover struts and secured 
Vent port locked 

8 K-B focusing Optic System   
8.1  SXR IV-7 14.260 Fixed to Intensity Monitor 

8.2   Collimator 5 14.360 Cover for struts colored, labeled and locked 

8.3   M2 Mirror (center) 14.934 Cover and label struts and hard stops
Active vacuum interlock. Set point 5x10-6 
torr 8.4   M3 Mirror (center) 15.434 

9 Differential Pump System   
9.1  SXR IV-8 15.898 Fixed to Collimator #6 

9.2   Collimator 6 15.921 Cover for struts colored, labeled and locked 
Vent port locked 9.4   Collimator 7 16.072 

10 Laser in-coupling system   
10.1  SXR IV-9 16.165 Fixed to Collimator #7 
10.2   Laser In-coupling Mirror 16.296 Constrained by Differential Pump cover  
11 Beam Stop   
11.1   Beam Stop 20.000 Bolt to wall and labeled 

 System 
z 

(SXR)
Control 

  Component:   
0 XTOD System   
0.1  Flex coupling upstream C4S2 -1.000 Shielding around flex coupling 
0.2   Collimator C4S2  -0.814 Cover struts and labeled 
0.3  Flex coupling downstream C4S2 -.640 Shielding around flex coupling 
0.4  Pop-in -.250 Vent port locked 
1 Single Pulse Picker System   
1.1   EPS shutter 0.150 Cover struts and labeled 

Vent port locked 1.2   Single Pulse Shutter 0.429 
2 Transmission Sample System   
2.1  SXR IV-1 .622 Supported from Single Pulse Picker System 
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2.2  
Exclusion zone around cross 
downstream of SXR IV-1 (SXR-
TSS-VGC-01) 

.730 Secure with hardware and label 

2.3   Laser In-coupling Mirror 1.639 Cover and label struts 
2.4   Transmission Sample System 1.892 Cover struts and locked 

Active vacuum interlock 2.5   Collimator 1 1.958 

3 Monochromator Optics System   
3.1  SXR IV-2 2.102 Fixed to Collimator #1 
3.2   Adjustable Apertures  2.289 Cover and label struts  

Cover and label M1 and Grating hard stops 
Vent port locked 

3.3   M1 Mirror (center) 2.643 
3.4   Grating (center) 2.929 

3.5  
Shield and exclusion zone around 
beam pipe, Mono to Z.O. Stop  

3.400 Secure with hardware and label 

3.6   Zero-Order Stop YAG screen  3.477 
Cover struts and locked 

3.7   Zero-Order Stop (coll. 2) 3.552 

4 Collimators Systems   
4.1  SXR IV-3 3.692 Fixed to Zero-Order Stop 

4.2   Collimator 3 4.637 
Cover struts and locked 
Vent port locked 

4.3  Drift tube stand 6.380 Cover struts and label 

4.4   Collimator 4 7.915 
Cover struts and locked 
Vent port locked 

4.5   
Shield around beam pipe (US side
hutch wall) 

9.332 Bolt to wall and label 

4.6  
Drift tube support (DS side hutch 
wall) 

9.950 Cover struts and label 

5 Exit Slit system   
5.1  SXR IV-4 10.172 Cover and label support 
5.2   Exit Slit  10.434 Cover struts and label 

Vent port locked 5.3   Spectrometer Detector 10.619 
6 Photon Stopper System   
6.1  SXR IV-5 10.764 Cover label support 

6.2   Photon Stopper (S2B) 13.359 
Label system
Vent port locked 

7 Intensity Monitor System   
7.1  SXR IV-6 13.760 Fixed to Intensity Monitor 

7.2   Intensity Monitor 14.017 
Cover struts and secured 
Vent port locked 

8 K-B focusing Optic System   
8.1  SXR IV-7 14.260 Fixed to Intensity Monitor 

8.2   Collimator 5 14.360 Cover struts and locked 

8.3   M2 Mirror (center) 14.934 Cover and label struts and hard stops 
Active vacuum interlock 8.4   M3 Mirror (center) 15.434 

9 Differential Pump System   
9.1  SXR IV-8 15.898 Fixed to Collimator #6 

9.2   Collimator 6 15.921 Cover struts and locked 
Vent port locked 9.4   Collimator 7 16.072 

10 Laser in-coupling system   
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10.1  SXR IV-9 16.165 Fixed to Collimator #7 
10.2   Laser In-coupling Mirror 16.296 Constrained by Differential Pump cover  
11 Beam Stop   
11.1   Beam Stop 20.000 Bolt to wall and labeled 
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Appendix A:  Pressure rise vs. time for small holes in vacuum chamber.  This analysis 
has been prepared by Andy Ringwall. 
 
Overview 
Calculate the pressure rise (nTorr) vs. time (secs) for the SXR collimator section due to a circular 
“burn thru” leak for two cases: 
 
Case 1: Leak at the center of the spool at a distance from the sensor. Calculate the pressure rise at 
the down beam chamber. Ignore the up beam chamber which has a low conductance collimator 
between the leak and its pump. 
 
Case 2: Leak occurs directly at the chamber with the sensor. Ignore the spools. 
 
Use lumped modeling components. See Fig. 1 and Fig. 2. 
 

 
 
Fig. 1: SXR spool and down beam collimator assembly 
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Fig. 2: Electrical equivalent for case 1: Pa: atmospheric pressure (760 Torr); Cl  = leak conductance 
(l/s);  Cs = spool conductance (l/s); Ps = spool pressure (nTorr); Vs = spool volume (l); Pc = 
chamber pressure (nTorr); Vc = chamber volume (l); Sp = pump speed (l/s) 
 
Analysis 
For a circular hole created suddenly through the wall of a vacuum chamber, molecular flow was used 
to calculate the conductance of gas flow through the leak. Except for small holes, molecular flow 
has a lower conductance than viscous flow. Equating the molecular conductance and the circular 
conductances for an air leak: 
 

12.1 (D3/L) = 182 (D4/L) Pavg  (Roth1, eqn’s  3.54 & 3.94) 
 
Where D is the circular diameter (cm); L is the length (cm); Pavg is half the atmospheric pressure, 
380 Torr. So for D > 1.8 microns, molecular flow will give a slower pressure rise. 
 
Case 1 
The pressure rise as a function of time, Pc(t), for the chamber is: 
 

Pc(t) = (Cl Pa/ Sp) + ((Cl Pa Cs)/(Vs Vc r1 (r1-r2))) e r1 t + ((Cl Pa Cs)/(Vs Vc r2 (r2-r1))) e r2 t 

 
Where t is time after burn through and r1 and r2 are the quadratic roots: 
 

r1, r2 = .5 (-b ± (b2 – 4 a c) .5) 
 

a = 1; b = (Cs Vs + Sp Vs + Cs Vc)/(Vs Vc); c = (Sp Cs)/(Vs Vc) 
 

For example, for a 2 micron diameter hole, pressure in nTorr, and time in seconds, the pressure rise 
is: 

 
Pc(t) =  5.94  - 6.11 e -3.57 t + 0.17 e -128.32 t  
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Case 2 
The pressure rise for a chamber burn through is: 
 

Pc(t) = (Cl Pa/Sp) (1 – e –(Sp/Vc) t) 
 

For example, for a 2 micron diameter hole, pressure nTorr and time in seconds, the pressure rise is: 
 

Pc(t) =  5.94 (1 - e -118.3 t )  
 
Discussion 
The pressure rise time is a function of the hole size and resulting leak rate and of the distance from 
the  hole to the sensor (case 1 vs. case 2).  Small diameter holes for a sensor in the same chamber at 
the leak  
 
 
Results 

Pressure rise @ the downbeam collimator chamber
Circular hole at the mid-point of the collimator section
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Pressure rise @ a collimator chamber 
Circular burn thru hole in the chamber
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1A. Roth, Vacuum Technology, 2nd edition, 1982; pg. 76, 84 
 
 


