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Abstract 
 
LCLS-II can deliver very strong FEL beams, up to 8.8 mJ per pulse and 880 W in average, according to the 
recent simulations.  This challenges the radiation safety design for FEL stoppers, collimators and dumps.  
The current LCLS-II design uses graphite coated CVD diamond as the primary FEL absorber, mainly due to 
its high thermal conductivity.  However, the uniform element choice creates strong FEL absorption around 
the carbon K-edge (~289 eV) and FEA calculations show that the temperature may be over 2000 °C on CVD 
diamond due to mainly from single pulse instantaneous temperature rising.  To resolve this, an FEL intensity 
interlock to limit FEL power to safe levels is designed to protect stoppers, which need to see beams in 
normal operations.  FEL collimators, however, should not see beams in normal operations, and thus photo 
diodes are used to detect and terminate mis-steered beams. 
 
 
Introduction 
 
LCLS-II will provide 120 kW 4 GeV electron beams up to 1 MHz to each of its two undulator lines, one for 
soft x-ray FEL and another for hard x-ray FEL.  The start-to-end simulations show, as listed in Table 1, the 
maximum FEL beams may reach up to 8.8 mJ/pulse and 880 W average power on the soft x-ray line (SXR) 
and 4.6 mJ/pulse and 460 W average power on the hard x-ray line (HXR) [1].  The combination of high 
pulse intensity and average power brought excessive challenges on the radiation safety design for LCLS-II 
FEL beams.  This paper summarizes studies and solutions for LCLS-II FEL stoppers and collimators. 
 

 SXR HXR 
 250eV 750eV 1.25keV 1.5keV 3.25keV 5keV 
20pC (1.5 MHz) 393 266 222 251 191 37 
100pC (300 kHz) 2549 1635 1008 1731 617 6 
300pC (100 kHz) 8801 5699 3386 4567 2064 - 

Table 1 Maximum µJ/pulse from simulations at different beam parameters 
 
 
Photon Stopper System 
 
The existing LCLS-I stopper based on B4C cannot take the high power FEL beams from LCLS-II, since the 
thermal conductivity of B4C is low.  On the other hand, the front end enclosure (FEE) of LCLS is short such 
that there is no space to use a glancing B4C solution as EU-XFEL.  LCLS-II came to a diamond based design 
after intensive studies.  Fig. 1 shows the schematic of the stoppers system on the SXR line.  On the 1st PPS 
(Personal Protection System) stopper, a layer of water cooled 750 µm thick CVD diamond with 2 µm 
graphite coating is followed by a layer of SiC, then a burn-through monitor and then a 80 mm long heavy 
tungsten alloy block [2].  The 2nd PPS stopper is simplified as a burn-through monitor followed by a heavy 
tungsten alloy block.  There are another FEL absorber in front of the 1st PPS stopper and an FEL Intensity 
Interlock to further protect its integrity due to its performance under LCLS-II FEL beams, which will be 
introduced in the later of this section.  The stoppers on the HXR line will be simpler, just two identical 
components same as the 1st PPS stopper on the SXR line, and there is no additional FEL absorber and 
interlock protection. 
 



 
Fig. 1 Schematic of LCLS-II photon stopper system on the SXR line 

 
FEA studies were performed to understand the temperature profile of stoppers under the average power.  The 
instantaneous temperature rising from single pulses was then added on top of the temperature from average 
power.  The results show that the temperature on HXR stoppers will be less than 300 °C [2] and thus will be 
safe and will not need extra protections.  However, the temperature on the 1st SXR PPS stopper, as listed in 
Table 2, may reach over 2000 °C for FEL beams around the carbon K-edge (~285 eV) and it is mainly 
contributed by the instantaneous temperature rise from single pulses while not by the average power.  This is 
caused by the strong photon absorption of the CVD diamond (and graphite coating) around the carbon edge. 
 

Average Power + Instantaneous Pulse  Single Pules Instantaneous Temperature Rise 
Power (W)  

 + mJ 
100 
1.0 

200 
2.0 

300 
3.0 

400 
4.0 

500 
5.0 

600 
6.0 

 mJ 1.0 2.0 3.0 4.0 5.0 6.0 

250 eV 103 173 242 315 393 480  250 eV 40 64 81 94 105 115 
290 eV 569 947 1304 1658 2016 2382  290 eV 504 834 1135 1426 1712 1996 
500 eV 425 699 959 1218 1488 1773  500 eV 352 567 758 937 1112 1286 
750 eV 337 554 763 980 1213 1472  750 eV 257 404 529 647 760 872 

1300 eV 225 380 541 724 943 1209  1300 eV 132 200 252 300 347 394 

Table 2 Maximum temperatures on the 1st SXR PPS stopper [2] 
 
The CVD diamond phase transition (to graphite) happens from ~1300 °C and graphite will start sublimation 
from ~1500 °C.  Therefore it must be studied how the CVD diamond with graphite coating may be damaged 
under the high temperature.  Transient studies [3] show that the peak temperature will drop quickly and 
won’t cause sublimation within 10-20 ns, as in Fig. 2.a.  Therefore the sublimation can happen only within a 
very small fraction of time.  Fig. 2.b shows the calculated erosion rate by considering the transient at 
different pulses and thermal conductivities between graphite and CVD diamond.  For the smallest thermal 
conductivity founded in literatures (k = 1 W/m/K), the erosion rate is ~7000 µm per year, so 750 µm CVD 
diamond can sustain for about one month. 
 

  
(a) Transient temperature within 90 ns from pulse incidence (b) Erosion rate at different parameters 

Fig. 2 (a) Transient temperature within 90 ns from pulse incidence and (b) erosion rate for different parameters [3] 
 



Two protection layers are applied to the SXR line to protect the PPS stoppers from the slow sublimation.  
First, another FEL absorber (called “BCS FEL absorber” in Fig. 1) is deployed in front of the 1st PPS stopper.  
The BCS absorber [5] has a water cooled CVD diamond layer (with graphite coating) followed by a fast 
burn-through detector.  The fast burn-through detector is a light tight box with two photodiodes inside.  If 
FEL beams burn a hole on the light tight box, the photodiodes will see lights and then turn off beams. 
 
The second protection layer is the FEL Intensity Interlock, which limits the FEL pulse energy (mJ) from 
indirect beam parameters.  The reason of not using FEL pulse energy measurement directly is the difficulty 
to make it a qualified safety system.  Fig. 3 shows the schematic of the FEL Intensity Interlock.  The center 
of the interlock is the 2D function of the maximum temperatures on stoppers which is a function of both 
electron bunch charge (pC) and FEL wavelength (eV).  The interlock has a preset temperature limit (Tlimit), 
representing the safe limit of stoppers.  During operations, the interlock receives real time electron bunch 
charge from sensors.  It will first calculate a range of FEL wavelengths (called “forbidden photon energy”) 
within which the maximum temperature would exceed the preset limit, and then calculate the corresponding 
gap range (called “forbidden gap range”) according to the real time electron energy (GeV).  Since undulator 
tapering is required to deliver strong FEL pulses, we conservatively set that the interlock will trip off beams 
if more than half undulator gaps fall in to the forbidden gap range. 
 

 
Fig. 3 Schematic of LCLS-II FEL Intensity Interlock on the SXR line 

 
 
FEL Collimators 
 
FEL collimators are used to define the FEL paths along beam lines.  LCLS-II FEL collimators use the same 
diamond-based design as stoppers [6].  Fig. 4 shows the design of FEL collimators.  Different with stoppers, 
collimators should not see FEL beams during normal operation, so four photodiodes are deployed onto each 
collimator.  The photodiodes will detect back scattered radiation when FEL beams hit a collimator.  The 
interlock will trip off beams if excessive FEL beams reach a collimator. 
 

     
Fig. 4 Design of LCLS-II FEL collimators 



Summary 
 
The high pulse energy and high average power of LCLS-II FEL beams caused great challenges on the design 
of radiation safety stoppers and collimators, and the restricted spaces of the existing facility sets another limit.  
The diamond-based stopper design can well dissipate the average power of FEL beams, but leave a drawback 
of very high instantaneous temperature from single pulses for FEL beams around carbon K-edge (on the soft 
x-ray line).  The high peak temperature may cause slow sublimation of the stopper material and may burn the 
whole stopper in the time scale of a month.  For radiation safety purposes, an additional FEL absorber and 
the FEL intensity interlock are used to protect the stoppers.  FEL collimators use a similar design as stoppers 
and thus face the same challenges.  Photodiodes are added to FEL collimators to trip off beams when 
excessive FEL beams hit a collimator. 
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