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• Radiation cooling principle 

• Target cooling issues focused to Ecm = 250GeV 

– Thinner target 

– Target temperature with QWT or/and 10Hz 

–  load limit for target material 

• Next steps 
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Andriy Ushakov @ POSIPOL 2016 (1312 bunches, 5Hz, 0.4X0) 
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Principle of radiation cooling for the ILC e+ target 

• The photon beam deposits about 2-8 kW in the target 
depending on 
– Electron beam energy 

– Target thickness 
 

• The peak energy deposition density (PEDD) is ~40-50J/g 
for 1312 per pulse (DT ~ 80-100K) 

 

• Stefan-Boltzmann law 

 

 
                       Average temperature  

 

• Achieve acceptable temperature                                                   
in target  with proper radiating                                                                    
surface 
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5 S. Riemann  LCWS 2016:  Status radiative thermal e+ target cooling 

Radiative cooling model   
• e+ target located close to FC 

• Rotating wheel consists of  
– Ti rim (e+ target) and 

– radiator (Cu)  

      to increase radiating surface 

• Heat path:   
– thermal conduction Ti   radiator 

– Thermal radiation from  Ti and 
radiator  to stationary water cooled 
coolers  

• Target, radiator and cooler are  
in vacuum  

• Radiating area can be adjusted 
by fins  

 

 

Goal:  

keep target wheel temperature 

below  failure limit 

 

Sketch: Felix Dietrich 



Target wheel issues 

• Temperature distribution in target 
– Focused photon beam  only small part is heated instantaneously 

– Low thermal conductivity in Ti  and Ti alloys 
l = 0.065 W/(m K) at RT 

l = 0.126 W/(m K) at 500˚C 

– Heat ‘moves’ 𝜆𝑡/𝜌𝑐 ~ 0.5cm  in 6.5sec 

 accumulation of heat in the target; hottest area in outer region of 
the wheel 

– Cyclic load at hot target region: what can the material stand ?   

• Radiator made of material with high thermal conductivity  
contact of target and radiator must have low thermal resistance  

– Bolting, brazing, … to be tested 

• Weight of the wheel  

– Spinning in vacuum, 2000rpm  

– Plan to use magnetic bearings  

– Ti disk, r=50cm, d=1.5cm: ~50kg; Ti rim + Cu radiator: O(100kg) 
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 temperature development  
 

Assume  ‘full’ 0.4X0 Ti alloy wheel, Edep  = 2.3kW 

 max average temperature ~ 450˚C ( = 0.35) 

                      

Consider disc part hit by one pulse: 
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F. Dietrich 



Target wheel issues (cont’d) 
• Temperature distribution in target 

– Focused photon beam  only small part is heated instantaneously 

– Low thermal conductivity in Ti  and Ti alloys 
l = 0.065W/(m K) at RT 

l = 0.126W/(m K) at 500˚C 

– Heat ‘moves’ 𝜆𝑡/𝜌𝑐 ~ 0.5cm  in 6.5sec 

 accumulation of heat in the target; hottest area in outer region of the wheel 

– Cyclic load at hot target region: what can the material stand?   
 

• Radiator made of material with high thermal conductivity  contact of 
target and radiator must have low thermal resistance  

– Bolting, brazing, …  

– Need stationary prototype to test heating and cooling of a target piece 
 

• Weight of the wheel  

– Ti disk, r=50cm, d=1.5cm: ~50kg;  

– Ti rim + Cu radiator: O(100kg) 
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Thinner target:  ~7 mm 

• Edep  ~ 4 kW  (231m TDR undulator, 2625 bunches/pulse) 

• Edep ~ 2 kW   (1326 bunches/pulse) 

•  DTmax ~ 80 K  

• Important: lower energy deposit in FC 

 

What do we gain concerning cooling? 
– Peak and average temperatures 

• Radiating area is almost the same, deposited power is reduced 
 average temperature distribution is shifted to lower 
temperatures 

• Instantaneous temperature rise per pulse is almost unchanged 

– Thinner target implies lower weight – in best case a factor 2 

– Steady state T in wheel is reached in shorter time 

– Stress, stability etc has to be considered in detail  studies 
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Ecm=250GeV, 0.2X0 target thickness  

• Assume 1312 bunches/pulse, Edep ~ 2 kW 

• Consider ‘full’ disk with Ti alloy 
– maximum average temperature: Tmax ~ 450˚C 

– Weight of ‘full’ wheel:  

• 0.7 cm thickness ~25kg 
 

– Stress:  

• Fatigue stress limit Ti6Al4V 

~510 MPa (RT) 
– stress in outer hot region of wheel along                                                      

beam path  (~hoop stress in ring): 
 

H = E a DT if expansion is prevented  
         

     H ~ 410 MPa 
 

– Plus stress due to instantaneous heating (~150MPa), eddy 
currents, centrifugal force,… 
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Ecm=250GeV, 0.2 X0 target thickness, 1312 b/pulse  

• ‘full’ wheel  from target material: 

• Hoop stress substantially reduced by sliced rim part 

 

• In principle, such ‘simple’                                                                 
wheel could be sufficient                                                            
for Ecm = 250GeV,                                                                         
1312 bunches/pulse                                                            
and flux concentrator 
 

• will be studied including                                                                
 inst, eddy, centrifugal,… 

 Include also other high temperature                                                              
Ti alloys                                                                                        
(M. Breidenbach et al: Ti-SF61) 
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Not to scale 



Ti alloy parameters at high temperatures 

• Ti6Al4V (http://asm.matweb.com/search/SpecificMaterial.asp?bassnum=MTP642 ) 

• Ti-SF61(Ti-5.9Al-2.7Sn-4Zr-0.45Mo-0.35Si-0.22Y),  see also http://amt-

advanced-materials-technology.com/materials/titanium-high-temperature/ : 

“This Titanium alloy could be used up to 620°C for long service times. …highest creep 

resistance  … The fatigue strength is very high up to 820°C…”  
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r 
[g/cm3] 

l 
[W/mK] 

a  
[10-6/K] 

Tmelt 

[C] 

E 

[GPa] 

UTS 

[MPa] 

YS 

[MPa] 

Elong 

[%] 

Fatigue  

[MPa, 107] 

b-trans. 

[C] 

RoomTemp 

Ti-SF61 4.56 6.7 8.3 1650 120 1068 1050 11 195@760C 

600C 

  752 655 16 

8.6 

(RT) 

Room temp 

Ti6Al4V 4.43 8 9.7 

(650C) 

1604 113.4 950 880 14 510 unn. 

240n. 

980  
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Ecm= 250 GeV and higher lumi 

 

• Higher lumi with 10Hz 
 Energy deposition is doubled, ~4kW 

 Extrapolation to max average temperature in full Ti alloy 
wheel  585˚C 

 PEDD/pulse  remains unchanged 

 Peak temperatures above 600˚C; most likely <700˚C 

 

• Based on results of  material tests at MAMI so far: 
these temperatures are at the limit  
 

simple ‘full Ti alloy wheel’ is not an option for high 
lumi; need better design of target wheel with efficient 
cooling   
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QWT instead of FC 

• So far, we assume that QWT increases energy deposition 
in target be a factor 1.6 to keep the e+ yield of 1.5e+/e-   
~3.2 kW 
 

• Extrapolation of max average temperature in ‘full’ Ti alloy 
wheel cooled by thermal radiation: 540˚C 
 

• PEDD is increased by factor 1.6; and so the max 
instantaneous temperature rise: DT~130-160 K/pulse  
–  D = EaDT/(1-n) ~ 200MPa 

 

• QWT and 10 Hz with 1312 b/pulse and Y=1.5e+/e- 
– 6.4 kW energy deposition  ~ 700˚C max average temperature in 

simple ‘full’ Ti alloy wheel   

– PEDD/pulse as at 5Hz but this instantaneous load happens at 
higher temperature  fatigue limit reached or exceeded 
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• High luminosity and/or less efficient capture 

optics  

– need a radiator  for the target wheel made of material 

with high thermal conductivity   

• Higher weight of the wheel 

• More complicated design (connection of target and radiator 

material) 

– Photon beam dump has to absorb higher power 

• Window to photon dump 
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T-distribution in wheel with Cu radiator 

•                                              
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radiator 

target 

Max average T in target: ~285˚C 

Edep = 2.3kW,0.4 X0 

F. Dietrich 



Improve the undulator parameters ?  

• Lower K  

– increases photon energy; E1 ~ 1/(1+K^2) 

– higher E1, Eave of g beam to increase pair production 

efficiency 

– Decreases cone angle of emitted photons, q ~ √(1+K^2) 

– But reduces # of photons per meter; Ng ~ l K2 

 

• Decrease also  undulator period – if possible? 
 K = 0.8, l = 10.5mm   Y = 1.5 e+/e-, Lund = 202m 

 K = 0.8, l = 10.0mm   Y = 1.5 e+/e-, Lund = 180m 

– Estimated energy deposition with these parameters:  

• ED in target reduced by  ~15…20%   

• PEDD in FC may be lower by ~ 15-20% (most likely still too high) 
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• Nothing new from us concerning engineering the wheel 
design.  Follow our working plan  
– target cooling specification 

– response of rotating wheel to the beam load, heating, stress, 
cooling, imbalances,…   
 

M Breidenbach et al. presented at ICHEP’16 a target 
concept: 

– radiation cooling,  use high temperature Ti alloy SF61 as target 

– Suggest   magnetically suspending and driving  of the target  
wheel by a system without permanent magnets.   

– The drive system is ~ready for prototyping. 

 
 
•   
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 Ti SF61 blades 

         Tmax = 916˚C  



Our next steps 

• Study for wheel design; focus is Ecm = 250 GeV: 
– Keep the max average T around 500C (below 600C) 

– Keep the weight as small as possible 

– Take into account also 10Hz and a QWT instead of FC 

– Test whether undulator parameter update could help 
 

• PhD student, Khaled Alharbi, started recently. He will contribute to 
the study of the undulator masks taking into account realistic 
undulator B field and period errors 
 

• prepare the Lab-test design for heating and cooling of  a 
stationary target sector 
– Check temperature distribution 

– To test heating and cooling efficiency 

– To test connections of target and radiator 

– Potential deformation, … 
 

• Continue target material studies using an electron beam   
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