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Of	
  course	
  this	
  was	
  not	
  realizable	
  without	
  signiNicant	
  developments	
  in	
  RF	
  
Superconductivity	
  –	
  both	
  high	
  Q	
  and	
  relatively	
  high	
  gradients	
  simultaneously.	
  	
  
Only	
  recently	
  have	
  we	
  gotten	
  to	
  that	
  stage	
  so	
  that	
  the	
  great	
  advantages	
  of	
  the	
  
ERL	
  are	
  ready	
  for	
  prime	
  time.	
  



Suggestion	
  in	
  which	
  the	
  same	
  beam	
  is	
  accelerated	
  and	
  decelerated	
  	
  in	
  the	
  same	
  
cavity	
  was	
  made	
  in	
  a	
  FEL	
  context:	
  	
  C.A.	
  Brau	
  et	
  al,	
  in	
  Proc.	
  International	
  Conference	
  
on	
  lasers	
  (1979)	
  
	
  	
  
First	
  done	
  at	
  the	
  SCA,	
  Stanford,	
  1986:	
  	
  T.I.	
  Smith	
  et	
  al	
  NIM	
  A	
  259	
  (1987)	
  



APAC	
  2007	
  https://accelconf.web.cern.ch/accelconf/a07/TALKS/MOYMA01_TALK.PDF	
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The	
  Jefferson	
  Lab	
  IR	
  FEL	
  	
  Upgrade	
  
	
  
G.R.	
  Neil,	
  et	
  al.,	
  Nucl.	
  Instr.	
  &	
  Methods	
  A557	
  (2006)	
  9.	
  

Emax=200	
  MeV;	
  Ipk=270A;	
  ε<11	
  µm;	
  Qmax=135	
  pC;	
  fbun=4.7	
  –	
  75	
  MHz;	
  
Pbeam,	
  max=2	
  MW	
  –	
  largest	
  anywhere	
  to	
  date	
  



The	
  Novosibirsk	
  ERL	
  with	
  3	
  FEL’s	
  
	
  
O.	
  A.	
  Shevchenko	
  et	
  al	
  Proc.	
  ERL2013,	
  Novosibirsk,	
  Russia	
  

Einj=2	
  MeV;	
  Emain	
  linac	
  gain=10	
  MeV;Qbun=1.5	
  nC;Iavg=5	
  mA;	
  	
  
ε=20	
  μm;	
  frf=180	
  MHz;	
  fbun=90	
  MHz;	
  Nturns=3	
  (4th	
  in	
  commissioning)	
  
	
  

Normal	
  conducting	
  RF	
  



Photo	
  of	
  Novosibirsk	
  3	
  pass	
  ERL	
  



Einjgoal=	
  5	
  MeV;	
  (Einjopr=2.9MeV)	
   	
  Emaxgoal	
  =35	
  MeV;	
  

(Emaxopr=20MeV)	
  Ibmgoal	
  =	
  10	
  mA;	
  (Ibmopr=80µa)	
  εgoal =0.1µm; (εopr =0.3µm); 	
  

7 KeV	
  x-­‐rays	
  by	
  laser	
  Compton	
  scattering	
  	
  

cERL	
  at	
  KEK	
  



4	
  pass	
  FFAG	
  R&D	
  loop	
  for	
  eRHIC	
  

!4!

independent!groups!in!the!1950’s![5,!6,!7].!!However,!FFAG!optics!have!not!yet!been!
used! in! combination!with!an!ERL,! a! combination! that! is! at! the!heart!of! the!eRHIC!
design,! and!which! is! a! core!motivation! for!Cβ! accelerator!physics!prototyping.! ! In!
eRHIC! the! advantages! of!NS3FFAG!optics! are! evident:!many!passes!with! a! shorter!
superconducting!linac!and!only!two!electron!beamlines!in!the!RHIC!tunnel.!!The!Cβ!
implementation!will!enable!these!prototype!magnet!and!optical! technologies!to!be!
studied.!!Advanced!understanding!of!NS3FFAG!beam!dynamics!will!also!spin3off!into!
related! applications,! such! as! hadron! therapy,! gantry! optics,! multi3pass! neutron!
generators,!and!Accelerator!Driven!Subcritical!Reactor!(ADSR)!systems.!
!
!

 
Figure! 1! Possible! floor! plan! of! the! Cornell3BNL! ERL! Test! Accelerator! in! the! L0E!
experimental!hall!in!Wilson!laboratory.!

!
The!NS3FFAG!concept!was!originally!developed!as!a!solution!for!fast!acceleration!of!
short!lifetime!muons.!!Small!dispersion!functions!lead!to!magnet!apertures!that!are!
much!smaller!than!with!scaling!FFAG!optics![8].!!General!advantages!include:!!

1) Large!energy!ranges!of!a!factor!of!4!or!5!with!permanent!magnets.!
2) Small!physical!aperture,!small!magnet!size,!and!small!orbit!offsets.!
3) Linear!magnetic!fields!often!enable!the!use!of!displaced!quadrupoles.!
4) Large!dynamic!apertures,!with!no!non3linear!magnets!or!fields.!
5) Extreme!focusing!–!very!small!Twiss!and!dispersion!functions.!

!
General!disadvantages!of!NS3FFAG!optics!are:!

1) Tune!and!chromaticity!variation!with!energy.!
2) Time3of3flight!is!a!parabolic!function!around!the!central!reference!energy.!



ERL	
  FFAG	
  Loops	
  for	
  eRHIC	
  



…more	
  

SRF!system!for!eRHIC:! f =422MHz ; ncell =5 ; g=18.5MeV/m;!

!
SR!power!compensated!by!separate,!second!harmonic!system!with!
energy!spread!compensation!by!a!fifth!harmonic!system.!
!
There!will!be!SRF!crab!cavities!at!the!IR’s!using!a!BNL!design!
!

AND!
!

There!will!be!another!ERL!to!provide!the!electron!beam!for!the!
Coherent!electron!Cooling!system!for!the!ions!!!



High	
  Brightness	
  X-­ray	
  Light	
  Source	
  as	
  CESR	
  Upgrade	
  

1	
  injector	
  100mA;	
  2,4	
  srf	
  linac;	
  3	
  turnaround	
  arc;	
  5,7	
  5GeV	
  x-­‐ray	
  beamlines;	
  
6	
  CESR	
  arc	
  return	
  loop;	
  8	
  beam	
  stop;	
  9	
  cryoplant.	
  [
http://www.classe.cornell.edu/Research/ERL/PDDR.html	
  ]	
  	
  





[https://indico.cern.ch/event/278903/timetable/#all.detailed]	
  



•  Many	
  of	
  the	
  projects	
  require	
  large	
  scale-­‐up	
  w.r.t.	
  existing	
  
machines	
  e.g.	
  ERL	
  using	
  FFAG	
  

	
  
•  	
  Very	
  precise	
  phase	
  and	
  amplitude	
  control	
  required	
  over	
  
large	
  spatial	
  extent	
  with	
  varying	
  ground	
  vibration	
  
conditions	
  

	
  
•  Unprecedented	
  beam	
  currents	
  in	
  SRF	
  linacs	
  (BBU,	
  halo)	
  
	
  
•  Beam	
  dynamics	
  of	
  unprecedented	
  numbers	
  of	
  spatially	
  
superposed	
  bunches	
  in	
  the	
  SRF	
  linacs	
  

	
  
•  High	
  power	
  of	
  high	
  energy	
  x-­‐rays	
  to	
  be	
  protected	
  against	
  



R&D	
  for	
  mitigation	
  
	
  
• Large	
  scale-­‐up	
  risks	
  need	
  mitigation	
  by	
  excellent,	
  full	
  scale,	
  
machine	
  modeling	
  including	
  realistic	
  error	
  distributions	
  derived	
  
from	
  real	
  hardware	
  prototypes	
  and	
  putative	
  speciNications	
  

• Phase	
  and	
  amplitude	
  control	
  challenges	
  are	
  multidimensional	
  here	
  
we	
  mention	
  only	
  one	
  i.e.	
  vibration	
  induced	
  detuning	
  of	
  the	
  very	
  high	
  
Q	
  cavities.	
  	
  Successful	
  mitigation	
  will	
  require	
  great	
  attention	
  to	
  the	
  
vibration	
  source(s)	
  and	
  design	
  of	
  the	
  cryomodules	
  for	
  favorable	
  
transfer	
  functions	
  -­‐	
  source	
  to	
  cavity.	
  	
  Enough	
  prototypes	
  needed	
  to	
  
assure	
  robustness	
  of	
  design.	
  	
  RF	
  and	
  beam	
  measurements	
  in	
  R&D	
  
loop	
  can	
  both	
  help.	
  



More…	
  
	
  
• Advanced	
  evaluation	
  of	
  ion	
  effects	
  and	
  Touschek	
  scattering	
  and	
  
halos	
  caused	
  by	
  intra-­‐beam	
  scattering	
  and	
  disruption	
  of	
  e-­‐beam	
  
at	
  the	
  IP’s	
  with	
  mitigation	
  designs	
  as	
  needed	
  

• Assurance	
  of	
  high	
  enough	
  BBU	
  threshold	
  requires	
  advanced	
  
cavity	
  design	
  with	
  realistic	
  error	
  distributions	
  to	
  determine	
  the	
  
conservative	
  number	
  of	
  cells	
  per	
  cavity	
  allowed	
  and	
  a	
  
concomitant	
  QC	
  program	
  of	
  manufacturing.	
  	
  
	
  
• Radiation	
  checks	
  of	
  prototype	
  magnets	
  using	
  simulated	
  
distribution	
  of	
  radiation	
  power	
  and	
  spectrum	
  –	
  look	
  for	
  
asymmetric	
  demagnetization	
  



A	
  multipass	
  FFAG	
  test	
  loop	
  such	
  as	
  indicated	
  in	
  slide	
  11	
  
could	
  illuminate	
  key	
  issues:	
  
	
  
1. multiturn	
  BBU	
  thresholds	
  for	
  proof	
  of	
  possible	
  cavity	
  
designs	
  (theory	
  test)	
  and	
  manufacturing	
  quality	
  control	
  
2. halo	
  caused	
  by	
  dark	
  current,	
  gas	
  scattering,	
  Touschek	
  
scattering,	
  laser	
  reNlections……..	
  and	
  their	
  mitigations	
  
3. multiturn	
  FFAG	
  magnetic	
  multipole	
  control	
  
4. beam-­‐ion	
  effects	
  
5. operational	
  challenges	
  including	
  instrumentation	
  and	
  
stability	
  for	
  multiturn	
  beams	
  
	
  
	
  



Currently	
  there	
  are	
  proposals	
  and	
  suggestions	
  for	
  
several	
  important	
  applications	
  of	
  the	
  ERL	
  principle.	
  	
  As	
  
many	
  of	
  the	
  suggested	
  machines	
  are	
  at	
  scales	
  much	
  
larger	
  than	
  supported	
  by	
  our	
  experience,	
  great	
  
attention	
  needs	
  to	
  be	
  given	
  to	
  detailed	
  simulations.	
  	
  
Required	
  error	
  tolerances	
  and	
  instrumentation	
  as	
  
determined	
  from	
  detailed	
  simulations	
  need	
  to	
  be	
  
practical	
  as	
  shown	
  by	
  prototypes	
  and	
  small-­‐scale	
  
models	
  of	
  the	
  loops	
  where	
  possible.	
  	
  	
  



THANK	
  YOU!	
  


