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Outline	
  
•  Introducaon	
  and	
  moavaaon	
  for	
  transverse-­‐to-­‐
longitudinal	
  phase	
  space	
  exchange	
  (PEX),	
  
– Emidance	
  exchange,	
  
– Pulse	
  shaping.	
  
	
  	
  

•  Theoreacal	
  background	
  
	
  
•  Experimental	
  demonstraaons	
  

•  Future	
  plans	
  at	
  Fermilab	
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Introduc>on	
  
•  Historically	
  phase	
  space	
  manipulaaons	
  occurs	
  
in	
  one	
  degree	
  of	
  freedom	
  (e.g.	
  bunch	
  
compression,	
  beam	
  focusing,	
  emidance	
  
compensaaon,…)	
  

•  Phase	
  space	
  manipulaaons	
  between	
  two	
  (or	
  
three)	
  degrees	
  of	
  freedom	
  
– Flat	
  beams	
  generaaon,	
  	
  
– Transverse	
  to	
  longitudinal	
  phase	
  space	
  exchange	
  

	
  	
  	
  	
  have	
  become	
  available	
  
•  New	
  opportuniaes…	
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EmiBance	
  exchange	
  
•  Miagaaon	
  of	
  microbunching	
  instability	
  in	
  high-­‐
brightness	
  electron	
  beams	
  	
  
	
  

•  Reparaoning	
  of	
  emidances	
  

	
  
	
  

– FELs:	
  (1,1,0.1)	
  	
  	
  	
  	
  	
  	
  	
  (0.1,10,0.1)	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (	
  0.1,0.1,10)	
  
–  ILC:	
  (5,5,10)	
  	
  	
  	
  	
  	
  	
  	
  	
  (1250,0.02,10)	
  	
  	
  	
  	
  	
  	
  	
  	
  (10,0.02,1250)	
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[M.	
  Cornacchia,	
  P.	
  Emma,	
  PRSTAB	
  9,	
  100702	
  (2006)]	
  

ε=1	
  µm	
  3.5	
  kA	
  

ε=0.1	
  µm	
  1	
  kA	
  

[emi%ance	
  (εx,	
  εy,	
  εz)	
  par22on	
  in	
  µm]	
  

!



Pulse	
  shaping	
  for	
  radia>on	
  sources	
  
•  Bunch/modulate	
  the	
  beam	
  	
  
at	
  the	
  desired	
  radiaaon	
  wavelength	
  

•  Coherent	
  enhancement	
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Pulse	
  shaping	
  for	
  wakefield	
  accelera>on	
  	
  
•  Beam-­‐driven	
  acceleraaon	
  	
  
methods	
  characterized	
  by	
  
the	
  “transformer	
  raao”	
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high-­‐impedance	
  
medium	
  

drive	
  
bunch	
  

witness	
  
bunch	
  

drive	
  
bunch	
  

[F.	
  Lemery,	
  P.	
  Piot.,	
  IPAC12	
  (2012)]	
  



Principle	
  of	
  PEX	
  
•  Beam	
  line	
  composed	
  of	
  a	
  deflecang	
  cavity	
  
flanked	
  by	
  two	
  dispersive	
  secaons	
  
	
  

•  Condiaons	
  for	
  exchange:	
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Downstream	
  
dispersive	
  secaon	
  

Upstream	
  
dispersive	
  secaon	
  

transfer	
  matrix	
  
downstream	
  secaon	
  

κ = − 1

ηu
1	
   2	
  

Normalized	
  deflecang	
  strength:	
  

[R.	
  Fliller,	
  FNAL	
  BeamDocs	
  2271-­‐v2	
  (2007)]	
  



Simple	
  PEX	
  beamline	
  (1)	
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x1 = x0 +!"0
x '1 = x '00
z1 = z0 +!x '00+!"0
"1 ="0

x2 = x1 = x0 +!"0
x '2 = x '1+!z1 = x '0 (1+!")+!z0 +!"#0
z2 = z1 = z0 +!x '00+!"0
"2 = "1 +# x1 = !0 (1+"#)+" x0

1+!" = 0

Deflecting 
cavity strength 

dispersion 

Dogleg beamline 
(dispersive section)	
  

1 
2 

!x ' " !z
!! ! ! x



Simple	
  PEX	
  beamline	
  (2)	
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2 

3 

x2 = x0 +!"0
x '2 =!z0 +!"#0
z2 = z0 +!x '00+!"0
"2 =# x0

x3 = x2 +!"2 =!"0 + (1+!# )x0
x '3 = x '2 =!z0 +!"#0
z3 = z2 +!x '0+!"2 =#x '00+!"0 (1+#$ )+ z0 (1+!" )
#3 = #2 =" x0

x3 =!"0
x '3 =!z0 +!"#0
z3 =!x '00
!3 =" x0

phase-space  
coordinates 
exchanged	
  



Limita>ons	
  for	
  emiBance	
  exchange	
  

•  Thick-­‐lens	
  effect	
  
(	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  )	
  	
  

•  Non-­‐zero	
  M65	
  	
  
results	
  in	
  spurious	
  coupling	
  between	
  (x,x’)	
  and	
  
(z,δ)	
  phase	
  spaces	
  downstream	
  of	
  PEX	
  
-­‐>	
  Non-­‐perfect	
  emit-­‐	
  
tance	
  exchange	
  

•  Can	
  be	
  corrected	
  
– Opamum	
  incoming	
  
chirp,	
  Twiss	
  param.,	
  	
  

– Add	
  a	
  TM010	
  cavity	
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Lc �= 0



Pulse	
  Shaping	
  
•  Generaaon	
  of	
  train	
  
of	
  sub-­‐ps	
  bunches	
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Ini>al	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Final	
  

•  Generaaon	
  of	
  bunches	
  
with	
  linearly-­‐ramped	
  
current	
  profiles	
  

[P.	
  Piot	
  et	
  al.,	
  PRSTAB	
  14,	
  022801	
  (2011)]	
  

Ini>al	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Final	
  

(εx,0, εz,0) = (10, 1) (εx,0, εz,0) = (1, 10)



The	
  A0	
  photoinjector	
  (1996-­‐2011)	
  
•  Electron	
  accelerator	
  based	
  on	
  1.3	
  GHz	
  rf-­‐gun	
  	
  

with	
  Cs2Te	
  photocathode	
  →	
  Q<	
  10	
  nC	
  	
  
•  TESLA	
  SCRF	
  cavity	
  →	
  E=16	
  MeV	
  
•  Emidance	
  exchange	
  beamline	
  (εx,	
  εz)	
  →	
  (εz,	
  εx)	
  
•  Round-­‐to-­‐flat-­‐beam	
  transformer	
  →	
  εx/εy=100	
  
•  Extensive	
  diagnosacs	
  	
  
•  Two	
  photocathode	
  lasers	
  (Nd:YLF	
  +	
  Ti:Sp)	
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  PEX	
  beamline	
  	
  	
  	
  	
  

Experimental	
  methods	
  
•  Transverse	
  emidances	
  measured	
  at	
  X3,	
  X24	
  
with	
  mutlislit	
  technique	
  

•  Longitudinal	
  emidances	
  (over)esamated	
  as	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  phase	
  space	
  is	
  made	
  upright	
  

•  Bunch	
  length	
  measured	
  using	
  autocorrelaaon	
  
of	
  CTR	
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εz � σδσz

OTR	
  to	
  streak	
  camera	
  

[A.	
  Lumpkin	
  et	
  al.,	
  PRSTAB	
  14,	
  060704	
  (2011)]	
  



Quadrupole	
  magnets	
  to	
  compress!	
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•  Scanning	
  Q1	
  and	
  Q2	
  affects	
  
bunch	
  final	
  bunch	
  length	
  	
  

	
  
	
  
•  Method	
  can	
  be	
  used	
  to	
  insure	
  	
  
final	
  ellipse	
  is	
  upright	
  

PEX	
  beamline	
  

f-­‐integrated	
  CTR	
  intensity	
  
“quadscan	
  map”	
  



Observa>on	
  of	
  emiBance	
  exchange	
  
•  Demonstrated	
  emidance	
  
can	
  be	
  swap	
  

•  Q=250	
  pC	
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Energy	
  spread	
  

[J.	
  Ruan	
  et	
  al.,	
  PRL	
  106	
  244801	
  (2011)]	
   Bunch	
  duraaon	
  measurement	
  
with	
  streak	
  camera	
  

εz ↔ εx

PEX	
  beamline	
  



Fragmented	
  longitudinal	
  phase	
  spaces	
  (1)	
  

•  Set	
  of	
  slits	
  upstream	
  PEX	
  -­‐>	
  transversely-­‐	
  
segmented	
  beam	
  

•  PEX	
  maps	
  modulaaon	
  in	
  the	
  longitudinal	
  
phase	
  space	
  -­‐>	
  train	
  of	
  µbunches	
  	
  

•  Iniaal	
  beam	
  parameters:	
  
	
  

•  Used	
  50-­‐µm	
  slits	
  with	
  1-­‐mm	
  spacing	
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[Y.-­‐E.	
  Sun	
  et	
  al.,	
  PRL	
  105,	
  234801	
  (2010)]	
  

ini>al	
  

cavity	
  OFF	
  

Cavity	
  ON	
  

cavity	
  OFF	
  
cavity	
  ON	
  

Fragmented	
  longitudinal	
  phase	
  spaces	
  (2)	
  



Sub-­‐picosecond	
  bunch	
  trains	
  (1)	
  
•  Effects	
  of	
  slits	
  -­‐>	
  “island	
  of	
  coherence”	
  in	
  
quadscan	
  maps	
  

•  Evidence	
  of	
  current	
  modulaaon	
  -­‐>	
  µbunches?	
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[Y.-­‐E.	
  Sun	
  et	
  al.,	
  PRL	
  105,	
  234801	
  (2010)]	
  



Sub-­‐picosecond	
  bunch	
  trains	
  (2)	
  
•  Quadrupoles	
  can	
  be	
  used	
  to	
  vary	
  the	
  
microbunches	
  spacing	
  within	
  the	
  train	
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Produc>on	
  of	
  narrowband	
  THz	
  CTR	
  

•  Train	
  of	
  6	
  µbunches	
  used	
  to	
  generate	
  
narrowband	
  CTR	
  with	
  tunable	
  frequency	
  

[P.	
  Piot	
  et	
  al.,	
  APL	
  98,	
  261501	
  (2011)]	
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Mask-­‐free	
  double-­‐bunch	
  genera>on	
  

•  Intercepave	
  mask	
  	
  
introduces	
  limitaaons	
  	
  
-­‐>	
  transverse	
  shaping	
  	
  
of	
  photocathode	
  laser	
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cathode	
   before	
  EEX	
  

1	
  mm	
  

E-­‐field	
  measured	
  with	
  	
  
electro-­‐opacal	
  imaging	
  

Simulated	
  bunch	
  	
  
distribuaon	
  

[T.	
  Maxwell	
  et	
  al.,	
  IPAC12	
  (2012)]	
  



A0	
  last	
  day	
  10/31/2012…	
  
•  Operated from 1996 to 2011 
•  Next steps: 

–  High-Brightness Electron 
Source Laboratory (HBESL)  

•  RF gun,  
•  Concentrate on new cathodes 

(especially field emitters) + low  
energies (< 5 MeV) beams. 

–  The Advanced 
Superconducting Test 
Accelerator (ASTA): 

•  Eventually 900-MeV beams,  
•  User-driven facility 
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Op>cally-­‐modulated	
  bunches	
  at	
  HBESL	
  	
  

•  RF	
  gun	
  to	
  produce	
  
4.5	
  MeV	
  beam	
  

•  Nano-­‐structured	
  
cathode	
  (field-­‐	
  
emission	
  array)	
  
triggered	
  with	
  <30	
  fs	
  laser	
  

•  PEX	
  produce	
  an	
  opacally-­‐	
  
modulated	
  bunch	
  train	
  

•  Goal	
  is	
  to	
  observed	
  COTR	
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[Y.-­‐E	
  Sun,	
  et	
  al.	
  to	
  be	
  presented	
  at	
  FEL12]	
  



Concept	
  for	
  a	
  compact	
  VUV	
  ICS	
  source	
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[W.S.	
  Graves,	
  F.	
  Kaertner,	
  D.	
  Moncton,	
  P.	
  Piot,	
  PRL,	
  in	
  press	
  (2012)]	
  

Accelera>on	
  	
  
to	
  γ~4	
  

Op>cal	
  and/or	
  	
  
Photo-­‐Field	
  
Emission	
  

High-­‐energy	
  	
  
sub-­‐ps	
  pulse	
  

Microbunching	
  
of	
  electrons	
  

Field	
  EmiBer	
  
Array	
  (FEA)	
  

Coherent	
  Inverse	
  	
  
Compton	
  ScaBering	
  

(ICS)	
  

PEX	
  
beamline	
  linac	
  

µbunching	
  at	
  13.5	
  nm	
  

[drawing,	
  courtesy	
  of	
  Franz	
  Kaertner]	
  



3D	
  bunch	
  manipula>on	
  at	
  ASTA	
  
•  Flat	
  beam	
  transform	
  +	
  PEX	
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<40	
  MeV	
   <	
  750	
  MeV	
   <	
  1	
  GeV	
  

?????????????	
  

/PEX	
  



PEX	
  beamline	
  for	
  ASTA	
  
•  Chicane-­‐type	
  PEX	
  

	
  
•  Emidance	
  exchange	
  	
  
of	
  incoming	
  flat	
  beams	
  

•  “Doubly-­‐ramped”	
  	
  
bunches	
  with	
  witness	
  	
  
for	
  wakefield	
  accelera-­‐	
  
aon	
  (f~1	
  THz)	
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Applica>on:	
  wakefield	
  accelera>on	
  in	
  
dielectric	
  slabs	
  

•  NIU-­‐TechX-­‐Fermilab	
  
experiment	
  in	
  pre-­‐	
  
paraaon	
  at	
  ASTA	
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[D.	
  Mihalcea,	
  P.	
  Piot,P.	
  Stoltz,	
  ArXiV	
  1204:6724	
  (2012)]	
  



Summary	
  	
  
•  PEX	
  techniques	
  have	
  been	
  experimentally	
  
invesagated,	
  	
  

•  PEX	
  have	
  opened	
  new	
  opportuniaes	
  for	
  
emidance	
  reparaoning	
  and	
  current	
  shaping,	
  	
  

•  Promising	
  applicaaons	
  include	
  accelerator-­‐
based	
  light	
  source,	
  beam-­‐driven	
  acceleraaon,…	
  	
  

•  A	
  second	
  generaaon	
  of	
  PEX	
  experiments	
  will	
  be	
  
carried	
  at	
  Fermilab’s	
  ASTA	
  and	
  HBESL	
  faciliaes	
  
(both	
  in	
  construcaon	
  or	
  commissioning).	
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