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•  Interest	  on	  chirped	  electron	  beams	  for	  FEL	  producHon	  	  
•  SPARC	  

•  diagnosHc	  
•  Velocity	  bunching	  

•  transverse	  phase	  space	  	  
•  longitudinal	  phase	  space	  

•  FEL	  beamline	  
•  FEL	  light	  with	  a	  chirped	  beam	  
•  chirp	  compensaHon	  with	  tapering	  
•  Harmonics	  
•  preliminary	  FROG	  measurements	  
•  conclusions	  



 Chirped electron beams for FELs 

We	  know	  that:	  

•  the	  chirp	  on	  the	  electron	  bunch	  is	  transferred	  to	  the	  light	  pulse;	  

•  the	  overall	  pulse	  spectral	  width	  is	  funcHon	  of	  the	  chirp;	  

•  The	  FEL	  performances	  preserved	  by	  the	  use	  of	  undulator	  tapering;	  	  	  	  	  	  	  	  	  	  
(Saldin,	  Schneidmiller,	  Yurkov,	  PRSTAB	  9,	  2006)	  
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A	  method	  to	  enhance	  specific	  FEL	  pulse	  properHes	  (Hme,	  peak	  power,…)	  	  



Chirped electron beams for FELs 
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Lb ≥δsc,λcoh ≤ δsc
• FEL	  BW=ρ	  

• FEL	  BW	  dominated	  by	  the	  chirp	  
• mulHple	  single	  spike	  behaviour	  
• sHll	  high	  gain	  in	  the	  single	  spike	  
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Pulse	  compression	  [1]	  	  
Monochromator	  for	  pulse	  duraHon	  control	  [2]	  

use	  to	  seed	  a	  second	  undulator	  [3]	  	  
Short	  bunch	  producHon	  by	  the	  use	  of	  und.	  tapering	  for	  selecHve	  gain	  suppression	  [4]	  

Single	  spike	  producHon	  with	  high	  charge	  beams	  [5]	  	  	  
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Velocity bunching: transverse phase space 
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• 	  Slice	  emi)ance	  preserved	  by	  conHnous	  focusing	  along	  the	  linac	  (invariant	  envelope)	  

• Transverse/longitudinal	  correlaHons	  created	  in	  the	  process	  can	  be	  minimized	  opHmizing	  
the	  trajectory	  	  
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Velocity bunching: longitudinal phase space 

No compression Compression @C3 

Bunch charge 280 pC 280pC 

Injection phase (S1) 0 deg (on crest) -87deg 

Beam Energy 147.5 MeV 101 MeV 

Total energy spread 0.11% 1.1% 

Bunch length 3.01ps RMS 0.97ps RMS 

TW Solenoid field 0 450 Gauss (45 Amps) 
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example	  for	  compression	  C=3	  



General measurement setup: longitudinal phase space 
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Longitudinal General meas. setup: beam profile and transverse slice emittance 
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Longitudinal phase space measurements 

FEL11-‐Shangai,	  Cina	  08/24/2011	   9	  

Reliable	  measurements	  of	  bunch	  length,	  slice	  emi)ance,	  long.	  phase	  space	  correlaHons.	  
Limited	  in	  the	  measure	  of	  absolute	  value	  of	  longitudinal	  emi)ance,	  and	  slice	  energy	  spread	  	  

P-‐W	  theorem	  and	  electron	  beam	  transverse	  emi)ance	  limit	  the	  intrinsic	  cavity	  resoluHon	  

in	  case	  of	  drig:	  



• 6	  undulator	  secHons	  
• 77	  periods,	  2156mm	  per	  secHon	  
• 	  Period	  2.8cm	  	  	  
• Variable	  gap,	  from	  8mm	  to	  ∞	  
• rectangular	  beam	  pipe,	  7mm	  width	  	  
• K	  max	  ~2.2	  

	  Between	  each	  secHon:	  
• Horizontal	  quadrupole	  	  
• 	  H&V	  steering	  	  
• phosphor	  screen	  
• 	  mirror	  	  

FEL beamline: 



FEL diagnostic: 
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• 	  Neutral	  density	  Filters;	  
• 	  mirror	  for	  diagnosHc;	  
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Chirped beam for FEL experiments: 

€ 

α ≈ −76m−1

Compression	  factor	  C=5	  

used	  as	  finng	  variable	  in	  	  
simulaHons	  	  ~	  1.7x10-‐3	  

use	  slice	  emi)ance	  values	  
(+10%)	  measured	  without	  rf	  	  
compression	  =	  1.4x10-‐6m	  



FEL From chirped beam: 

€ 

ΔλFEL = λ0(2
Δγ
γ
) ≈ 40nm

spectrometer	  slit	  closed	  
at	  100um,	  0.17nm	  resoluHon	  

6	  UM	  GAP	  SET	  

3	  UM	  GAP	  SET	  

the	  spectrum	  expand	  over	  regions	  	  
outside	  the	  detector	  
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SASE	  WITH	  UNCHIRPED	  BEAM	  	  

ELECTRON	  BEAM	  



Some statistics: 
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Energy	  max	  25	  uJ	  

number	  of	  spikes	  	  	  

€ 

Lb
tot ≈ 20 − 25δsc,Lcoh ≈ 5δsc

€ 

Ns =
Lb

tot

2πLcoh
≈ 4 − 5

FluctuaHons	  in	  the	  number	  of	  spikes	  and	  Energy	  are	  affected	  by	  e-‐	  beam	  ji)ers	  	  
(±1	  deg	  with	  @	  C=5	  is	  ±20%	  bunch	  length	  ji)er)	  



Undulator field tapering: 

(A)	  Taper	  minimizing	  emission	  bandwidth	  (experimental	  procedure)	  
(B)	  Taper	  compensaHng	  the	  wavelength	  shig	  
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λr@115MeV

taper	  for	  radiaHon	  	  
starHng	  from	  the	  tail	  
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Tapered FEL: Single spike evidence 
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Energy	  up	  to	  	  0.35	  mJ	  (X20	  respect	  to	  the	  untapered	  case)	  

About	  50%	  of	  the	  shots	  have	  the	  spectrum	  composed	  by	  a	  single	  coherence	  region	  

1.45	  nm	  bandwidth	  rms;	  	  	  If	  Fourier	  Limited	  	  Lb<100	  fs,	  300	  μJ,	  	   Ppeak~GW	  



Comparison with simulations: 

• Very	  good	  agreement	  with	  in	  the	  spectrum	  details	  between	  measurements	  and	  sims	  

• 11%	  fluctuaHon	  foreseen	  by	  Genesis	  in	  case	  of	  no	  beam	  fluctuaHons	  (just	  shot	  noise);	  

• Less	  single	  spike	  events	  in	  Genesis	  (30%	  Vs	  50%)	  
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Genesis	  

measurement	  

A)	  Genesis	  sims	  with	  varying	  peak	  Current	  and	  bunch	  length	  (25%);	  
B)	  Genesis	  sims	  with	  varying	  also	  emi)ance	  (30%)	  and	  energy	  spread	  (10%)	  
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 Tapering analysis: 



 Resonance speed: 
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tapering in resonance with 
 photons traveling at c !! 

beam	  energy	  loss	  
and	  LPS	  non	  lineariHes	  

Slippage length ~ e-bunch length  

single	  spectral	  region	  of	  coherence	  

vres=	  c	  

vph<c	  

suppressed	  

amplified	  



Preliminary FROG measurements: 
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TBP	  =	  0.9	  

e-‐beam	  
• 	  Q	  =	  250	  pC	  
• 	  Ipeak	  =	  264	  A	  
• 	  E0	  =	  113.068	  MeV	  
• 	  Chirp	  =	  -‐2.484	  keV/μm	  
• 	  σγ=	  5x10-‐3	  (Max)	  
• 	  εn,x(y)	  =	  2.27(1.6)	  mm	  mrad	  



Harmonics: 3rd  
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• Mean	  pulse	  energy	  (230	  ±	  100)	  nJ	  

• Δλ/λ=1.3%	  

• blue	  curve:	  mean	  spectrum	  over	  100	  shots	  

• red	  band:	  ±	  1	  rms	  

1st	  harmonic:	  	  
(31	  ±	  8)	  μJ	  
Δλ/λ=0.83%	  



Harmonics: 2nd  
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• Mean	  pulse	  energy	  (100	  ±	  25)	  nJ	  

• Δλ/λ=1.6%	  

• blue	  curve:	  mean	  spectrum	  over	  100	  shots	  

• red	  band:	  ±	  1	  rms	  

Possible	  causes:	  

• saturaHon	  
• electron	  beam	  	  x-‐t	  correlaHons	  
• undulator	  fields	  
• spectrometer	  misalignments	  



Conclusions: 
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• 	  Electron	  beam	  chirping	  is	  a	  convenient	  way	  of	  manipulaHng	  the	  electron	  beam	  
to	  enhance	  the	  FEL	  light	  properHes	  

• 	  Strong	  chirped	  FEL	  pulses	  may	  be	  used	  in	  a	  variety	  of	  different	  ways	  to	  control	  the	  pulse	  
duraHon,	  increase	  the	  peak	  power,	  or	  seed	  a	  downstream	  amplifier.	  

• 	  Trains	  of	  single	  spike	  pulses	  may	  be	  generated,	  separated	  both	  in	  Hme	  and	  frequency.	  

• 	  Combining	  a	  chirped	  electron	  beam	  with	  a	  tapered	  undulator	  may	  allows	  gain	  selecHon	  	  
and	  control	  along	  the	  electron	  bunch	  

• 	  In	  the	  presented	  experiment	  this	  combinaHon	  has	  been	  used	  to	  obtain	  high	  energy	  single	  
spike	  pulses.	  (300	  uJ/100	  fs/1GW)	  
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