
Double Bunch Operation for High 
Intensity Two-Color X-Rays 

Agostino Marinelli 
SLAC 

International Free-Electron Laser Conference 
Aug 28,  2014 

Basel 



Outline	  of	  the	  Talk	  

	  
	  

1)  Two	  Color	  FEL	  Opera8on	  at	  LCLS	  
	  
2)	  Double	  Bunch	  FEL	  
	  
3)	  Experimental	  Demonstra8on	  and	  User	  Opera8on	  
	  
4)	  Conclusions	  
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2	  Color	  Free-‐Electron	  Lasers	  
λ1,2 = λw
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2	  pulses	  with	  
	  
-‐tunable	  energy	  difference	  
	  
-‐tunable	  arrival	  8me	  

Many	  applica8ons!	  
	  
-‐  x-‐ray	  pump/x-‐ray	  probe	  
-‐  2	  color	  diffrac8on	  imaging	  
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Split	  Undulator	  Scheme	  

Split	  undulator	  in	  2	  parts.	  
	  
Use	  magne8c	  chicane	  to	  introduce	  delay	  
	  
Easy	  to	  tune!	  
	  
~1/10	  to	  1/5	  of	  SASE	  power	  
	  
Controllable	  delay	  up	  to	  40	  fs.	  

λ1,2 = λw
1+K1,2

2
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Gain-‐Modula8on	  
	  
Split	  undulator	  yields	  minimum	  delay	  of	  	  
2/3	  slippage	  length	  
	  
	  
	  
	  
	  
	  
At	  soT	  x-‐rays	  that’s	  	  	  ~	  a	  few	  fs	  
	  
For	  short	  pulse	  applica8ons	  it’s	  a	  real	  
problem!	  
	  

c	  vg	  <	  c	  

Solu8on:	  discretely	  modulate	  undulator	  
	  
	  
	  
	  
	  
	  
	  
2	  colors	  catch	  up	  to	  each	  other	  -‐>	  0	  delay!	  

λ1,2 = λw
1+K1,2
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Limi8ng	  Factors	  

1)	  In	  either	  scheme	  both	  colors	  
emiZed	  by	  one	  bunch:	  	  
CAN’T	  REACH	  SATURATION!	  
	  
2)	  Each	  color	  uses	  half	  undulator:	  
At	  HXR	  pulse	  energy	  is	  limited	  to	  	  
~100	  µJ	  

λ1,2 = λw
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How	  Can	  We	  Improve?	  

If	  we	  generate	  a	  beam	  with	  two	  
energy	  bands	  and	  send	  it	  down	  the	  
undulator:	  
	  
1)  Each	  color	  can	  saturate	  

2)  Each	  color	  uses	  the	  whole	  
undulator	  (improvement	  by	  a	  
factor	  ~	  20	  at	  HXR!)	  

λ1,2 = λw
1+K 2

2γ1,2
2



Longitudinal	  Phase	  Space	  in	  Injector	  

Total	  charge	  150	  pC	  
	  
Bunches	  separate	  
around	  6	  ps	  delay	  
	  
Projected	  emiZance	  	  
0.4	  um	  
aTer	  solenoid	  and	  
correc8on	  quad	  tuning	  
	  
(comparable	  to	  
standard	  opera8on…)	  



Unspoiled	  Phase-‐Space	  

Compressed	  to	  ~5	  kA	  
	  
Time	  delay	  ~	  35	  fs	  
	  
ΔE	  =	  70	  MeV	  

HEAD	  

TAIL	  

Figure	  removed	  pending	  publica8on	  



Lasing	  

Peak	  power	  ~	  60	  GW	  
	  
Time	  separa8on	  
ΔT	  =	  35	  fs	  
	  
Individual	  dura8on	  
dT	  =	  10	  fs	  
	  
Epulse	  =	  1.2	  mJ	  
	  
IMPROVEMENT	  OF	  1	  ORDER	  
OF	  MAGNITUDE	  OVER	  STATE	  
OF	  THE	  ART	  @HXR	  	  

HEAD	  

TAIL	  

Figure	  removed	  pending	  publica8on	  



Spectral	  Proper8es	  

90	  eV	  Separa8on	  
10-‐15	  eV	  bandwidth	  

Figure	  removed	  pending	  publica8on	   Figure	  removed	  pending	  publica8on	  



Seeded	  Spectra	  

Pulse	  energy	  down	  to	  130	  uJ	  
Spectral	  brigthness	  x	  2!	  

Figure	  removed	  pending	  publica8on	   Figure	  removed	  pending	  publica8on	  



Spectral	  Control	  

z	  

Energy	  

z	  

Energy	  

L2	  Acc.	  Field	  

L2	  Acc.	  Field	  

ΔE	  

ΔE	  

Stronger	  BC1	  
compression	  	  
	  
	  
Two	  bunches	  are	  	  
closer	  in	  phase	  in	  L2	  
	  
	  
Smaller	  energy	  
separa8on	  

BC1	  

L1	   L2	  

BC2	  

L3	  



Spectral	  Control	  

Energy	  separa8on	  is	  
controlled	  by	  L1	  phase	  
	  
(non-‐binned	  average	  
spectra)	  

L1	  phase	  =	  -‐21.5	   L1	  phase	  =	  -‐23	  
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Time	  Delay	  Tunability	  
Time	  delay	  is	  tunable	  
INDEPENDENTLY	  of	  
-‐energy	  separa8on	  
-‐compression	  

Time	  Delay	  range	  
10	  –	  150	  fs	  
	  
Note:	  at	  HXR	  and	  150	  pC	  
High	  energy	  pulse	  comes	  first!	  
	  
(not	  true	  at	  lower	  charge	  OR	  
lower	  energy)	  

Figure	  removed	  pending	  publica8on	   Figure	  removed	  pending	  publica8on	  



Why	  and	  How	  
ΔE	  at	  compressor	  entrance	  
IS	  NOT	  chirp	  x	  ΔT	  
	  
Because	  wakes	  remove	  the	  chirp	  of	  
each	  bunch	  	  
BUT	  	  
do	  not	  grow	  between	  the	  two	  
bunches	  
(i.e.	  they	  have	  liZle	  effect	  on	  DE)	  
	  
	  

γ	
 L2	  Wake	  

RF	  field	  

t	  

No	  wakes	  

With	  wakes	  γ	


t	  



Why	  and	  How	  
@BC2	  entrance	  

ΔE	  at	  compressor	  entrance	  
IS	  NOT	  chirp	  x	  ΔT	  
	  
Because	  wakes	  remove	  the	  chirp	  of	  
each	  bunch	  	  
BUT	  	  
do	  not	  grow	  between	  the	  two	  
bunches	  
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Elegant	  simula8on	  



Why	  and	  How	  
Bunches	  go	  through	  8me	  overlap	  
UNDER-‐COMPRESSED	  
	  

(note:	  in	  the	  absence	  of	  wakes	  	  
0	  delay	  	  	  	  <-‐-‐-‐>	  	  full	  compression)	  

Final	  8me	  delay	  depends	  
on:	  	  
-‐Ini8al	  delay	  
-‐Total	  compression	  
-‐Intermediate	  compression	  

Elegant	  simula8on	  

For	  each	  compression	  stage:	  

ΔTfinal =
ΔTinitial
Cfactor

+ΔTGAP ×
1
E
dE
dt wakes

×
R56
c
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Recipe	  for	  Delay	  Tuning	  

Increase	  cathode	  delay	  
	  
	  

Compensate	  energy	  separa8on	  by	  increasing	  
BC1	  compression	  

	  
	  

Compensate	  for	  overall	  compression	  by	  
varying	  BC2	  compression	  

	  
	  
	  

Larger	  delay	  in	  undulator	  

6-‐10	  ps	  range	  at	  cathode	  
≈	  

10-‐100	  fs	  range	  in	  undulator	  
	  

CAN	  BE	  EXTENDED	  TO	  NEGATIVE	  
DELAYS	  BY	  TUNABLE	  
CHICANEWITH	  R56<0	  

(currently	  under	  study!)	  

Figure	  removed	  pending	  publica8on	  



Transverse	  Overlap	  

Good	  transverse	  overlap	  easily	  
achievable.	  
	  
(tweaking	  1	  dispersion	  quad	  and	  
orbit	  in	  x-‐band	  linearizer	  does	  	  the	  
trick!)	  
	  
Good	  overlap	  is	  also	  observed	  in	  
user	  hutches	  aTer	  transport!	  



Two	  Color	  X-‐FELs:	  Mul8-‐Wavelength	  
Anomalous	  Dispersion	  

Two	  pulses	  ~	  simultaneous	  	  

1st	  pulse:	  tuned	  above	  absorp8on	  edge	  -‐>	  Does	  not	  diffract	  off	  of	  
	   	   	   	   	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  heavy	  atoms	  

2nd	  pulse:	  below	  absorp8on-‐edge	  -‐>	  Diffracts	  off	  of	  all	  atoms	  
	  
De	  novo	  phase	  reconstruc8on	  from	  the	  two	  split	  diffrac8on	  
paZerns…	  

Sample	  
(nano-‐crystal)	  

Diffrac8on	  	  
PaZern	  

Figure	  removed	  pending	  publica8on	  



Opera8onal	  Experience	  with	  Users	  
4	  User	  Experiments	  Already	  Successfully	  Performed	  
	  
~1-‐2	  hours	  of	  ini8al	  tuning	  for	  SASE	  
~2-‐3	  hours	  for	  self-‐seeding	  
	  
Changing	  8me	  delay	  takes	  ~	  30	  min	  for	  large	  delays,	  few	  mins	  for	  small	  
delays	  
	  
Typically	  achieve	  OVER	  1	  mJ	  of	  SASE	  for	  5	  days	  straight.	  
	  



Conclusions	  
-‐  2-‐Bunch	  Opera8on	  has	  been	  successfully	  	  	  	  
	  	  	  	  demonstrated	  at	  HXR:	  

-‐  High	  Power	  (1.3	  mJ	  /	  50-‐60	  GW)	  2	  Color	  SASE	  improves	  
performance	  by	  a	  factor	  20	  at	  HXR	  

-‐  2	  Color	  Self-‐Seeding	  on	  a	  large	  bandwidth	  enables	  new	  
imaging	  and	  pump-‐probe	  experiments!	  

-‐  Single-‐shot	  non-‐destruc8ve	  diagnos8c	  of	  double	  pulse	  
using	  x-‐tcav.	  

-‐  Already	  delivered	  to	  users…Performance	  expected	  to	  
improve	  as	  more	  experience	  is	  acquired	  
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