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Longitudinally	  asymmetric	  e-‐	  wakes	  	  
couple	  strongly	  to	  ion	  acous/c	  waves	  
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cylindrical thermal shock 

Sahai, Katsouleas, “Nonlinear ion-wake excitation by ultra-relativistic electron wakes,” ArXiv.1504.03735 (2016) 
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The E-224 current setup 

Small	  diameter	  pipe	  inside	  Li	  Oven	  
800nm	  compressed	  
probe	  

~3m	  
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E-224 setup in the Lithium oven 

SimulaKon	  Margaux	  Schmeltz	  Phase-‐contrast	  images	  
of	  probe	  profile…	  

Probe	  angle	  about	  0.01rad	  
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image	  plane	  

Stability regime for laser preionized lithium plasma 

Onset	  of	  Ioniza/on	  

Increasing	  ionizing	  laser	  energy	  

Increasing	  ionizing	  laser	  energy	  

Ionizing	  laser	  off	  

Above	  a	  threshold	  energy	  the	  plasma	  channel	  becomes	  very	  non-‐uniform	  
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Evolution of e-beam ionized and heated lithium plasma 
Plasma recovery time affects the maximum repetition rate of a PWFA 

Q=2nC,	  ne	  =	  5	  1016	  
Time	  step	  between	  images	  is	  100ps	  
Image	  height	  is	  ~3mm	  
Lithium	  does	  not	  recover	  for	  10’s	  of	  ms	  
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Evolution of e-beam ionized and heated plasma 
with increasing bunch charge 
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E-224 experimental setup in the Hydrogen chamber 
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                       Argon 27Torr                         Hydrogen 27 Torr 
 e-beam ionization   Axicon pre-ionization e-beam ionization	  

Probe	  delay	  750ps	  

End	  of	  beam	  plasma	  interacKon	  
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Evolution of ion channel in Hydrogen.   
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e-‐beam	  arrival	  3ps	  a]er	  ionizing	  laser,	  which	  was	  focused	  by	  and	  axicon	  in	  20Torr	  H2.	  	  Probe	  
delay	  scan	  from	  0	  to	  200ps	  



Evolution of e-beam ionized and heated hydrogen plasma 

E224	  probe	  images	  of	  plasma	  expansion	  from	  ~0	  to	  500ns.	  
27Torr	  H2,	  2e10e	  
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e-‐beam	  axis	  

Probe	  ~100ps	  a]er	  e-‐beam	  
np~9	  1017	  cm-‐3	  	  	  
Ebunch	  charge	  ~1.2	  1010	  
Ebunch	  size	  30x23x24	  
Kinoform	  pulse	  ~1ps	  before	  e-‐
bunch	  

Vertical scan of hollow plasma channel vs. e-beam 

Gessner,	  S.	  et	  al.,	  Nat.	  Commun.,	  11785	  (2016)	  

E225	  

FACET-‐II	  Science	  Workshop	  Oct.	  17-‐19,2016 



Vertical scan of axicon plasma relative to the e-beam propagation axis 

axicon	   focus	   is	   shi]ed	  here	   at	   ~50micron	   steps	  
relaKve	  to	  the	  electron	  beam	  axis.	  	  	  
Probe	  ~750ps	  a]er	  e-‐beam	  
np~2.6	  1017	  cm-‐3	  	  (at	  1.3	  1017	  cm-‐3	  	  channel	  was	  stable)	  
Ebunch	  charge	  ~1.2	  1010	  
Ebunch	  size	  30x23x24	  
Axicon	  pulse	  ~1ps	  before	  e-‐bunch	  

e-‐beam	  axis	  

100mm	  above	  e-‐beam	  axis	  

	  50mm	  above	  e-‐beam	  axis	  

Collinear	  with	  e-‐beam	  axis	  

	  50mm	  below	  e-‐beam	  axis	  

100mm	  below	  e-‐beam	  axis	  

Beam	  hosing	  observed	  for	  
offset	  from	  axial	  alignment.	  

750	  ps	  probe	  delay	  sequence	  with	  nominally	  

axial	  alignment	  of	  axicon	  focus	  and	  e-‐beam.	  
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E210 “Trojan Horse” PWFA 
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Region	   of	   plasma	  
captured	   by	   E224	  
probe.	  

Trojan	  Horse	  	  pulse	  

E-‐bunch	  

Hydrogen/Helium	  gas.	  
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Experiment 
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•	  wave	  fronts	  curve	  relaKvisKcally	  
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Simulation 

“Frequency	  Domain	  Holography” Imaged	  	  
Quasi-‐Sta/c	  Wakes	  in	  One	  Shot	  	  

Matlis, Nature Phys. 2, 
 749 (2006) 

Dong, NJP 12, 
 045016 (2010).  

•	  waves	  compress	  &	  break	  behind	  pump	  
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Wakefield	  ne	  =	  n0	  +	  dne(t)	  
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Front	  

	  30	  TW	  Pump	   to	  	  
spectrometer	  

(ne = 3 • 1018 cm-3) 



probe	  

3	  mm	  
gas	  jet	  pump	  

30	  fs,	  
1	  J	  

We’ve	  observed	  forma/on,	  propaga/on,	  collapse	  of	  
	  plasma	  bubbles	  with	  an	  all-‐op/cal	  streak	  camera	  

8.6o	  

Li et al., Phys. Rev. Lett. 113, 085001 (2014) 
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e+	  driver:	  
“sucks	  in”	  

accelerated	  
e+	  bunch	  

e-‐	  driver:	  
“blows	  out”	  

accelerated	  
e-‐	  bunch	  

plasma	  electron	  
iso-‐density	  surfaces	  

In	  FACET-‐II,	  we	  aim	  to	  visualize	  
beam-‐driven	  electron	  wakes	  directly	  

•	  e-‐	  vs.	  e+-‐driven	  plasma	  wakes	  

•	  wakes	  in	  self-‐	  vs.	  pre-‐ionized	  plasma	  

courtesy	  Frank	  Tsung	  (UCLA)	  

•	  wake	  structure	  &	  prop-‐	  
	  	  	  	  aga/on	  in	  one	  shot,	  	  
	  	  	  	  in	  up/down-‐ramps	  +	  
	  	  	  	  uniform	  plasma	  



With	  MOPI,	  visibility	  of	  early	  e-‐wakes	  	  
is	  low;	  structural	  informa/on	  is	  lacking	  
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20	  ps	  

40	  ps	  

100	  ps	  

200	  ps	  

60	  ps	  

ne	  ~	  8	  x	  1017	  cm-‐3	  

20	  GeV	  e-‐bunch	  
probe	  

5	  cm	  

10
0	  
µm

	  



We	  propose	  3	  upgrades	  to	  	  
FACET’s	  plasma	  imaging	  capability	  

•	  MOP	  -‐	  Phase-‐Contrast	  Imaging	  	  

•	  	  Computerized	  Tomography	  w.	  Mul/ple	  Probes	  

•	  Faraday	  rota/on	  	  

-‐  sensiKvity	  to	  ne	  ~	  1016	  cm-‐3	  plasma	  structures	  
-‐  Li	  et	  al.,	  Opt.	  Le4.	  38,	  5157	  (2013)	  

-‐  4D	  visualizaKon	  of	  evolving	  plasma	  structures	  
-‐  Li	  et	  al.,	  Nature	  Comm.	  5,	  3085	  (2014)	  

-‐  selecKve,	  sensiKve	  imaging	  of	  dense	  bubble	  walls	  in	  tenuous	  plasma	  
-‐  kT	  B	  field	  of	  drive	  &	  acceleraKng	  GeV	  e-‐	  bunch	  magneKzes	  selected	  	  

	   	  components	  of	  plasma	  bubble	  
-‐  Chang,	  AAC	  (2016)	  

We	  have	  successfully	  tested	  each	  of	  these	  ideas	  	  
on	  LASER-‐driven	  plasma	  structures	  in	  our	  Texas	  lab	  

[F. Zernike, Physica 9, 686 (1942)] 

[M. Faraday, Diary IV, #7504-7718 (1845)] 

[J. Radon, Ber. Saechsische Akad. Wiss. 29, 262 (1917)] 

>	  



MOP-‐Phase-‐Contrast	  Imaging	  detects	  
ne	  <	  1016	  cm-‐3	  plasma	  structures	  	  
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Con/nuous	  reconstructed	  phase	  shia	  along	  z	  
due	  to	  plasma	  channel	  1.7	  ps	  aaer	  pump	  

ϕ	  [rad]	  
plasma	  density:	  	  ne	  <	  1e16	  cm-‐3	  

plasma	  

pump	  

probe	  

Gerchberg-‐	  
Saxton	  

1	  mm	  fused	  
silica	  plate	  

Li et al., Opt. Lett. 38, 5157 (2013) 

larger,	  aberraKon-‐corrected	  lenses	  
will	  upgrade	  imaging	  resoluKons	  
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imaging	  
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Texas	  PW	  
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100	  J,	  150	  fs	  

10	  cm	  gas	  cell	  
(ne0	  =	  5•1017	  cm-‐3)	  

2	  GeV	  
e-‐	  

Faraday	  rota/on	  picks	  out	  dense	  	  
bubble	  wall	  in	  tenuous	  plasma	  

Results	  from	  Chang	  AAC	  (2016)	  

Faraday	  probe	  setup	  

•	  separa:on	  of	  ±	  lobes:	  	  bubble	  size	  
•	  |∆ϕFaraday|:	  	  bubble	  wall	  density	  
•	  width	  of	  each	  lobe:	  	  bubble	  wall	  thickness	  
•	  longitudinal	  varia:ons:	  	  bubble	  evolu/on	  

Based	  on	  technique	  developed	  by:	   Kaluza, PRL 105, 115002 (2010);	  Buck, Nat. Phys. 7, 453 (2011)  
in ne > 1019 cm-3 plasma	  	  

Faraday	  rota/on	  results	  
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Computerized	  tomography	  reconstructs	  movie	  
from	  mul/ple	  phase	  streaks	  in	  one	  shot…	  
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Z.	  Li	  et	  al.,	  Nature	  Commun.	  5,	  3085	  (2014)	  	  



Z.	  Li	  et	  al.,	  Nature	  Commun.	  5,	  3085	  (2014)	  	  self-guided filament 

Single-‐shot	  tomographic	  movies	  unravel	  the	  complex	  
physics	  of	  filament	  forma/on	  in	  Kerr	  media	  
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E224:	  	  Conclusions	  

•	  E224	  has	  successfully	  imaged	  ion	  wakes	  driven	  by	  nonlinear	  	  
electron	  wakes.	  	  	  Ion	  wakes	  depends	  sensiKvely	  on	  e-‐wake	  history,	  
and	  determine	  the	  state	  of	  the	  plasma	  for	  subsequent	  drive	  bunches.	  

•	  In	  FACET-‐II,	  we	  propose	  to	  visualize	  e-‐	  and	  e+-‐driven	  plasma	  	  
wakes	  directly,	  taking	  advantage	  of:	  
	  

	  -‐	  increase	  sensiKvity	  via	  phase-‐contrast	  and	  Faraday	  
rotaKon	  imaging.	  
	  

	  -‐	  3D	  imaging	  via	  mulK-‐probe	  computerized	  tomography.	  

Financial	  support:	  	   	  NSF-‐PHY-‐1416218	  	  “VisualizaKon	  of	  e-‐beam-‐driven	  PWFAs”	  
	   	   	   	  DOE	  DE-‐SC0012444	  “MulK-‐GeV	  plasma	  acceleraKon	  physics”	  	  

-‐	  We	  need	  computa/onal	  support	  in	  interpre/ng	  these	  results.	  
-‐	  E224	  mostly	  ran	  parasi/cally	  during	  companion	  projects.	  

High	  probe	  beam	  quality	  will	  be	  paramount	  in	  achieving	  quality	  scien/fic	  results	  
from	  these	  diagnos/cs	  (e.g.	  temperature-‐controlled	  transport,	  poin/ng	  stabiliza/on)	  


