
Crea%ng	  Plasmas	  and	  Other	  Extreme	  Condi%ons	  	  
with	  FELs	  and	  Other	  Big	  Lasers	  

1	  

Roger	  Falcone	  
	  
Physics	  Department	  	  
Berkeley	  
	  
Advanced	  Light	  Source	  	  
Berkeley	  Lab	  



Create	  by:	  
	  -‐	  isochoric	  hea,ng	  with	  short	  pulse	  op,cal	  laser	  
	  	  	  	  	  or	  free-‐electron	  x-‐ray	  laser	  
	  -‐	  shock	  compression	  with	  long	  pulse	  laser	  
	  	  	  	  	  or	  long	  pulse	  x-‐ray	  radia,on	  hea,ng/abla,on	  
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High	  energy	  lasers	  and	  x-‐ray	  FELS	  can	  create	  and	  probe	  materials	  
under	  transient	  extremes	  of	  high	  temperature,	  pressure,	  and	  density	  

Probe	  with	  x-‐rays:	  
	  -‐	  near-‐edge	  absorp,on	  
	  -‐	  emission	  spectroscopy	  
	  -‐	  spa,al	  imaging	  
	  -‐	  inelas,c	  sca<ering	  
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Electronic	  structure	  of	  dense	  and	  ionized	  maJer	  	  

can	  be	  studied	  by	  near	  edge	  absorp%on	  spectroscopy	

Target:
Copper foil

Spectrograph

Laser pulse
heats matter

Long pulse x-rays 
probe heated matter

timing fiducial	

time

en
er

gy

2 ps slice of the spectrum

•  Detector-‐limited	  ,me	  resolu,on	  ~	  1	  ps	  
•  Broad	  spectral	  line-‐width	  allows	  for	  NEXAFS	  

•  Op,cal	  laser	  excita,on	  limits	  sample	  depth	  	  
to	  10-‐100	  nm	  but	  achieve	  LTE	  

streak camera detector 
detector 
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Changes	  in	  near	  edge	  x-‐ray	  absorp%on	  in	  warm/dense	  maJer	  	  
reveal	  evolving	  density	  of	  states	  at	  solid	  density	  	  
with	  few	  eV	  electron	  and	  ion	  temperatures	  
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•  observe	  %me/temperature	  dependent	  electron-‐ion	  coupling	  
and	  phase	  transi%ons	   4	  



ADP crystal

CCD	  detector	  

Al foil 

X-‐ray	  spectrometer	  

•  multiple photons absorbed per atom per pulse

•  femtosecond core hole lifetime and the XFEL 
pulse length gate the emission measurement

Intense X-ray FEL-illuminated solids  
reveal K-α emission from ion stages, and resonant x-ray scattering,  

under plasma conditions  

XFEL	  
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Vinko,	  et	  al	  	  	  Nature	  482,	  59-‐62	  (2011)	  

1560eV

5	  



Absorption in solid aluminum is wavelength dependent 

Multiple absorption channels available at near edge photon energies 
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Two types of emission are observed from XFEL - pumped Al: 
K-alpha from various ion stages, and resonance scattering 
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Dynamics include sequential photo-ionization & Auger decay; 
data tests ionization depression models 
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P
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Vinko et al  Nature 482, 59-62 (2011)                 Ciricosta et al  PRL 109, 065002 (2012)
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Cho,	  et	  al	  	  PRL	  	  

hvFEL ~ 1490 eV

K-edge

Dynamics include resonant scattering following photoionization 
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High fluence x-ray pulse opens inner shell transitions 
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Hidden resonance are revealed through multiphoton processes 
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Emission spectra reveal sensitivity to ���
opacity effects as L-shell holes reabsorb K-alpha

Experimental	  line	  shapes	  of	  Kα	  emission	  	  
	  
(1a)	  	  resonant	  pumping	  (1487	  eV)	  with	  X-‐ray	  intensity:	  1	  ×	  1017	  W/cm2	  

(2a)	  	  resonant	  pumping:	  0.7	  ×	  1017	  W/cm2	  
(3a)	  	  non-‐resonant	  pumping	  (1580	  eV)	  
	  
(b)	  SCFLY	  simula%ons	  with	  equivalent	  condi%ons:	  with	  (solid)	  &	  without	  (dashed)	  opacity	  

1	  
	  
	  
2	  
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Laser-‐driven	  hohlraums	  create	  x-‐ray	  drives	  that	  generate	  
very	  extreme	  condi%ons	  of	  high	  energy	  density	  (HED)	  

How pressure, temperature, and ionization 
are interrelated and affect structure 

Hugoniot theory and data for CH 

SESAME #7592 
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Measuring	  shock	  speed	  and	  density	  we	  can	  determine	  the	  
equa%on	  of	  state	  of	  material	  in	  hohlraum,	  at	  GBar	  pressures	  

Graphite - J.C.Pain, Contrib. 
Plasma Phys. 47, 6 (2007)

- Important for understanding planetary & stellar physics, inertial confinement fusion
- Little data (not adequate to constrain models; average atom vs detailed configuration)

atomic	  shell	  structure	  

thermal	  effects	  

rela%vis%c	  effects	  

cold	  curve	  

14	  
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Highest	  energy	  lasers	  (NIF)	  produce	  highest	  pressure	  and	  density	  	  
with	  spherical	  converging	  shocks	  

6 mm 

DIM 90-78 
15 

CH 
sphere 

CH  
+ 1% Si 

1 mm  

Solid 
CH 

Sphere 

0.9 mm  

•  192	  laser	  beams	  focused	  inside	  cm-‐sized	  hohlraum	  to	  >	  200	  eV	  BB	  temperature	  
•  Surface	  of	  a	  mm-‐sized	  target	  in	  the	  center	  vaporizes	  and	  ablates	  
•  Converging	  	  spherical	  shock	  wave	  compresses	  target	  and	  generates	  ~	  Gbar	  pressure	  

Hohlrum 

Laser 
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[Kritcher, HEDP 
 10, 27 (2014)] 
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Preliminary simulations 

Use	  hohlraum	  with	  spherical	  material	  target	  in	  center	  



Tungsten wire 

m3 

m3 

m3 

Normalized 
to elastic

X-ray Thomson Scattering 

Measurements	  at	  high	  pressures	  include	  
x-‐ray	  radiography	  of	  shock	  and	  inelas%c	  x-‐ray	  scaJering	  

16	  



Plasma	  X-‐Ray	  Source	  for	  Backligh%ng	  and	  Thomson	  ScaJering

17 

Current	  plajorm	  
16	  x	  TW	  beams	  on	  Zn	  foil	  =	  100	  kJ	  
1%	  conversion	  to	  9	  keV	  x-‐rays	  =	  1	  kJ	  /	  4pi	  	  
Source	  distance	  from	  sample	  =	  7.5	  mm	  
Solid	  angle	  subtended	  =	  0.006	  sr	  
X-‐rays	  on	  sample	  =	  0.5	  J	  
Gated-‐imager	  sets	  integra,on	  ,me	  =	  100	  ps	  

	  
Improved	  plajorm	  	  

Source	  2.5	  mm	  from	  sample	  
4x	  improvement	  in	  collected	  x-‐ray	  power	  

Target 

Streaked 
Radiography

Scattering (and Emission)

Zn	  
plasma	  
back-‐
lighter	  

•  0.5	  GW	  x-‐ray	  beam	  	  
•  On	  200	  micron	  sample	  at	  shock	  

coalescence	  with	  GBar	  pressure	  
•  50	  mJ	  x-‐rays	  in	  100	  ps	  ga%ng	  %me	  

	  ….but	  s%ll…	  100	  ps	  ga%ng	  %me	  



Shock	  speed	  appears	  higher	  than	  predicted	  
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Contribu%ons	  to	  the	  dynamic	  structure	  factor:	  
	  

      
    Zf  =free e-; Zc=core e-; fi = ion form factor; q(k)= free & valence e- screening cloud���

                ion  feature                  electron feature        bound-free feature

S(k,ω) =| fI (k)+ q(k) |2 Sii (k,ω)+ Z f See
0 (k,ω)+ Zc Sce(k,ω −ω ')Ss (k,ω ')dω '∫

Elastic
(Rayleigh 

peak)

B-F Inelastic

K-shell
contribution

L-shell
contribution

Inelastic
(Compton)

Analyzing x-ray Thomson scattering data 



Inelas%c	  scaJering	  results	  from	  compressed	  and	  
ionized	  CH	  reveals	  temperature	  and	  density	  

	  
•  4	  g/cc,	  	  
•  Ne	  =	  8	  E23	  
•  Te	  =	  40	  eV	  	  	  
•  Integra%on	  to	  r	  =	  500	  um	  	  

20	  



Streaked radiography data (CH) 

Temperature	  measurement	  at	  from	  small	  compressed	  core	  	  
	  at	  30	  g/cc	  CH,	  ~	  375	  eV,	  	  from	  Bremsstrahlung,	  consistent	  with	  modeling	  

Kraus et al. RSI 85, 11D606 (2014) 

Bremsstrahlung emission spectrum  
0.5 ns after shock stagnation 

Em
is

si
on

 in
te

ns
ity

  

Photon energy (keV) 
7.7 8.1 7.9 

Free-free  
bremsstrahlung emission  
model with full opacity 

Experimental data 

Te = 375 ± 20 eV 

Te profile 0.5 ns after stagnation density profile 0.5 ns after stagnation 
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4.5	  keV	  and	  6	  keV	  

At	  lower	  pressures,	  driven	  by	  modest	  long-‐pulse	  lasers,	  	  
we	  can	  observe	  shock-‐induced	  transi%ons,	  using	  the	  LCLS	  X-‐FEL,	  
from	  graphite	  to	  hot	  and	  dense	  diamond	  and	  liquid	  carbon	  	  
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pyrolytic full drive
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-‐  High	  porosity	  samples	   	  à	  liquid	  
-‐  Low	  porosity	  samples	   	  à	  liquid	  (but	  cooler)	  
-‐  Pyroly,c	  graphite 	   	  à	  solid,	  close	  to	  mel,ng	  

LCLS experiment |    Solid and liquid structure at ~180 Gpa = 1.8 Mbar 



   The next step: XFEL heat and probe – 2 pulses – 2 colors 

injector	  laser	  
photocathode	  

linac	  

undulators	  

linac	  linac	  

bunch	  compressors	  

x	  ray	  pulses	  

energy	  separa%on	   ≤	  100eV	  

%me	  separa%on	   5	  –	  150fs	  

energy	  /color	  (SASE)	   300µJ	  

pulse	  dura%on	   12fs	  

self-‐seeding	  avail.	   ✔ ︎	  

Beam	  Parameters	  (2x75pC,	  8keV)	   x-‐ray	  spectra	  

SASE	  

SEEDED	  

Benjamin	  Barbrel,	  
UC	  Berkeley	  

A.	  Marinelli	  



Be	  lens	  stack	  

2-‐color	  FEL	  

Two	  x-‐ray	  FEL	  pulse	  experiment	  setup	  

Target	  Foil	  
Transmission	  

X-‐ray	  Spectrometer	  

Forward	  Thomson	  ScaJering	  
X-‐ray	  Spectrometer	  Backward	  Thomson	  ScaJering	  

X-‐ray	  Spectrometer	  

120Hz	  
pump	  8.35	  keV	  
probe	  8.25	  keV	  	  

-‐	  3µm	  Ni/Co/Fe	  	  
-‐	  10µm	  Ti	  
-‐	  con,nuous	  transla,on	  

-‐	  bent	  Si	  crystal	  
-‐	  scin,llator	  
-‐	  op,cal	  CCD	  

-‐	  HAPG	  crystal	  
-‐	  CSPAD	  detector	  -‐	  HAPG	  crystal	  

-‐	  CSPAD	  detector	  

pump	  ø7µm	  	  
probe	  ø4µm	  	  
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Titanium	  :	  Time-‐Resolved	  Forward	  ScaJering	  
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S.	  Glenzer,	  H.	  J.	  Lee,	  L.	  Fletcher,	  B.	  Nagler,	  E.	  Gal,er,	  M.	  Gauthier,	  P.	  Heimann,	  E.	  Gamboa,	  M.	  
MacDonald,	  S.	  Goede,	  D.	  Milathianaki,	  A.	  Ravasio,	  W.	  Schumaker,	  J.	  Has,ngs,	  A.	  Marinelli,	  T.	  Maxwell	  
	  

•  LLNL	  
T.	  Doeppner,	  A.	  L.	  Kritcher,	  D.	  Swip,	  	  B.	  Bachmann,	  G.	  Collins,	  K.	  Boehm,	  A.	  Pak,	  O.	  Landen,	  J.	  Nilsen,	  
S.	  Le	  Pape,	  S.	  Hammel,	  T.	  Ma,	  P.	  Celliers,	  J.	  Eggert,	  A.	  MacKinnon	  

•  GSI,	  Darmstadt	  
P.	  Neumayer	  
	  
•  TU	  Darmstadt	  
M.	  Roth,	  G.	  Schaumann,	  S.	  Frydrych,	  	  J.	  Helfrich	  
	  
•  MPI	  PKS,	  Dresden	  
J.	  Vorberger	  

•  AWE,	  UK	  
S.	  Rothman,	  D.	  Chapman	  	  
	  
•  University	  of	  Warwick	  
D.	  O.	  Gericke,	  D.	  A.	  Chapman	  
	  
•  University	  of	  Oxford,	  UK	  
G.	  Gregori,	  J.	  Wark	  
	  
•  Univ.	  of	  Rostock,	  Germany	  
R.	  Redmer	  
	  	  
•  Washington	  State	  U	  
J.	  A.	  Hawreliak	  
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Create	  by:	  
	  -‐	  isochoric	  hea,ng	  with	  short	  pulse	  laser	  
	  	  	  	  	  or	  free-‐electron	  x-‐ray	  laser	  
	  -‐	  shock	  compression	  with	  long	  pulse	  laser	  
	  	  	  	  	  or	  long	  pulse	  x-‐ray	  hea,ng/abla,on	  
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Both	  high	  energy	  lasers	  and	  x-‐ray	  FELS	  can	  create	  and	  probe	  	  
materials	  under	  extremes	  of	  high	  temperature,	  pressure	  and	  density	  

Probe	  with	  x-‐rays:	  
	  -‐	  near-‐edge	  absorp,on	  
	  -‐	  emission	  spectroscopy	  
	  -‐	  spa,al	  imaging	  
	  -‐	  inelas,c	  sca<ering	  
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