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Overview	  of	  Presenta/on	  

•  Why	  people	  study	  materials	  at	  high	  pressures	  and	  
temperatures	  

•  Mul/ple	  methods	  to	  study	  metals	  at	  extreme	  
condi/ons	  

•  Overview	  of	  important	  laser	  experiments	  on	  
metals	  

•  Current	  and	  future	  direc/on	  of	  research	  	  
•  Summary	  of	  main	  points	  



Understanding	  the	  behavior	  of	  materials	  at	  high	  pressures	  
and	  temperatures	  is	  cri/cal	  for	  many	  fields	  of	  science	  

Military	  Applica/ons	   Iner/al	  Confinement	  Fusion	  

Planetary	  Interiors	   Astrophysics	  



The	  inven/on	  of	  the	  laser	  50	  years	  ago	  has	  vastly	  increased	  
our	  knowledge	  in	  materials	  behavior	  under	  compression	  

•  Early	  1950s,	  Nikolay	  Basov	  and	  Aleksandr	  Prokhorov	  
independently	  came	  up	  with	  the	  idea	  of	  the	  MASER	  
(Microwave	  Amplifica/on	  by	  S/mulated	  Emission	  of	  
Radia/on)	  

•  However	  it	  was	  Charles	  Townes,	  J.	  P.	  Gordon	  (both	  
pictured	  on	  right),	  and	  H.	  J.	  Zeiger	  who	  built	  the	  first	  
MASER	  

In	  1960,	  Theodore	  
H.	  Maiman	  at	  
Hughes	  Research	  
Laboratories	  
operated	  the	  first	  
func/oning	  ruby	  
LASER	  (Light	  
Amplifica/on	  by	  
S/mulated	  
Emission	  of	  
Radia/on)	  

-‐Currently	  the	  most	  well-‐known	  laser	  
facili/es	  include:	  LLNL	  Jupiter,	  LLNL	  NIF,	  LLE	  
OMEGA,	  LANL	  Trident	  
-‐Over	  the	  past	  50	  years	  of	  materials	  science	  
research,	  strain	  rates	  below	  106	  s-‐1	  have	  
been	  studied	  in-‐depth	  

-‐Now	  scien/sts	  are	  trying	  to	  characterize	  
deforma/on	  mechanisms	  in	  the	  extreme	  
regime	  of	  pressures,	  temperatures	  and	  
strain	  rates	  above	  106	  s-‐1	  



NIF	  has	  192	  laser	  beams	  with	  the	  capability	  of	  
reaching	  4	  x	  106	  Joules	  in	  5	  x	  10-‐9	  seconds	  
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Several	  methods	  have	  been	  developed	  to	  study	  
materials	  at	  high	  pressure	  

HE	  flyer	  plate	  configura/on	   Explosive	  configura/on	  for	  
genera/ng	  a	  HE	  shock	  in	  
the	  metal	  

Gas	  gun	  configura/on	  

Metal	  
target	  Shock	  

wave	  



Depending	  on	  the	  type	  of	  research	  certain	  methods	  
pose	  advantages	  over	  others	  

Method	   Pressure	  Range	   Time	  	   Sample	  Size	   ApplicaGon	  

Large	  Volume	  
Press	   1	  Pa	  

microsecond	  
-‐	  

millisecond	  
500	  mm	   Planetary	  

interiors	  

Diamond	  Anvil	  
Cell	   300	  GPa	   nanosecond	   20	  um	   Crystallographic	  

studies	  

Gas	  Gun	   10	  GPa	   microsecond	   25-‐100	  mm	  dia	   HEL,	  spalla/on	  
and	  strain	  rate	  

Explosive	   14	  GPa	   microsecond	   Bulk	  material	   Physical	  	  
processes	  

Flyer	  Plate	   250	  GPa	   microsecond	   400-‐700	  um	  
thickness	  

Physical	  
processes	  

Laser	   5000	  GPa	  
nanosecond	  

-‐	  
picosecond	  

2-‐3	  mm	  dia	  
Phase	  transi/ons,	  
high	  strain	  rates,	  
min	  annealing	  



Laser	  shock	  can	  produce	  a	  variety	  of	  defects:	  voids,	  
phase	  transi/ons,	  disloca/ons	  and	  release	  in	  solids	  

There	  are	  2	  ways	  to	  launch	  a	  shock	  wave:	  
	  
1)  Directly	  launch	  a	  square	  pulse	  shock	  wave	  and	  

hold	  constant	  intensity	  
2)  Shield	  sample	  with	  plas/c	  but	  no	  reservoir	  

Shock	  Loading	  

Release	  wave	   Shock	  drive	  

Ambient	  
crystal	  

1D	  
elas/c	  
phase	  

3D	  
elas/c	  
phase	  

New	  
phase	  Voids	  

A.H.	  Clauer	  et	  al.,	  Shock	  Waves	  and	  High-‐Strain-‐Rate	  Phenomena	  in	  Metals,	  ed.	  M.A.	  Meyers	  and	  L.E.	  Murr	  (New	  York:	  Plenum	  Press,	  
1981),	  p.	  675-‐702;	  hfps://www.llnl.gov/str/JulAug06/Lorenzana.html	  
	  

	  	  Propaga/on	  of	  a	  shock	  
	  	  front	  through	  a	  crystal	  

Movement	  of	  disloca/ons	  
generated	  at	  shock	  front	  



Adiaba/c	  Hugoniot	  Equa/on:	  
Veloci/es	  Us	  and	  Up	  are	  eliminated	  

from	  Equa/ons	  1-‐3,	  then	  the	  
conserva/on	  laws	  reduce	  to	  a	  single	  

equa/on	  	  

Eq.	  1	  

Eq.	  2	  

Eq.	  3	  

The	  Principal	  Hugoniot	  Equa/ons	  give	  experimental	  
results	  (ρ	  and	  T)	  from	  shock	  laser	  experiments	  

The	  rela/onship	  between	  energy,	  mass	  and	  momentum	  is	  used	  in	  EOS	  
measurements	  to	  determine	  density	  and	  temperature	  from	  a	  given	  pressure	  

Shocks probe high Temperature 
EOS states 

[Figure courtesy of Ray Smith and Jean-Paul Davis] 
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The principle Hugoniot can	  
achieve high-P at high-T, but  
not high-ρ, and not solid-state  
conditions at high-P 

Ramped compression  
can probe solid-state 
material properties  
at very high pressures 



Ramp	  loading	  is	  another	  form	  of	  laser	  compression	  
also	  known	  as	  “quasi-‐isentropic”	  	  

Target	  design	  for	  laser-‐driven	  ramp	  compression	  of	  bismuth	  foil	  

There	  are	  2	  ways	  to	  launch	  a	  ramp	  wave:	  
	  
1)  Directly	  drive	  the	  sample	  and	  create	  pressure	  vs.	  /me	  by	  shaping	  laser	  pulse	  
2)  Use	  laser	  to	  launch	  shock	  through	  sacrificial	  plas/c	  with	  gap,	  the	  amplitude	  of	  the	  

pressure	  will	  decay	  as	  it	  travels	  through	  the	  material	  

Can	  only	  maintain	  100um	  of	  ramp	  wave	  into	  sample	  



In	  1963	  shock	  pulses	  were	  generated	  in	  metals	  from	  
laser-‐pulse	  induced	  vaporiza/on	  at	  the	  surface	  

•  Askaryon	  and	  Morez’s	  
technique	  was	  advanced	  	  

•  Shortly	  aler,	  White	  et	  al	  
were	  able	  to	  show	  
temperature	  distribu/ons	  
for	  different	  types	  of	  laser	  
pulses	  and	  energy	  

•  Allowed	  Hugoniot	  data	  for	  
a	  broad	  range	  of	  pressures	  
to	  be	  obtained	  

G.A.	  Askaryon	  and	  E.M.	  Morez,	  JETP	  Le(.,	  16	  (1963),	  p.	  1638	  
R.M.	  White,	  J.	  Appl.	  Phys.	  34,	  2123	  (1963)	  



A	  pulsed,	  high	  power	  laser	  beam	  was	  used	  to	  create	  
“blow-‐off”	  plasmas	  at	  surface	  of	  solid	  materials	  

•  The	   laser	   used	   was	   an	   oscillator-‐amplifier	  
configura/on	   of	   neodymium	   doped	   glass	  
rods	   capable	   of	   eminng	   pulses	   having	  
powers	   up	   to	   a	   gigawaf	   (60	   J	   in	   60	   ns),	  
pressure	  10-‐6	  torr	  

•  By	   conserva/on	   of	   momentum,	   a	   stress	  
pulse	   is	   induced	   in	   the	   target	   causing	   it	   to	  
deform	   at	   the	   free	   surface	   at	   a	   /me	  
depending	  upon	  the	  shock	  wave	  velocity	  

•  Produces	  stress	  pulses	  in	  tenths	  of	  Mbar	  	  
•  Discovered	   vacuum	   was	   necessary	   to	  

unshield	  targets	  from	  incident	  laser	  light	  

C.H.	  Skeen	  and	  C.M.	  York,	  Laser-‐Induced	  “Blow-‐Off”	  Phenomena,	  Applied	  Physics	  Lefers,	  1968	  
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LASER.INDUCED "BLOW·OFF" PHENOMENA 

C. H. Skeen 
TRW Systems Group 

Redondo Beach, California 90278 

C. M. York 
Department of Physics, UCLA 
Los Angeles, California 90007 

(Received I April 1968) 

A high-power, Q-switched, neodymium-doped glass laser was used to create a blow-off plasma at surfaces of solid 
materials. Measurements of the ensuing stress pulses and the associated phenomena are discussed. 

Several experiments were done elsewherel - 6 to 
determine the character of the blow-off plasma 
produced when Q-switched laser pulses interact 
with solid material surfaces. Experiments were 
reported7 recently where the laser induced blow-off 
plasma was confined to generate pressure waves in 
solids. This Letter reports results of experiments 
done to determine pressures and other related 
effects when solids are irradiated in-vacuo with 
Q-switched laser pulses. 

The laser used was an oscillator-amplifier con-
figuration of neodymium-doped glass rods capable 
of emitting pulses having powers up to a gigawatt 
(60 J in 60 nsec). The solid targets were irradiated 
in a vacuum at a pressure of approximately 10-6 

torr. Vacuum irradiations were deemed necessary 
to prevent an air-breakdown plasma from shielding 
the targets from the laser beam. The targets were 
mounted as simple pendulums. They were centered 
on the optic axis of a converging lens and the energy 
density at the front surface could be varied in turn 
by placing it at different positions along this axis. 
The sequence of events at the target during and 
shortly after the absorption of the laser pulses be-
gins when the laser pulse is absorbed creating a 
vapor plume which becomes ionized. By momentum 
conservation a stress pulse is induced in the target 
causing it to deform at the free surface at a time 
depending upon the shock wave velocity. De-
pending upon the target thickness, emission3 from 
the free surface may be expected also. In several 
milliseconds the impulse delivered to the target 
will cause it to displace as a simple pendulum. With 
this description in mind experiments are now de-
scribed wherein the impulse delivered to the target 
and related phenomena during and following the 
laser pulse absorption are described. 

Figure 1 shows the results of an actual target ir-
radiation (traces of photographs are shown due to 
poor quality of the originals). The plasma plume is 

shown, as is the target at various displacements as 
recorded by a camera in conjunction with a strobe 
light. The pulses shown at the bottom were from a 
silicon solar cell absorbing light from the strobe. 
Several targets were irradiated and the results of 
the stress pulse measurements are displayed in 
Table l. The fluences (energy densities) were de-
termined from the pulse energy and irradiated 
spot area. They were corrected for surface reflec-
tance modulation and plasma shielding according 
to the model proposed by Ehler. 4 That is, only 
three per cent of the energy was assumed to be 
absorbed by the targets. The effective "loading 
times" used for the impulses were determined 
assuming that this was the first three per cent of 
the energy in the beam. Some experiments that 
agree with these assumptions were carried out and 
the results of these will now be discussed. 
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Fig. 1. Trace of polaroid for an actual interaction of a laser 
pulse with a target. 

369 
Figure:	  A	  polaroid	  image	  of	  
a	  laser	  pulse	  hinng	  a	  target	  



In	  1970,	  Anderholm	  introduced	  laser-‐transparent	  
overlays	  

N.C.	  Andelholm,	  Appl.	  Phys.	  Le(.,	  16	  (1970),	  p.	  113	  

•  This	  enabled	  the	  
confinement	  of	  the	  vapor	  
products	  resul/ng	  in	  an	  
increase	  of	  the	  peak	  
pressure	  of	  the	  shock	  
incident	  on	  the	  metal	  

•  Created	  stress	  waves	  with	  
a	  peak	  pressure	  of	  34	  
kbar	  using	  the	  blow	  off	  
concept	  paired	  with	  the	  
thin	  film	  absorber	  

Dura/on	  of	  the	  applied	  stress	  is	  comparable	  to	  laser	  dura/on	  

Schema/c	  of	  the	  experimental	  configura/on	  



In	  1978	  Inal	  and	  Murr	  used	  Q-‐switched	  laser	  beams	  to	  
study	  lance	  defects	  in	  molybdenum	  and	  tungsten	  wires	  

O.T.	  Inal	  and	  L.E.	  Murr,	  Laser-‐shock-‐induced	  microstructural	  changes	  and	  a	  comparison	  with	  explosive-‐shock-‐induced	  phenomena	  in	  metals:	  
Field-‐ion	  and	  electron	  microscopic	  studies,	  J.	  Appl.	  Phys.,	  1978	  

Vacancy	  concentra/on	  increases	  
with	  increasing	  energy	  

Oxida/on	  bead	  strings	  at	  mel/ng	  Disloca/on	  density	  
increases	  with	  

increasing	  pressure	  



Inal	  and	  Murr	  also	  demonstrated	  the	  difference	  
between	  laser	  and	  explosive	  shock	  propaga/on	  

O.T.	  Inal	  and	  L.E.	  Murr,	  Laser-‐shock-‐induced	  microstructural	  changes	  and	  a	  comparison	  with	  explosive-‐shock-‐induced	  phenomena	  in	  metals:	  
Field-‐ion	  and	  electron	  microscopic	  studies,	  J.	  Appl.	  Phys.,	  1978	  
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FIG.1. Schematic comparison of laser-generated and explosively 
generated shock waves in a solid. The laser beam direction and the 
flyer-plate direction are both along the z axis. 

for explosively generated shock effects. In this regard, the 
ability to create shock waves by laser irradiation provides 
for a unique opportunity to study such shock-wave effects 
in situ by field-ion microscopy. Miiller20 has, in fact, al-
ready reported on attempts to study laser-irradiated metal 
end forms in the field-ion microscope, but he did not per-
form a systematic study, and his observations were simply 
of a preliminary nature. 

In the present study, laser-induced microstructural fea-
tures were compared directly with explosive-shock-induced 
microstructural features in molybdenum utilizing techniques 
of direct observation involving both field-ion and transmis-
sion electron microscopy. A specially designed field-ion mi-
croscope was employed for in situ studies of laser-induced 
effects at the atomic level. In these experiments, a focused 
Q-switched laser beam was directed onto a polished molyb-
denum or tungsten end- form. The resulting effects were 
then systematically observed by field evaporation of the sur-
face atom layers and photographing the atomic structure 
layer by layer. Vacancies and vacancy aggregates were 
counted and compared with annealed un irradiated speci-
mens, and these results were compared with similar quanti-
tative studies on explosive-shock-Ioaded molybdenum wire 
specimens using the field-ion microscope. Finally, thin foils 
of molybdenum were laser irradiated and observed in the 
transmission electron microscope. Laser-induced micro-
structural features were also compared with explosive-shock-
loaded microstructural features utilizing the transmission 
electron microscope. 

II. EXPERIMENTAL METHODS 
Because it is possible to focus a laser beam and to irradiate 

specific surface areas, it was desirable in the present study 
to be able to irradiate emission end forms in situ in a field-
ion microscope. For this purpose, a specially designed field-
ion microscope was constructed which allowed a laser beam 
to be focused onto an emission end form through an optical 
window. An optical thru-port arrangement allowed the 
beam to emerge opposite to the entrance window so that the 

2428 J. Appl. Phys., Vol. 49, No.4, April 1978 
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FIG. 2. Experimental arrangement for in situ laser irradiation of 
field-emission tips in the field-ion microscope (schematic)_ 

beam could be aligned with the emission specimen and pho-
tographed with a camera as shown schematically in Fig. 2. 
The field-ion microscope designed for this purpose was con-
structed of stainless-steel cylindrical jackets to allow for the 
emission specimen to be cooled to liquid-helium temperature 
if necessary. The specimen arrangement was a horizontal 
cooling finger into which a wire loop onto which the speci-
men was spot welded could be inserted. The microscope 
employed an oil diffusion pumping system and a large vapor 
gettering system which could be liquid-nitrogen cooled. 
The entire unit was bakeable to approximately 350°C and 
employed a channel-plate image intensification system. Im-
ages were recorded from the channel-plate screen using a Ni-
kon-F camera and Kodak Tri-X film. Figure 3 shows the 
field-ion microscope, simple optical train, and the laser sys-
tem. The laser beam ports on the field-ion microscope were 
optical flats of Pyrex glass. The focusing lens had a focal 
length of 18.5 cm and provided a 2-mm-diam spot size on the 
emission-tip (target) area. The laser system (source) was 
an Apollo Model 5 Q-switched ruby laser with a 25-nsec 
pulse width at half-maximum. Figure 4(a) illustrates the 
emission end form spot welded onto a Nichrome wire loop 
and positioned in the field-ion microscope. Figure 4(b) 
shows the spectral scattering of the laser beam on striking 
the emission tip. 

Molybdenum and tungsten emission end forms were pre-
pared by electrolytic etching of annealed wires of the metals 
as outlined previously.16,20,21 The molybdenum and tung-
sten wires (0.0075 cm in diameter) were annealed at 1250 °C 
for 1 h in vacuum Torr) prior to electropolishing. 

The annealed emission end forms were initially observed 
in the field-ion microscope and images recorded for approxi-
mately 50 atomic layers by selective field evaporation. The 
etched wire end forms were then irradiated with single laser 
pulses at a particular energy density and reimaged. The 
surface atom layers were again systematically field evapo-
rated and each layer imaged. Approximately 50 layers were 
imaged in this way or until the material again appeared as 
it did in the annealed condition before laser irradiation. 
Vacancies and vacancy clusters were counted in each layer 
photographed by projecting the image onto a screen as pre-
viously described in studies of explosive-shock-Ioaded mo-

D.T. Inal and L.E. Murr 2428 

• 	  Schema/c	  comparison	  of	  laser-‐generated	  
and	  explosively	  generated	  shock	  waves	  in	  a	  
solid.	  The	  laser	  beam	  direc/on	  and	  the	  
flyer-‐plate	  direc/on	  are	  both	  along	  the	  z	  
axis.	  
• 	  Laser	  shocks	  will	  propagate	  from	  a	  small	  
source	  region	  crea/ng	  a	  radially	  afenuated	  
stress	  pulse	  
• 	  Conven/onal	  shock	  loading	  creates	  planar	  
(uniaxial-‐strain)	  shocks	  through	  the	  sample	  

• In	  most	  cases	  the	  uniaxial-‐strain	  is	  not	  
large	  and	  allows	  for	  hydrosta/c	  stress	  
approxima/ons	  

	  
*This	  schema/c	  is	  for	  shock	  propaga/on	  through	  a	  thick	  sample	  	  



In	  1980	  Clauer	  et	  al.	  used	  laser-‐induced	  shock	  
pulses	  to	  modify	  crystal	  structures	  to	  increase	  their	  
hardness	  and	  fa/gue	  life	  

A.H.	  Clauer	  et	  al.,	  Shock	  Waves	  and	  High-‐Strain-‐Rate	  Phenomena	  in	  Metals,	  ed.	  M.A.	  Meyers	  and	  L.E.	  Murr	  (New	  York:	  Plenum	  Press,	  
1981),	  p.	  675-‐702.	  

Surface	  harndess	  profiles	  across	  the	  
laser	  shocked	  zone	  on	  aluminum.	  Peak	  
shock	  pressure	  at	  5.8	  GPa	  with	  a	  25	  usec	  
laser	  pulse	  

Effects	  of	  laser	  shocking	  on	  the	  fa/gue	  
life	  of	  welded	  aluminum	  for	  axial	  fa/gue	  
tests.	  Dashed	  line	  represents	  typical	  as-‐
welded	  property.	  



In	  1980	  Clauer	  et	  al.	  used	  laser-‐induced	  shock	  
pulses	  to	  modify	  crystal	  structures	  to	  increase	  their	  
hardness	  and	  fa/gue	  life	  

A.H.	  Clauer	  et	  al.,	  Shock	  Waves	  and	  High-‐Strain-‐Rate	  Phenomena	  in	  Metals,	  ed.	  M.A.	  Meyers	  and	  L.E.	  Murr	  (New	  York:	  Plenum	  Press,	  
1981),	  p.	  675-‐702.	  

Stress	  wave	  profiles	  aler	  
passing	  through	  iron	  ad	  iron	  
alloy	  of	  increasing	  thickness	  

Comparison	  of	  computed	  and	  measured	  pressures	  
for	  water	  overlay	  aluminum	  target	  at	  1.2	  x	  109	  W/
cm2	  



Laser	  shock	  compression	  on	  monocrystalline	  copper	  
created	  disloca/on	  tangles,	  twins	  and	  stacking	  faults	  	  

M.A.	  Meyers	  a,∗,	  F.	  Gregori	  b,	  B.K.	  Kad	  a,	  M.S.	  Schneider	  a,	  D.H.	  Kalantar	  c,	  B.A.	  Remington	  c,	  G.	  Ravichandran	  d,	  T.	  Boehly	  e,	  J.S.	  Wark	  f,	  
Laser-‐induced	  shock	  compression	  of	  monocrystalline	  copper:	  characteriza/on	  and	  analysis,	  Acta	  Materialia	  51	  (2003)	  1211–1228	  	  

Lel:	  Recovery	  tube	  
for	  Cu	  crystal	  

Right:	  Laser	  drive	  
setup	  

Disloca/on	  substructure	  
for	  Cu	  (100)	  shocked	  at	  40	  J	  

Stacking	  fault	  for	  Cu	  (100)	  
shocked	  at	  205	  J	  

Mico-‐twins	  for	  Cu	  (100)	  
shocked	  at	  320	  J	  



Laser	  shock	  compression	  on	  monocrystalline	  copper	  
created	  disloca/on	  tangles,	  twins	  and	  stacking	  faults	  	  

M.A.	  Meyers	  a,∗,	  F.	  Gregori	  b,	  B.K.	  Kad	  a,	  M.S.	  Schneider	  a,	  D.H.	  Kalantar	  c,	  B.A.	  Remington	  c,	  G.	  Ravichandran	  d,	  T.	  Boehly	  e,	  J.S.	  Wark	  f,	  
Laser-‐induced	  shock	  compression	  of	  monocrystalline	  copper:	  characteriza/on	  and	  analysis,	  Acta	  Materialia	  51	  (2003)	  1211–1228	  	  

Predicted	  threshold	  stress	  for	  the	  
ini/a/on	  of	  twinning	  as	  a	  func/on	  of	  
ini/al	  temperature	  and	  grain	  size	   Cell	  size	  as	  a	  func/on	  of	  pressure	  for	  

shock	  loaded	  Cu	  



Low,	  intermediate	  and	  high	  laser	  pressures	  on	  (001)	  
and	  (134)	  single	  crystal	  copper	  showed	  orienta/on	  
dependent	  deforma/on	  mechanisms	  

Cu	  (001)	  shocked	  at	  20	  GPa	  	   Cu	  (001)	  shocked	  at	  40	  GPa	  	   Cu	  (001)	  shocked	  at	  60	  GPa	  	  

Cu	  (134)	  shocked	  at	  60	  GPa	  	  

_	  

_	  
Cu	  (134)	  shocked	  at	  40	  GPa	  	  

_	  
Cu	  (134)	  shocked	  at	  20	  GPa	  	  

_	  

M.S.	  Schneider,	  B.K.	  Kad,	  F.	  Gregori,	  B.A.	  Remington,	  M.A.	  Meyers,	  Metallurgical	  and	  Materials	  Transac/ons	  A,	  35A,	  2633	  (2004)	  	  



Laser	  shock	  of	  (001)	  and	  (134)	  single	  crystal	  copper	  
showed	  orienta/on	  dependent	  slip-‐twinning	  transi/ons	  

M.S.	  Schneider,	  B.K.	  Kad,	  F.	  Gregori,	  B.A.	  Remington,	  M.A.	  Meyers,	  Metallurgical	  and	  Materials	  Transac/ons	  A,	  35A,	  2633	  (2004)	  	  

Top:	   Cu	   (134)	   cell	   size	   as	   a	   func/on	  
of	   distance	   from	   impact	   surface.	  
Bofom:	   cell	   size	   as	   a	   func/on	   of	  
es/mated	  pressure	  

-‐	  

_	  

Work	  
hardening	  
curves	  

obtained	  from	  
Deihl	  for	  (001)	  
and	  (134)	  Cu	  
orienta/ons	  

Effect	  of	  
temperature	  

on	  the	  
twinning	  
threshold	  

pressure	  for	  
(001)	  and	  
(134)	  Cu	  

_	  

_	  



In	  2005	  Cao	  et	  al	  showed	  that	  microstructure	  
defect	  in	  single	  crystal	  copper	  was	  dependent	  
on	  shock	  compression	  method	  

Recrystallized	  grains	  observed	  in	  
HE	  plate-‐impacted	  Cu	  (001)	  and	  
(221)	  at	  57	  GPa	  but	  not	  observed	  

in	  laser	  shocked	  samples	  

Localized	  shear	  bands	  were	  observed	  
in	  HE	  plate-‐impact	  shock	  but	  are	  
absent	  in	  samples	  laser	  shocked	  

B.Y.	  Cao,	  D.H.	  Lassila,	  M.S.	  Schneider,	  B.K.	  Kad,	  C.X.	  Huang,	  Y.B.	  Xu,	  D.H.	  Kalantar,	  B.A.	  Remington,	  M.A.	  Meyers,	  Mats	  Sci	  A,	  409	  (2205)270	  



In	  2008	  Jarmakani	  et	  al	  used	  MD	  to	  simulate	  slip-‐twinning	  
transi/on	  pressures	  in	  nano	  and	  mono	  crystalline	  Ni	  and	  
compared	  to	  experimental	  and	  analy/cal	  calcula/ons	  

H.N.	  Jarmakani,	  E.M.	  Bringa,	  P.	  Earhart,	  B.A.	  Remington,	  V.	  Nhon	  and	  M.A.	  Meyers,	  Molecular	  Dynamics	  Simula/ons	  Of	  Shock	  Compression	  
Of	  Nickel:	  From	  Mono	  to	  Nano-‐Crystals,	  Acta	  Mat,	  2008,	  56,	  5584-‐5604.	  

•  The	  above	  graph	  shows	  slip	  and	  twinning	  
stress	  vs.	  shock	  pressure	  for	  
nanocrystalling	  Ni	  

Monocrystalline	  Ni	  
•  MD	  showed	  par/al	  disloca/on	  loops	  emifed	  

at	  shock	  front	  along	  {111}	  slip	  systems,	  
consistent	  with	  Meyers	  homogeneous	  
disloca/on	  genera/on	  model	  

•  Analy/cal	  calcula/ons	  of	  cell-‐stacking	  fault	  
and	  slip-‐twinning	  transi/ons	  are:	  

	  cell	  à	  stacking-‐faults:	  P~27	  GPa	  	  
	  slip	  à	  twinning:	  P~15	  GPa	  

•  The	  defect	  regime	  as	  pressure	  is	  increased	  is:	  
	  cells	  à	  twins	  

Monocrystalline	  Cu	  
•  Analy/cal	  calcula/ons	  cell-‐stacking	  fault	  and	  

slip-‐twinning	  transi/ons	  are:	  
	  cell	  à	  stacking-‐faults:	  P~5	  GPa	  	  
	  slip	  à	  twinning:	  P~50	  Gpa	  

•  The	  defect	  regime	  as	  pressure	  is	  increased	  is:	  
	  cells	  àstaking	  faults	  à	  	  twins	  

	  



In	  2003	  Preston,	  Tonks	  and	  Wallace	  present	  a	  model	  
of	  metallic	  plas/c	  flow	  for	  numerical	  simula/ons	  of	  
explosive	  loading	  and	  high	  velocity	  impacts	  

D.L.	  Preston,	  D.L.	  Tonks,	  D.C.	  Wallace,	  J.	  Appl.	  Phys.	  93,	  211	  (2003)	  

Arrhenius	  Equa/on	  showing	  
disloca/on	  transi/on	  rate:	  

Arrhenius	  Equa/on	  with	  the	  
addi/on	  of	  the	  inverse	  error	  
func/on:	  

These	  2	  equa/ons	  cons/tute	  the	  
PTW	  model	  

Voce	  work	  hardening	  
behavior	  equa/on:	  

Extension	  of	  Voce’s	  
equa/on	  to	  include	  
experimental	  observa/ons:	  

Integrated	  along	  constant	  strain	  rate	  path	  



The	  PTW	  model	  fits	  to	  experimental	  data	  of	  low	  
and	  high	  strain	  rates	  for	  copper	  	  

D.L.	  Preston,	  D.L.	  Tonks,	  D.C.	  Wallace,	  J.	  Appl.	  Phys.	  93,	  211	  (2003)	  

Copper	  satura/on	  stress	  in	  the	  thermal-‐
ac/va/on	  regime	  and	  over-‐driven	  shock	  results	  

with	  the	  PTW	  model	  fit	  to	  those	  results	  

Comparison	  of	  the	  PTW	  model	  (solid	  lines)	  
to	  the	  high-‐temperature	  stress-‐strain	  data	  

of	  Samanta	  



Laser	  compression	  on	  thin	  foils	  of	  vanadium	  
induced	  blow-‐off,	  spall	  and	  fragmenta/on	  

H.	  Jarmakani,	  B.	  Maddox,	  C.T.	  Wei,	  D.	  Kalantar,	  M.A.	  Meyers,	  Laser	  shocked-‐induced	  spalling	  and	  fragmentaKon	  in	  vanadium,	  Acta	  Materialia,	  
2010	  

pressure pulse decay profiles were calculated at the three dif-
ferent energy levels around which the experiments were con-
ducted: 100, 200 and 400 J. The results were calibrated for
the reflectivity of vanadium, taken as 61% [43]. The pressures
decayed rather rapidly as the pulse duration increased. The
triangular nature of the pulse shape was retained throughout
propagation in the 250 lm thick specimens. The initial pres-
sures, which were equal to 107, 161 and 234 GPa for the three
energy levels (100, 200 and 400 J), were reduced to approxi-
mately one-quarter of their original values at the free surface.

The pressure profiles were also computed based on cal-
ibrated laser shock experiments on tantalum carried out at
200 J (D. Eder, unpublished work). The conversion of
parameters from tantalum to vanadium was carried out
using the conservation of energy equation:

DE ¼ 1

2
U 2

p ð3Þ

where DE is the change in energy and Up is the particle veloc-
ity. The internal energy inside the shock-compressed mate-

rial is a function of the laser energy and, to a first
approximation, we assumed that this function is material
independent. Differences in reflectivity between vanadium
(61%) and tantalum (78%) were neglected. The experimental
pressure values as a function of distance into the material ob-
tained from the tantalum experiments (D. Eder, unpublished
work) are listed in Table 3. The predicted pressure pulse de-
cay profiles in vanadium for an input energy of 100 J is pre-
sented in Fig. 3b. It can be seen that the results in Fig. 3a and
b are fairly consistent. Experimental predictions using the
tantalum results match the HYADES calculations fairly

Fig. 2. (a) Schematic of the cross-sectional view of the experimental set-
up; (b) laser shock of thinnest target; (c) laser shock of intermediate
thickness target; (d) laser shock of thickest target.

Table 2
Laser energy and pulse duration of experiments.

Experiment Foil
thickness (lm)

Energy
(J)

Diagnostic Pulse length
(ns)

3 75 290 Glass shield 3
4 75 167 Glass shield 3
5 127 228 Glass shield 3
8 250 438 Glass shield 3
9 127 430 Glass shield 3

11 250 251 Glass shield 3
12 250 442 Aerogel 3
13 127 381 Aerogel 3
14 127 209 Aerogel 3
15 75 199 Aerogel 3
18 127 218 Glass shield 8
22 127 218 Glass shield 8

Fig. 3. (a) HYADES code simulation of laser pulse propagation in
vanadium with 61% reflectivity [$] from simulation by. s represents 400 J
laser propagated in V: initial pressure 234GPa; free surface pressure
60.1 GPa; duration of propagation %32 ns. h represents 200 J laser
propagated in V: initial pressure 161 GPa; free surface pressure 37.5 GPa;
duration of propagation 36 ns. D represents 100 J laser propagated in V:
initial pressure 107 GPa, free surface pressure 16.4 GPa; duration of
propagation 41.1 ns. (b) Calculated decay of pulse propagation for initial
energy of 100 J.

H. Jarmakani et al. / Acta Materialia 58 (2010) 4604–4628 4607

Schema/c	  showing	  a)	  target	  setup;	  b)	  75	  
um	  V	  foil	  blow-‐off	  completely;	  c)	  127	  um	  V	  
foil	  showing	  both	  blow-‐off	  and	  spall;	  and	  d)	  
250	  um	  V	  foil	  complete	  spall	  

loading [57] and the split Hopkinson pressure bar tech-
nique [58]. The dynamic yield stress was established to be
!480 MPa by Chabildas et al. [57], in very good agreement
with work by Bat’kov et al. [56]. The yield strength of vana-
dium does not seem to be very sensitive to strain rate.
Hence, we took the dynamic yield strength Y of vanadium
to be 480 MPa in our analyses. With all parameters deter-
mined, the fragment size SG–K is plotted as a function of
strain rate in Fig. 26b.

We also directly determined the vanadium fragment
sizes based on the number of fragments collected on the
glass shields. Table 4 shows the different experiments car-
ried out and the total number of fragments counted on
the glass shields. The total number was estimated with
the aid of the imaging software ImageJ. For simplicity,
the assumption was made in all cases that the total spall
area was pd2/4, where d = 2.5 mm (the inner diameter of
the washer), and the thickness of the fragments was equal
to the spall thickness. Dividing the spalled area by the total
number of fragments on the glass shield for all experimen-

tal cases, we were able to obtain the area of each individual
fragment. Assuming the fragments were geometrically
square and taking the square root of this area, we obtained
the fragment size Sexp. The experimentally determined frag-
ment sizes are also plotted as a function of strain rate in
Fig. 26b.

It is clearly evident that the experimentally determined
fragment sizes were smaller than those obtained using the
G–K model by a factor of 2–3. One can get a better fit
by increasing Y, but this is an uncertainty. More recent the-
ories by Glenn and Chudnovsky [59] and Molinari and co-
workers [60,61] predict values that were a factor of six
lower than the original G–K model and, therefore, it can
be said that the current experimental results are in between
these. Considering the uncertainties in experimental mea-
surements and simplifying the assumptions in the G–K
model, the agreement is considered satisfactory. Theory
predicted and the experiments showed a decrease in frag-
ment size with strain rate. The Sexp values were actually
in better agreement with some fragment sizes measured

Fig. 22. Spalling of 250 um thick h1 1 0i monocrystal samples; (a) spall surface 392 J; (b) ductile separation; (spall surface 398 J); (d) fracture surface with
deep dimples possibly due to partial melting.

H. Jarmakani et al. / Acta Materialia 58 (2010) 4604–4628 4621

Flaking,	  separa/on	  along	  the	  grains,	  cracking	  and	  the	  
forma/on	  of	  voids	  close	  to	  the	  surface	  are	  evident	  

Spall	  
diameter	  
increases	  
with	  

increasing	  
energy	  



5.2	  keV	  x-‐rays	  

15	  mm	  
pinhole	  

35	  mm	  rippled	  V	  	  
(λ,	  η0	  =	  60,	  0.6	  mm)	  

Spufered	  V	  sample	  

45 ns 55 ns 65 ns 75 ns 75 ns 
With	  material	  strength	   No	  strength	  

80 ns 40 ns 

VISAR	  

Material	  strength	  at	  very	  high	  pressures	  and	  strain	  
rates	  have	  been	  demonstrated	  at	  Omega	  

Face-‐on	  radiographs	  of	  ripple	  growth	  

300	  mm	  	  
gap	  

200	  mm	  CH	  	  
reservoir	  

3.7ns	  drive,	  
2.5e13	  W/cm2	  

[H.S.	  Park	  et	  al.,	  	  PRL	  104,	  135504	  (2010)]	  

Time	  

Ap
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d	  
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Compress	  

EOS	  

Accelerate	  

RT	  phase	  

Strain	  rates	  order	  ~10%	  =	  10-‐1	  
Time	  scales	  around	  10	  ns	  
Characteris/c	  strain	  rates	  =	  10-‐1/10-‐9	  s	  =	  107	  s-‐1	  



Experiments	  to	  check	  if	  Ta	  Raleigh	  Taylor	  experiments	  are	  
sensi/ve	  to	  grain	  size	  effects	  at	  high	  pressures	  and	  strain	  rates	  

• 	  The	  Hall-‐Petch	  effect	  at	  ambient	  
condi/ons	  is	  given	  by:	  	  

• 	  Assuming	  ambient	  condi/ons	  H-‐P	  parameters,	  the	  Hall-‐Petch	  effect	  is	  es/mated	  to	  be	  only	  ~10%	  
of	  the	  inferred	  peak	  strength	  for	  a	  100x	  change	  in	  grain	  size	  for	  Pmax~1	  Mbar,	  de/dt	  ~107	  s-‐1	  	  TaRT	  
experiment,	  which	  is	  below	  the	  experimental	  resolu/on.	  
• 	  To	  check	  the	  grain	  size	  effect	  (to	  be	  sure),	  recent	  Omega	  shots	  were	  preformed	  to	  study	  the	  grain	  
size	  effect	  in	  Ta-‐RT	  dynamics	  at	  ~1	  Mbar,	  ~107	  s-‐1	  condi/ons	  	  
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[Meyers & Chawla, Fig. 14.1] 	
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€ 

σHP = σ 0 + kDgrain
−1 / 2

• 	  Following	  Zerilli-‐Armstrong,	  it	  is	  
assumed	  the	  Hall-‐Petch	  effect	  is	  
addi/ve	  with	  strain	  and	  strain-‐rate	  
hardening,	  and	  scales	  with	  G(P):	  

€ 

σZA = ΔσG
' + c1 exp(−c3T+ c4T˙ ε ) + c5ε

n + kDgrain
−1 / 2[ ] G(P)

G0

Ta-RT	


[B.A.	  Remington	  et	  al.,	  	  PRL	  104,	  135504	  (2010)]	  



At	  the	  atomic	  scale	  MD	  can	  model	  voids,	  spall,	  disloca/ons	  
and	  twins	  in	  structures	  with	  well	  defined	  poten/als	  
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Embedded	  Atomic	  Method	  

Void	  Growth	  in	  BCC	  Tantalum	  Cubic	  Sample	  

i
k

r j

	  	  	  	  	  	  

Periodic	  Boundary	  Condi/on:	  
Unit	  cells	  are	  repeated	  for	  

MD	  computa/ons	  

Tang	  et	  al,	  Intro	  Into	  MD,	  UCSD	  2011	  	  



Hyades	  and	  Hydra	  are	  solware	  tools	  that	  simulate	  
the	  pressures	  throughout	  the	  sample	  during	  laser	  
compression	  
	  

Compressed	  Ablator	  

Plasma	  

Aler	  laser	  turn	  off	  

Wehrenberg,	  LLNL	  Janus	  12B	  Hyades,	  2012	  



VISAR	  is	  a	  velocity	  interferometer	  diagnos/c	  to	  
provide	  data	  on	  shock	  strength	  in	  experiments	  

!
λ
λ0

=
1− v

c0
1+ v

c0

≈1− 2 v
c0

λ

λ0

=	  	  Reflected	  wavelength	  of	  light	  

=	  	  Ini/al	  wavelength	  of	  light	  

v
c0

=	  	  Object	  velocity	  

=	  	  Speed	  of	  light	  

Typical	  VISAR	  setup	  

VISAR	  uses	  Hugoniot	  equa/ons	  to	  determine:	  
•  Spall	  strength	  
•  Dynamic	  yield	  strengths	  	  
•  Polymorphic	  phase	  transi/ons	  
•  Shock	  induced	  mel/ng	  
•  Elas/c	  constants	  at	  high	  pressures	  

hfp://www.valynvisar.com/html/visar_applica/ons.html	  



Experiments	  at	  extreme	  condi/ons	  are	  of	  
par/cular	  interest	  for	  military	  and	  energy	  research	  



Iner/al	  Confinement	  Fusion	  is	  the	  energy	  of	  the	  future	  



Summary	  
•  Understanding	  the	  behavior	  of	  materials	  at	  high	  pressures,	  temperatures	  and	  strain	  

rates	  is	  cri/cal	  for	  many	  fields	  of	  science	  
•  NIF	  is	  the	  largest	  laser	  in	  the	  en/re	  world,	  scaling	  3	  football	  fields	  and	  has	  192	  laser	  

beams	  with	  the	  capability	  of	  reaching	  4	  MJ	  in	  5	  ns	  
•  Compression	  can	  be	  reached	  through	  direct,	  indirect,	  shock	  and	  ramp	  loading	  
•  In	  1963	  Askaryon	  and	  Morez	  suggested	  that	  pulsed	  laser	  beams	  could	  produce	  recoil	  

pressures	  from	  vaporiza/on	  of	  metal	  surfaces	  
•  White	  verified	  Askaryon’s	  suggested	  effect	  on	  unconfined	  surfaces	  
•  Anderholm	  showed	  that	  pressures	  of	  gigapascals	  could	  be	  obtained	  on	  confined	  

surfaces	  (surfaces	  covered	  by	  a	  transparent	  overlay)	  
•  Skeen	  and	  York	  demonstrated	  blow-‐off	  from	  laser	  shock	  
•  50	  years	  of	  laser	  work	  has	  created	  a	  new	  field	  of	  materials	  science	  dedicated	  to	  

materials	  behavior	  under	  laser	  compression	  
•  There	  are	  many	  tools	  that	  help	  derive	  informa/on	  from	  laser	  experiments	  such	  as	  

hyades,	  hydra	  and	  molecular	  dynamic	  simula/ons	  as	  well	  as	  diagnos/c	  setups	  such	  as	  
VISAR	  

•  Laser	  compression	  is	  essen/al	  for	  the	  future	  of	  the	  world’s	  energy:	  ICF	  
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“Any	  intelligent	  fool	  can	  make	  things	  bigger,	  
more	  complex,	  and	  more	  violent.	  It	  takes	  a	  
touch	  of	  genius	  -‐-‐	  and	  a	  lot	  of	  courage	  -‐-‐	  to	  
move	  in	  the	  opposite	  direc/on.”	  

Albert	  Einstein	  



The	  fusion	  reac/on	  creates	  high	  temperature	  
plasmas	  which	  are	  then	  transported	  to	  a	  power	  
generator	  

hfp://science.howstuffworks.com/fusion-‐reactor4.htm	  



In	  1995	  Vecchio	  studied	  the	  different	  material	  behavior	  of	  
tantalum	  and	  tantalum	  alloys	  under	  laser	  compression	  

G.T.	  GRAY	  III	  and	  K.	  S.	  VECCHIO	  ,	  Influence	  of	  Peak	  Pressure	  and	  Temperature	  on	  the	  Structure/Property	  Response	  of	  Shock-‐Loaded	  Ta	  
and	  Ta-‐IOW,	  in	  Metallurgical	  and	  Materials	  Transac/ons	  A	  Volume	  26,	  Number	  10	  (1995),	  2555-‐2563	  

Op/cal	  micrographs	  of	  (a)	  annealed	  
unalloyed-‐Ta,	  (b)	  annealed	  Ta-‐10W,	  (c)	  
unalloyed-‐Ta	  shock	  loaded	  to	  20	  GPa,	  and	  
(d)	  Ta-‐10W	  shock	  loaded	  to	  20	  GPa.	  Note	  
the	  presence	  of	  deforma/on	  twins	  
(arrows)	  introduced	  by	  the	  shock	  
deforma/on.	  The	  wavy	  background	  
structure	  observed	  in	  the	  Ta-‐10W	  
samples	  is	  due	  to	  tungsten	  composi/onal	  
fluctua/ons	  in	  the	  annealed	  plate	  
material	  which	  result	  in	  differen/al	  
etching	  behavior.	  	  

The	  propensity	  for	  long,	  straight	  screw	  
disloca/ons,	  irrespec/ve	  of	  the	  loading	  
condi/on,	  supports	  the	  theory	  of	  strong	  Peierls	  
stress	  control	  on	  defect	  genera/on	  and	  defect	  
storage.	  





Laser	  driven	  implosions	  can	  be	  either	  direct	  or	  
indirect	  depending	  on	  the	  experiment	  

Direct	  Drive	   Indirect	  Drive	  

• 	  Causes	  hot	  spots	  
• 	  Trouble	  with	  smooth	  loading	  	  
• 	  “Laser	  Imprin/ng”	  

• Smooths	  out	  loading	  



By	  2010	  two	  novel	  methods	  became	  established	  to	  
produce	  ramp	  compression	  from	  pulsed	  lasers	  

• 	  Indirect	  loading	  created	  by	  sol	  x-‐rays	  •  Indirect	  loading	  created	  by	  ablator	  and	  
vacuum	  gap	  	  


