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G E N E R A T I O N  O F  H I G H  SHOCK P R E S S U R E S  BY L A S E R  P U L S E S  

J.P. Romain 

GRECO ILM, Laboratoire drEnergétique e t  ~ é t o n i ~ u e + ,  E.N.S.M.A., 
rue Guillaume V I I ,  86034 Poit iers,  France 

Résumé : Les c a r a c t é r i s t i q u e s  d 'ondes de choc de t r è s  haute  p ress ion  
i n d u i t e s  par  impu ls ion  l a s e r  e t  l e s  r é s u l t a t s  obtenus au cours  des 
d e r n i è r e s  années son t  examinés. Les p ress ions  dédu i t es  de mesures de l a  
v i t e s s e  de >hoc a t t e i g n e n t  5 TPa. L ' i n f l u e n c e  de l a  longueur  d 'onde e t  
du f l u x  l a s e r  a i n s i  que l e s  e f f e t s  de 1 'expansion b id imens ionne l l e  du 
plasma su r  l a  p ress ion  de choc son t  é tud iés .  Le rendement hydrodynamique 
déterminé à p a r t i r  des données i n c l u a n t  de nouveaux r é s u l t a t s  à 0,26 Pm 
de longueur  d 'onde met en év idence l ' a v a n t a g e  des cou r tes  longueurs  
d 'onde pour o b t e n i r  de t r è s  hautes  press ions.  La p o s s i b i l i t é  d ' o b t e n i r  
des press ions de l ' o r d r e  de 10 TPa pa r  l a  méthode des impédances de choc 
e s t  exami née. 

Abs t rac t  : Aspects o f  l a s e r  generated h i g h  shock pressures  and r e s u l t s  
ob ta ined  over  t h e  l a s t  years  a re  reviewed. Shock pressures  up t o  5 TPa 
i n f e r r e d  f rom shock v e l o c i t y  measurements a re  repo r ted .  E f f e c t s  o f  l a s e r  
wavelength,  i n t e n s i t y  and 2-D p l  asma expansi on on t h e  generated shock 
pressure  a r e  discussed. The hydrodynamic e f f i c i e n c y  determined f r o m  
v a r i o u s  d a t a  i n c l u d i n g  new r e s u l t s  a t  0,26 Mm wavelength o u t l i n e s  t h e  
advantage o f  s h o r t  wavelengths f o r  p roduc ing very  h i g h  pressures .  The 
p o s s i b i l i t y  o f  ach iev ing  shock pressures  i n  t h e  10 TPa range w i t h  t h e  
use o f  t h e  impedance match techn ique i s  examined. 

1 NTRODUCTION 

The use o f  h i g h  i n t e n s i t y  l a s e r s  f o r  p roduc ing u l t r a h i g h  pressure  shock waves has 
been developed i n  t h e  l a s t  few yea rs  e s s e n t i a l l y  i n  concern w i t h  i n e r t i a l  
conf inement f u s i o n  exper iments,  and a l s o  as a p o s s i b l e  a p p l i c a t i o n  t o  equa t i on  o f  
s t a t e  research.  Pressures i n  excess o f  10 TPa were expected f o r  a p lane wave 
c o n f i g u r a t i o n .  But u n t i l  r e c e n t l y ,  t h e  maximum pressure  i n f e r r e d  f rom shock v e l o c i t y  
measurements a t  h i g h  l a s e r  i n t e n s i t y  was 3.5 TPa /1/ .  Most o f  t h e  exper iments have 
been done a t  1 .O6 m l a s e r  wavelength, a few exper iments a t  0.35 pm wavelength and 
r e c e n t l y  t h e  f i r s t  exper iments  a t  0.26 pm wavelength. 

I n  t h i s  paper, we p resen t  a rev iew  and a d i scuss ion  o f  t hese  va r i ous  r e s u l t s  w i t h  
emphasis on l a s e r  wavelength e f f e c t s  and 2-D plasma expansion e f f e c t s  on shock 
pressure  and hydrodynamic e f f i c i e n c y .  

1 - LASER SHOCK PROPERTIES 

The mechanism o f  shock gene ra t i on  by l a s e r  pu lses  o f  h i g h  i n t e n s i t y  i s  w e l l  known 
and has been descr ibed i n  va r i ous  papers /2-4/. A shock wave i s  generated i n  a s o l i d  
t a r g e t  by a b l a t i o n  o f  m a t e r i a l  a t  t h e  i r r a d i a t e d  sur face.  The a b l a t i o n  i s  produced 
by energy absorbed i n  t h e  low d e n s i t y  reg ions  o f  t h e  expanding plasma and t ranspo r -  
t e d  by thermal  conduct ion  th rough t h e  dense plasma r e g i o n  up t o  t h e  s o l i d  sur face.  
From t h e  i n c i d e n t  energy (Einc), o n l y  p a r t  i s  absorbed i n  t h e  plasma below o r  a t  
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c r i t i c a l  d e n s i t y  (Eabs) and aga in  p a r t  o f  t h i s  absorbed energy, c a l l e d  e f f i c i e n t  

energy (Eeff)  i s  used f o r  t h e  shock compression ( F i g . 1 ) .  

I I 
LASER 1 PLASMA 

I 
' S O L I D  
I 
1 

Eref lected Eiost 

FIG. 1 - Schematic r e p r e s e n t a t i o n  o f  energy d i  s t r i  b u t i o n  d u r i n g  an i n t e r a c t i o n  
exper iment.  The e f f i c i e n t  energy i s  t h e  p a r t  o f  i n c i d e n t  energy used f o r  t h e  shock 
compression o f  t h e  s o l i d  t a r g e t .  

The abso rp t i on  r a t i o n  Eabs/Einc determined from measurements on plasma expansion /5/ 

i s  about 30 % a t  1.06 Pm wavelength and 90 % a t  0.26 Pm wavelength, f o r  500 ps l a s e r  

pu lses  i n  t h e  1014 - 1015 w/cm2 i n t e n s i t y  range. The i nc reased  abso rp t i on  a t  0.26 Pm 
i s  a f i r s t  advantage o f  u s i n g  s h o r t  wavelength f o r  p roduc ing h i g h  pressures .  
Exper iments a t  1.06 vm and 0.35 um wavelength /6/ have conf i rmed t h i s  advantage. The 
measurement o f  shock Dressures ~ r o v i d e s  one means f o r  e v a l u a t i n a  t h e  t o t a l  
i n t e r a c t i o n  balance E ~ ~ ~ / E ~ ~ ~  and ' t h e  p a r t  o f  absorbed energy l o s t  in t h e  plasma 
expansion (Elost). 

From 1-D models o f  plasma blow-off ,  s c a l i n g  laws r e l a t i n g  pressure  t o  absorbed 
i n t e n s i t y  and l a s e r  wavelength can be d e r i v e d  / 7 /  

P = 1.2 1 2/3 a t  A = 1.06 Pm abs ( 1 )  

2 where u n i t s  are  TPa f o r  P and 1014 W/cm f o r  Iabs. 

These r e l a t i o n s  i n d i c a t e  t h a t  p ressure  i s  an i n c r e a s i n g  f u n c t i o n  o f  absorbed i n t e n -  
s i t y  and a decreas ing f u n c t i o n  of wavelength. They a l s o  p r e d i c t  t h a t  p ressures  
produced by l a s e r  i r r a d i a t i o n  a re  r e l a t i v e l y  i n s e n t i t i v e  t o  t a r g e t  m a t e r i a l .  I n  t h e  

ranae 1014 - 1015 w/crn2 absorbed i n t e n s i t v ,  t h e o r e t i c a l  o ressures  a r e  1 t o  3 TPa a t  - ,  

1.06 Hm and 1.5 t o  8 TPa a t  0.26 PM. Cond i t i ons  o f  10 2 j4 - 1015 W/cm a r e  easy of 
access t u  1 asers used i n  f u s i o n  exper iments.  However d i f f i c u l t i e s  a re  encountered 
f o r  a c h i e v i n g  such extreme pressures  i n v o l v i n g  much energy, s h o r t  l a s e r  pu lses  and 
srnall f o c a l  spots.  

- A s h o r t  pu l se  d u r a t i o n  ( = 1 ns )  i m p l i e s  a r a p i d  decay o f  shock 
ampl i tude due t o  r a r e f a c t i o n  waves propagat ing  i n t o  t h e  t a r g e t  and o v e r t a k i n g  t h e  
shock f r o n t  /8-9/. The pressure  i s  main ta ined over  a smal l  d i s t a n c e  i n  t h e  t a r g e t  
and t h e  usefu l  t a r g e t  t h i ckness  i s  o n l y  a few tens  o f  microns. 



- A  consequence o f  smal l  f o c a l  spots,  t y p i c a l l y  o f  t h e  o rde r  o f  100 , m 
diameter,  i s  a  2-D plasma expansion / IO/ r e s u l t i n g  i n  a  s t r o n g  r e d u c t i o n  o f  e f f i -  
c i e n t  energy and consequent ly  i n  pressure.  

- Suprathermal e l e c t r o n s  generated by resonant  abso rp t i on  w i t h  l ong  
mean-free-paths can produce a  preheat  o f  t h e  t a r g e t .  T h e i r  temperature  i s  a  . - 
decreas ing f u n c t i o n  o f  wavelength and t h e i r  p e n e t r a t i o n  depth  a t  1 0 ' ~  w/cmZ i s  
es t imated t o  be ,,, 10 ~m a t  1.06 pm wavelength and o n l y  .i. 0.5 ,m a t  0.26 p m  
wavelength. These va lues p o i n t  ou t  another  advantage o f  s h o r t  wavelengths : 
negl  i g i  b l e  e l e c t r o n  preheat  even a t  ve ry  h i  gh i n t e n s i  t y .  

- X-rays produced i n  t h e  plasma d u r i n g  t h e  i n t e r a c t i o n  a r e  another 
p o s s i b l e  source o f  t a r g e t  preheat .  Th i s  e f f e c t  i s  enhanced a t  s h o r t  wavelength and 
i n  h i g h  Z m a t e r i a l s .  

- F i n a l l y ,  t h e  ex i s tence  o f  s p a t i a l  inhomogenei t ies  o r  so c a l l e d  "ho t  
spots"  i n  t h e  l a s e r  beam can d i s t u r b  t h e  shock p l a n a r i t y .  Genera l ly ,  a t  l o n g  wave- 
l eng th ,  i n t e n s i t y  v a r i a t i o n s  a re  smoothed ou t  by thermal  conduct ion .  But,  a t  s h o r t  
wavelength, owing t o  energy d e p o s i t i o n  a t  a  sma l l e r  d i s t a n c e  f rom t h e  a b l a t i o n  sur -  
face,  s t r o n g  e f f e c t s  o f  beam p r o f i l e  non u n i f o r m i t i e s  may be observed on t h e  shock 
p l  a n a r i  t y .  

I I  - DETERMINATION OF SHOCK PRESSURE FROM SHOCK VELOCITY MEASUREMENTS 

Technique : 

I n  a  m a t e r i a l  o f  known equa t i on  o f  s t a t e ,  p ressure  i s  u s u a l l y  determined f r o m  shock 
v e l o c i t y  measurements. The f i r s t  r e s u l t s  a t  h i g h  i n t e n s i t y  i n  t h e  Mbar range were 
ob ta ined  by Van Kessel and S i g e l  (1974) /Il/ and by B i l l o n  e t  a l .  (1975) /12/. Since 
1978, more ex tens i ve  measurements have been performed u s i n g  an o p t i c a l  t echn ique  o f  
shock d e t e c t i o n  /13-14/. The l a s e r  p u l s e  i s  focused on t h e  f r o n t  and f l a t  f a c e  o f  a  
s o l i d  t a r g e t  stepped on i t s  r e a r  s ide ,  which i s  imaged on t h e  s l i t  of a  s t reak  
camera r e c o r d i n g  t h e  l u m i n o s i t y  produced by t h e  shock break o u t  a t  bo th  s tep  l e v e l s .  
The shock v e l o c i t y  and t h e  shock pressure  are  then i n f e r r e d  f rom t h e  shock t r a n s i t  
t i m e  accross t h e  s tep.  

Resu l t s  a t  1.06 Pm wavelength.  Es t ima t i on  o f  2-D e f f e c t s  

Nea r l y  a l 1  exper iments have been done on aluminum t a r g e t s ,  s t a n d a r t  m a t e r i a l  f o r  
shock s tud ies ,  w i t h  s t r o n g  temperature e l e v a t i o n  under shock, f a c i l i t a t i n g  t h e  shock 
d e t e c t i o n  w i t h  t h e  use o f  a  s t reak  camera. Exper imental  r e s u l t s  are  r e p o r t e d  i n  

t a b l e  1. Pressures between 0.2 and 1.8 TPa have been ob ta ined  i n  t h e  10 i 4  - ,0i5 

2  W/cm i n t e n s i t y  range. Large e r r o r  bars  a re  due t o  t h e  d i f f i c u l t y  o f  accu ra te  t i m e  
and d i s t a n c e  measurements as a  consequence of t h e  smal l  space s c a l e  ( s teps  ofal0pm) 
and t ime  sca le  (shock t r a n s i t  t imes of a  few 100 ps ) .  

Ana l ys i s  o f  these r e s u l t s  r e v e a l s  t h a t  f i n i t e  spot  s i zes  produce a  s i g n i f i c a n t  
decrease i n  t h e  generated pressure  as compared t o  7-0 es t ima tes  f r o m  eq.1. 
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TABLE 1 - Exper imental  r e s u l t s  a t  1.06 ~m l a s e r  wavelength 

References I n t e n s i  t y  Focal  spot  Pressure  

( w/cm2 (pm) ( TPa 

Veeser and Solem /13/ 3 . 1 0 ' ~  1 O0 0.2 

T r a i n o r  e t  a l  . /14/ 8.10' 600 0.6 5 0.2 

T r a i n o r  e t  a l  . /6/  3 . 1 0 ' ~  240 0.6 + 0.2 - 

C o t t e t  e t  a l .  /15/ 1.2 10 300 0.3 t 0.1 14 
- 

3.5 1015 60 0.6 + 0.1 - 

FOCAL SPOT (Pm) 

1014 b y 
1.0 Model 

œ O . 
Tt- m 

a P = 6 M bar Il4' 

io13- 
200 400 600 
FûCAL SPOT ( pm i 

Fig .2  - Pressure dependence on f o c a l  F ig .3  - Dependence on f o c a l  spo t  diame- 
spot d iameter  a t  f i x e d  i n t e n s i t y .  t e r  o f  absorbed i n t e n s i t y  necessary f o r  

gene ra t i ng  a shock o f  6 Mbar. 

F i g u r e  2 shows t h a t  t h e  pressure  generated a t  1014 w/cm2 absorbed i n t e n s i t y  i s  
lower  than expected f r o m  t h e  1-D model ?or  spot  d iameters  ; 500 Pm. F i g u r e  3 shows 
t h a t  absorbed i n t e n s i t y  r e q u i r e d  f o r  gene ra t i ng  a pressure  o f  0.6 TPa i s  h i g h e r  t han  
p r e d i c t e d  f rom t h e  1-D model a l s o  f o r  spot  diameters; 500 Pm. Both e v o l u t i o n s  l e a d  
t o  a c r i t i c a l  va lue  of % 500 Pm above which 2-D e f f ec t s  o f  plasma expansion on 
pressure  r e d u c t i o n  become n e g l i g i b l e .  T h i s  va lue  determined f r o m  shock pressure  
measurements a t  1.06 Pm wavelength and f o r  1. 500 ps l a s e r  pu lses  i s  i n  good agree- 
ment w i t h  t h e  va lue  i n f e r r e d  from c o n s i d e r a t i o n s  on plasma expansion /16/ and a l s o  
f rom hydrodynamic code c a l c u l  a t i o n s  / I O / .  



Resul ts  a t  0 .26pm -- wavelength 

Se r i es  o f  exper iments were r e c e n t l y  performed by C o t t e t  e t  a l .  /17,18/ a t  0.26 pm 
wavelength u s i n g  t h e  l a s e r  o f  t h e  GRECO ILM (Groupement de Recherches Coordonnées 
I n t e r a c t i o n  Laser M a t i è r e ) .  The techn ique used i s  s i m i l a r  t o  t h a t  descr ibed above 
w i t h  except ion  o f  steps i n  t h e  f o i l s .  The shock t r a n s i t - t i m e  through t h i n  and f l a t  
f o i l s  was measured w i t h  re fe rence  t o  a  s i gna l  synchronized w i t h  t h e  a r r i v a 1  o f  t h e  
l a s e r  pu lse  on t h e  f r o n t  f ace  o f  t h e  t a r g e t .  The pressure  was then determined from 
t h e  bes t  f i t  between exper imenta l  p o i n t s  and t h e  1-D c a l c u l a t e d  shock t r a j e c t o r y  i n  
a  space t i m e  diagram where t h e  maximum generated pressure  i s  a f r e e  parameter. 
Example i s  g iven on f i g . 4 ,  showing a l s o  t h a t  a t  f i x e d  i r r a d i a t i o n  c o n d i t i o n s  t h e  
same pressure  i s  generated i n  Al and Mo t a r g e t s  as expected f rom theo ry .  Th is  
behaviour has been v e r i f i e d  w i t h  va r i ous  t a r g e t  m a t e r i a l s  and a t  va r i ous  pressures  
/17,18/. 

Exper imental  r e s u l t s  on t h e  pressure  dependence on l a s e r  i n t e n s i t y  a re  r e p o r t e d  i n  
t a b l e  I I .  

TABLE I I  - Exper imental  r e s u l t s  on l a s e r  induced pressure  a t  0.26 p m wavelength i n  
a l  uminum t a r g e t s .  

' i nc  Iabs2 f o c a l  spot  measured pressure  t h e o r e t i c a l  p ressure  

(W/cm ) (W/cm ) (vm) (TPa) eq.2 (TPa) 

10 20 30 40 50 
Distance ( j~ m 1 

F i g . 4 ' -  Exper imental  p o i n t s  of  shock t r a n s i t  t ime  versus t a r g e t  t h i ckness  i n  Al  and 
- - 

Mo i r r a d i a t e d  a t  1015 w/cm2 i n c i d e n t  i n t e n s i t y ,  l a s e r  pu l se  l e n g t h  500 ps, f o c a l  
spot  diameter 35 pm. Best f i t  curves t o  t h e  exper imenta l  p o i n t s  a re  c a l c u l a t e d  f o r  
t h e  same d r i v i n g  pressure  of 4.5 TPa i n  Mo and A l .  
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I n  t h e  i n t e n s i t y  range 1013 - 1015 w/cm2, measured pressure  extends f rom 0.5 TPa t o  
5 TPa uppermost pressure  a c t u a l l y  achieved f o r  a  p lane shock wave i n  a  l a b o r a t o r y  
exper iment.  The pressure  r e d u c t i o n  due t o  2-D plasma expansion i s  eva luated by 
compari son wi t h  t h e o r e t i c a l  va lues f rom eq.2. The hydrodynamic e f f  i c i e n c y  i s  
es t imated f rom t h e  va lue  o f  r a t i o s  Elost/Eabs , Eeff/Eabs and Eeff/Einc r e p o r t e d  i n  

t a b l e  III and compared w i t h  t h e  r e s u l t s  a t  1.06 Pm wavelength. 

TABLE III - Hydrodynamic e f f i c i e n c y  dependence on l a s e r  wavelength, i r r a d i a n c e  and 
f o c a l  spot  d iameter .  

A 'abs2 foca l  spot  Elost/Eabs Eeff/Eabs abso rp t i on  Eff/Einc 

( ~ m )  (W/cm (pm) r a t i o  

2  P a r t i c u l a r l y  s i g n i f i c a n t  a re  t h e  r e s u l t s  a t  1015 W/cm absorbed i n t e n s i t y  f o r  smal l  
foca l  spots,  showing t h a t  40 % o f  absorbed energy a re  conver ted i n t o  e f f i c i e n t  
energy a t  0.26 pm wavelength and o n l y  3 % a t  1  .O6 ~ r n  wavelength i n  s im i  l a r  i r r a d i a -  
t i o n  c o n d i t i o n s .  These values g i v e  evidence of a  s t rong  r e d u c t i o n  o f  2-D plasma ex- 
pansion e f f e c t s  a t  s h o r t  wavelength, which, i n  a d d i t i o n  t o  t h e  i nc rease  o f  absorp- 
t i o n  r a t i o ,  g i ves  a  cons ide rab le  advantage t o  sho r t  wavelengths f o r  gene ra t i ng  h i g h  . - - 
pressures.  Typ i ca l  l y ,  a t  10 ' '  w/cmL i n c i d e n t  i n t e n s i t y ,  w i t h  f o c a l  spots  o f  y 50 m, 
t h e  pressure  i s  t e n  t imes h i g h e r  a t  0.26 i i m  wavelength ( 5  TPa) than a t  1 .O6 p  m 
wavelength (0.5 TPa). 

III - DETERMINATION OF PRESSURE BY DOUBLE-FOIL EXPERIMENTS - - -- --- 

Laser induced shocks produce an a c c e l e r a t i o n  of t h i n  f o i l  t a r g e t s  t o  h i g h  
v e l o c i t i e s .  The pressure  P and the  f o i l  v e l o c i t y  V a re  r e l a t e d  by momentum 
conse rva t i on  ( r o c k e t  model) : 

P eV = PT ( 3 )  

where p i s  t h e  f o i l  d e n s i t y ,  e  i t s  t h i ckness  and T t h e  pu l se  d u r a t i o n .  I n  t h e  
doub le  f o i l  techn ique /19/,  t h e  f o i l  v e l o c i t y  i s  measured by obse rva t i on  o f  t h e  
shock generated i n  a  second f o i l  p laced a t  a  known d i s tance ,  by impact o f  t h e  f i r s t  
f o i l .  E f f e c t s  o f  non homogeneous d e n s i t y  p r o f i l e  o f  t h e  acce le ra ted  f o i l  and on 
v e l o c i t y  measurements have been r e c e n t l y  mentionned by Fabbro e t  a l .  /20/. I n  t h e  
case o f  ve ry  smal l  impact f o i l  t h i ckness  t h e  de tec ted  shock a t  t h e  r e a r  f ace  o f  t h e  
second f o i l  i s  due t o  t h e  low d e n s i t y  p a r t  o f  t h e  acce le ra ted  f o i l  mooving f a s t e r  
than t h e  h i g h  d e n s i t y  p a r t .  The impact f o i l  must be t h i c k  enough t o  ensure an 
i nc rease  o f  shock ampl i tude up t o  t h e  maximum va lue d u r i n g  t h e  t r a n s i t  t ime  o f  t h e  
shock f r o n t  th rough t h e  f o i l .  Th i s  behav iour  i s  i l l u s t r a t e d  by t h e  f o l l o w i n g  r e s u l t  

2  /20/: a t  0.26 m wavelength, 1015 W/cm absorbed i n t e n s i t y  and acce le ra ted  f o i l s  o f  



27 Pm, t h e  measured v e l o c i t y  was 65 km/s w i t h  impact f o i l s  o f  6 ~ m  and 45 km/s w i t h  
impact f o i l s  o f  18 Pm. The cor respond ing pressures  i n f e r r e d  f r o m  t h e  r o c k e t  model, 
eq.3, a re  r e s p e c t i v e l y  6  TPa and 4.8 TPa. I n  same i r r a d i a t i o n  c o n d i t i o n s ,  t h e  
pressure  i n f e r r e d  f rom shock v e l o c i  t y  measurements was 4.5 TPa i n d i c a t i n g  t h a t  f o i  1  
v e l o c i t y  measurements a r e  c o r r e c t  w i t h  impact f o i l s  of l 8 p  m  th i ckness  b u t  n o t  w i t h  
6pm th i ckness .  

I V  - TECHNIQUES OF PRESSURE ENHANCEMENT - - -. - -- - - -- -. - 

Double f o i l  exper iments 

The double f o i l  techn ique can be used t o  produce an a m p l i f i c a t i o n  o f  p ressure  by 
c o l l i s i o n  o f  t h e  f i r s t  f o i l  on t h e  second. Th is  e f f e c t ,  s i m i l a r  t o  t h a t  o f  t h e  f l y e r  
p l a t e  techn ique used i n  conven t i ona l  shock exper iments has been observed by Rosen e t  
a l .  2  : a  pressure  o f  2  TPa was measured i n  an aluminum impact f o i  1, whi l e  t h e  
l a s e r  induced pressure  i n  t h e  f i r s t  f o i l  was o n l y  0.5 TPa. I n  recen t  p r e l i m i n a r y  
exper iments performed a t  t h e  GRECO ILM /22/ pressures  i n  excess o f  20 TPa were 
es t imated f r o m  shock v e l o c i t v  measurements i n  aluminum f o i l s  imoacted bv aluminum 

acce le ra ted  f o i l s  a t  1 0 j 5  w/cm2 i n t e n s i t y  and 0.26 Mm wavelength.  

Us ing the  advantage t h a t  l a s e r  generated shock pressure  i s  independent o f  t a r g e t  
m a t e r i a l ,  enhancement o f  shock ampl i tude can be ob ta ined  by t r ansm iss ion  o f  t h e  
l a s e r  induced shock f rom a  low impedance m a t e r i a l  ( A l  i n t o  a  h i g h  impedance 
m a t e r i a l  (Cu, Au), F ig .5 .  

F ig .5  - Impedance match ex- 
per iments  on Al-CU o r  Al-AU 
t a r g e t s .  Pressure t r a n s m i t -  
t e d  i n  Cu and Au versus 
l a s e r  generated shock pres- 
su re  i n  A l .  

PRESSURE IN Al (Mbar) 

The curves o f  f i g .  5  show t h a t  t r a n s m i t t e d  p ressu re  i n  Cu o r  Au i s  about t w i c e  t h e  

i n c i d e n t  p ressu re  i n  A l .  Exper iments on Al-CU t a r g e t s  i n  t h e  range 5  1013 - 4.10 14 

w/cm2 i n c i d e n t  i n t e n s i t y  a t  1  .O6 Pm wavelength have con f i rmed  t h i s  e f f e c t  /23/ : 
measured presures  extended f r o m  0.2 t o  0.6 TPa i n  Al  and f r o m  0.4 t o  0.8 TPa i n  Cu. 
I n  r e c e n t  exper iments  made by Our group on Al-AU t a r g e t s  i r r a d i a t e d  a t  0.26 p m  

wavelength and 1015 w/cm2 i n c i d e n t  i n t e n s i t y ,  p ressu res  o f  4.5 TPa were generated i n  
A l  and t r a n s m i t t e d  pressures  of t h e  o r d e r  of 9 TPa i n  Au were i n f e r r e d  f r o m  shock 
v e l o c i t y  measurements. The r e s u l t s  o f  these p r e l i m i n a r y  exper iments  a r e  i n  good 
agreement w i t h  t h e  t h e o r e t i c a l  impedance-match va lues  f rom t h e  cu rves  o f  f i g . 5 .  
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V - SHOCK TEMPERATURE MEASUREMENTS - 

Attempts t o  temperature  measurements a t  ve ry  h i g h  shock pressure  (4.5 TPa) have been 
r e c e n t l y  presented by Fabbro e t  a l .  /20/. The techn ique used c o n s i s t s  i n  measuring 
t h e  r e a r  f ace  temperature  of t h i n  i r j a d i a t e d  f o i l s  a t  shock emergence by o p t i c a l  
pyrometry i n  t h e  v i s i b l e  range (4230 A) o r  by s o f t  X-ray pyrometry.  From SESAME 
equa t i on  o f  s t a t e  da ta  /24/, t h e  temperature  i n  aluminum i s  about 20 eV a t  4.5 TPa. 

D i f f i c u l t i e s  i n  these exper iments a r e  due t o  t h e  non u n i f o r m  d e n s i t y  and temperature  
o f  t h e  expanding f o i l  a f t e r  shock break ou t .  As mentionned f o r  d o u b l e - f o i 1  
exper iments,  t h e  observed edge o f  t h e  acce le ra ted  f o i l  a t  loi. d e n s i t y  and low 
temperature  moves f a s t e r  and screens t h e  emiss ion o f  t h e  h i g h  d e n s i t y  p a r t  a t  peak 
temperature  TM. For t h i s  reason, t h e  measured temperature  i s  a b r i gh tness  

temperature  T V  by o p t i c a l  pyromet ry  and TX by s o f t  X-ray pyrometry,  be ing  expected 

t o  be sma l l e r  than TM. However because o f  t h e  l a r g e r  p e n e t r a t i o n  c a p a c i t y  o f  X-rays, 

TX > TV. For  A l  f o i l s  o f  t h i ckness  l a r g e r  than 10 Pm, exper imenta l  r e s u l t s  o f  Fabbro 

e t  a l .  /20/ are i n  accordance w i t h  these p r e d i c t i o n s .  But f o r  th icknesses sma l l e r  
than 10 m, t h e  measured temperature  (T  - 35 eV f o r  Al  f o i l s  o f  6 Pm) i s  h i g h e r  
than t h e  p r e d i c t e d  shock temperature,  i n h c a t i n g  another h e a t i n g  process. A preheat  
o f  t h e  t a r g e t  proceed ing f rom ha rd  X-rays generated i n  t h e  plasma and p e n e t r a t i n g  
ahead of t h e  shock c o u l d  be a t  t h e  o r i g i n  o f  these observed h i g h  temperatures.  

CONCLUSION 

From a c t u a l  r e s u l t s  i n  l a s e r  shock s t u d i e s  i t  appears t h a t  t h e  main advantage o f  t h e  
l a s e r  techn ique i s  t h e  p o s s i b i l i t y  t o  ach ieve very  h i g h  pressures  i n  l a b o r a t o r y  
exper iments.  Sho r t  wavelengths a re  prooved t o  be much more e f f i c i e n t  than l o n g  
wavelengths, because of b e t t e r  abso rp t i on  r a t i o  and reduced 2-D e f f e c t s  o f  plasma 
expansion. A c t u a l l y ,  p ressures  up t o  5 TPa have been measured i n  s imple  f o i l  t a r g e t s  
and p lane wave c o n f i g u r a t i o n .  Shock pressure  enhancement near 10 TPa i n  impedance 
match exper iments and beyond 20 TPa by f o i l  c o l l i s i o n  a re  announced. These extreme 
pressures a re  ob ta ined  w i t h  ve ry  smal l  i r r a d i a t e d  areas. The s h o r t  space and t i m e  
sca les  a re  t h e  major  d i f f i c u l t i e s  o f  l a s e r  shock exper iments and an a c t u a l  l i m i t  t o  
accura te  measurements. However, p resen t l y ,  t h e  un ique a l t e r n a t i v e  method f o r  
gene ra t i ng  shocks i n  t h e  10 TPa range i s  t h e  use o f  nuc lea r  exp los i ve  d r i v e r s ,  
t h e r e f o r e  h i g h  power pu lsed l a s e r s  p rov ide  a s imple  and u s e f u l  t echn ique  f o r  
e x p l o r i n g  t h i  s u l t r a  h i  gh pressure  regime. 
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