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    The GEKKOtHIPER-laser  driven shock  experiments  were  characterized  in detail for studies  on  equation-of-

state  (EOS) in ultra-high  pressure regime.  High-quality shock  waves  were  produced with  optically  smoothed  laser

beams. Key  issues on  EOS  measurement  with  shock  waves,  the spatial  uniformity  and  the ternporal steadiness  of

shock,  and  the preheating problcm were  investigated by measurements  of  the self-emission  and  reflectivity  frorn

target rear  surface.  Our  experiments  and  analysis  based on  impedance matching  method  were  validated  by use  of

doub]e-step targets consisting  of  two  Hugoniot standard  metals.  Extreme shock  waves  previously  only  achieved  in

nuclear  explesion  experiments  were  generated using  the laser direct-drive experimental  scheme.
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1. Introduction
   Equation-of-statc (EOS) data of  materials  in high

pressure regime  provide essential  information for high-energy-

density physics including astrophy  [1,2], geophysics [3,41, and

inertial fusion energy  (IFE) research  [5,71. For examp]e  in

the IFE  researches,  compression  efficiency  and  shock

structure in fusion capsules  critically  depend  on  the EOS

[5,61. Such hydrodynamic and  thermodynamic  conditions  are

evaluated  by  numerical  codes  generally emp]oying  wcll-

known  EOS  models  [8,9]. In order  to design and  address  any

experiments,  accurate  EOSs  of  materials  are required.

   [[bra-Pascal (TPa, =  1O Mbar) pressures can  be achieved

only  by strong-shock  waves  driyen with  high-energy pu]se

powers such  as  nuclear  explosions  [1O-14]. Although high-

power  laser faci]itics have demonstrated the  potential of

investigating the EOS  at  the ultra-high  pressurcs, Hugoniot

data above  1 TPa  have been limited to a  few cases  [15-23].
Additionally, data for low-Z materials  with  relatively  good

accuracy  are available  in only  a few publications [19,20,23].
    In order  to obtain  accurate  Hugoniot data, high-quality

shocks  with  sufficient  spatial  uniformity  (planarity) and

temporal  steadiness  have to  be established  [15,24]. Thc  laser

direct-drive technique  has advantages  that enable  controL  of

shock  pressure profile, high-energy  conversion  etTiciency,  and

very simp]e  experimental  geometry. On  the other  hand, the

preheating effect remains  a disadvantage. It is well  known

that the irradiation by optically  smoethed  laser beams  at a

short  laser-wavelength is effective  to restrain  preheating due

to suprathermal  electrons.  At laser intensities up  to a  few 1Oi4

Wlcm2, preheating is mainly  due to thermal  x-ray  radiation.

This type  of  preheating can  be suppressed  by use  ot' lew-Z

ablator  and/or  thick piston Layers [25]. Once  the preheating
suppressed  which  may  be verified  with  a  temperature

measurement,  shock  ve]ocity  can  be rneasured  with  good
accuraey  in ]aser indirect-drive experiments  [17] and  reliable

Hugoniot points can  be determined by using  the impedance

matching  method  (IMM) [261. The IMM  experiments  derive
EOS  data  for a  sample  relative  to the EOS  ofa  standard

material,  called  as  relative  EOS  experiments.  Laser-driven

absolute  EOS  measurements  require  very  high-power laser

with  long pulse duration to generate a rnain  shock  loading

and  a strong  backlighter x-ray  pulse L20,2728]. Moreover,

the alignment  relation  between the target and  the diagnostic

(x-ray backlight) is diMcult becausc any  tilt of  the  plane target

affects the observed  compressibility  [29]. Thus. experiments

based on  IMM  are  often  preferred.

    In this paper, we  present experiments  to characterize

laser-driven shock  wave  property for the relative  EOS

measurements  with  the GEKKO/HIPER  <High Intensity

Plasma Experimental Research) system  at the Institute of
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Laser Engineering (ILE), Osaka University. The  spatia]  and

temporal  uniformities  of  shock  waves  are  verified  by

measuring  self-emission  and  the probe-light reflection  frem

the  target  rear  side.  The  preheating is evaluated  by the rear-

emission  and  the reflectivity  measurements.  The vatidity  of

eur  experiments  based on  IMM  is confirmed  with  double step

targets consisting  of  aluminum  (AI) and  copper  (Cu): well-
known  Hugoniot  standard  metals.  The  present experiments

show  that  EOS  data at  ultra-high  pressures explored

previously in nuclear  explosion  experiments  are  accessible  for
any  material.

2, Experimental Conditions
    A  series  of  experiments  was  conducted  using  thc  HIPER

laser facility [30J which  is an  irradiation system  on  the

GEKKO  XII (GXII): Nd  glass lascr system  at thc ILE [31].
The  facility provides one-dimensional  compression  by

smoothed  ]aser beams  with  short  wavelength  und  high

intcnsity. In the system,  twelve  beams  of  the GXII are  bundled

in un  P'13 cone  angle.  The  wavelength  of  the  nine  beams  is

351 nm  {3to) that is the  third harmonic of  a  1053 nm  (ro)
fundamental. In the  3tu bearns, smoothing  by the spectral

dispersion (SSD) technique  L321 was  applied.  Kinoform  phase

plates (KPPs) [33] were  installed for all the beams  to obtain

a  uniform  irradiation pattern. The  temporal  behavior of  the

laser pu]se was  approximate]y  a square  shape  in time, in order

to  generate a  well-defined  shock  pulse, with  a full width  at

ha]fmaximum  (FWHM) of  2.5 ns  and  a  rise  and  fa11 time  of

tOO ps, The focal-spot diameter was  typically 600 pm. The

laser irradiation spots  were  routinely  monitored  by time-

resolyed  and  time-integratcd  x-ray  cameras.

    A  schematic  view  of  the  experimental  contiguration  is

shown  in Fig. 1. Three diagnostic systems  were  used  to

measure  atarget  rear-sidc  event  at the same  time. The first is

a  measurement  of  self-emission  from  shock  breakout  at  the

rear  surfbce  using  a  visible  streak  camera  {streak camera  l in

Fig. 1). The sel{'-emission  signals  were  collected  by an  rv2.8

lens and  were  image-relayed on the slit of the streak camera

by a microscopic-objective  and  achromatic  lenses. The target

rear  image was  rotated  vertically  by a  dove prism to arrange

the  steps  edge  of  target  on  the  streak  slit. In this  optical  path,
band-cut tilters were  inserted for the 2to and  3to ot' the GXIJ

wavelength.

   The second  diagnostic system  was  a  measurement  of  the

reflection  of  a  probe laser from the target rear  side.  An

iajection-seeded Q-switched Nd: YAG  (Yttrium AIuminum

Garnet) laser was  used  as the probe  tight. The maximum

encrgy  was  O.7 J at a  wavelength  of  532 nm.  The  original

pulse duration was  approximately  8 ns  (FWHM)  with  a

Gaussian shape.  The probe laser was  iqjected inte one  end  of

an  optical  fiber by  a  )ens and  was  passed through  the  fiber to

near  the vacuum  target chamber.  Another  end  of  the  fiber was

coupled  with  a fiber collimator  and  a  lens, thus the probe Iight

was  collimated  in t'ront of  a  focal lens of  F13 in the

backlighter beam  line of  thc HIPER  system.  The  YAG  probe
illuminated the  target  rear  surface  using  the  focal ]ens of  the

back]ighter beam. Specular reflection  of  the  probe was

collected  by the same  optics  utilized  in the self-emission

measurement.  The light was  reflected  by a  laser mirror  at the

probe wave]ength  of  532  nm  and  was  focused on  the slit of

another  streak  camera  system  (streak 2 in Fig. [). Note that a

nolch  filter {less than  1() nm  bandwidth) for the  532 nm  of

YAG  was  installcd to prevent thc selfiemission  from the probe
light signal.

   The third diagnostic was  a  radiation  pyremeter based on

a co]or  ternperature measurement.  This system  allowed  us  to

obtain  spatially-,  temporalgy-,  and  spectrally-resolved  images

using  one  streak camera  {streak 3 in Fig. 1) l34]. We  could

obtain  two  different spectral  images onto  the streak  slit by

using  a  biprism and  two  different colored  filters. In order  to

increase accuracy  and  sensitivity  for color  temperature

mcasurements.  we  choose  the spectrum  regions  of  blue (385-
469 nm)  and  ultra-violet  (284-327 nml}.  The details of  this

measurement  is described by Ono  et  aL  in this issue.

   In our  impedance-matching experiments,  Al is used  as

EOS  standard  material.  Thrget structure  in irradiation side  by

the HIPER  is classified  into two  types. First is a  plane Al

base target fer low ]aser intensity, Second is a  two-layered

base target  with  a  CH  (polystyrene) ablator  to suppress

thermal  radiation  preheating in high laser intensity. The CH

is overcoated  with  a thin Al layer of  1,OOO A in thickness that

prevents direct laser shine-through  in the  CH.  Using  a

numerical  code  MYIDL  based on  a  ID  hydrodynamic

Lagrangian scheme  135], we  optimized  the target thicknesses

to maintain  steady-shock  pressures under  our  laser conditions.

1}Jpicalty the optimized  thicknesses ofA]  was  between 30 and

70 pm. Ik) fabricate step  targets, an  adhesion  technique  was

used  with  a single  molecular  membrane  coating  [36,37]. A]1

targets were  characterized  by a  confocal  laser 2D-scanning

microscope  with  a minimum  scale  value  in height of  1O nm.

Portions  of  those.  in particular EOS  measurement  targets,

were  characterized  within  the area  of  the HIPER  irradiation

spot  by a 1D-scanning mieroscope  with  a  height resoLution
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Fig. 1 Experimental  schemetic.  Three streak  cameras  were

     used  to observe  a  target rear  event  at  the  same  time,

     The  number  7. 8 and  9 beam  are  PCL  [44], and  the

     others  are  SSD  [32] beams.
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3. Shock  Uniformity

    
In the n]casu]'enients  ol'  Hugoniot E()S. hi..e.h-quality

plunar shocks  are  rcquired,  The  spatial  uniformit>･  was

veriIled  in the F]rcsent experinients  with  pianur Al  Largets  with

40 to 1OO um  thieknesses.  Figure 2 shows  the typical sLreakcd

iniage {}1' sc[tLcinission  t'ro[n the turget rear  surface  at a  [aser
inlcnsit.v oi'  9.2× ]O]'i WVcni! and  a  thicknehs  ol' 40 Fun, 

'['in]e

procceds t'roni the top te the bottoin. The  ecntrul  1'lat region

ol' shoek  wuve  u'as  estiniated  as  over  230 pTn dianictcr, "'ith
which  a  variation  in breukout time  of  ±8 ps. 1'he shock  arriva]

time  was  dcilned as  thc leadin.g edge  mcsia]  point ot' the

shock  en]ission  signa].  The tlut re.pion  -'as  sufficientl.v  -'ide

fer EOS  expcritnents  with  several  percenl of  accuruc)･.  Here.
since  the  order  et' the shock  velocity  can  be considered  ah

several  tO knVs throughout  the experitnenta]  cainpaign,  the

shock  -'ave  cun  travc[  a  distance of]OO  nni  oyder  in the 8 ps.
This distance is cemparable  to the surface  rouL,hncss  ol' the

Al. ()f course.  Thc s･uriatien  idictudes thc etTect  of  atlenuation

due te two  diTncnsional effects.  particu]arly in the left and

righL  hand side  I'roni the eentcr  ot' the sheck  wave.

    Thc  shock-condition  genernted on  the Hugoniot has to
bc in equi[ihriuni  behind  the shock  "'ave  discontinuitx'. and

has to be tetnporul]y stead.y  for a duration ]eng cnough  1'or

the  observations.  The tcmporal  uniforrniLy  of  the HIPER-
driven shock  N,eiocity  was  measured  wiLh  a  wedged  tar.-oet to

contlriti  the steadincss  of  the shock  pressure: the  shoek

breukout  time  shou]d  be proportlona]  te distance atong  Lhe

incline. The wedged  tar.e.ets with  an  ang[e  of  9.4" werc  made

hy a precision maehining  techno]og.y･. Figure 3 is u  raw

streukcd  ima.g.e of  the rear  sclf-emissien  using  u  wedged  target

CLhe target structure  is a]so  shown).  Thc shock-brcakout  time

was  de[ayed linearly in distance a]ong  the ineline to ±]8 ps
roet-tneun-square  (RMS)  in around  2 ns  duration. 

'i'he

Le]npora] uniformity  of  the shock  wave  was  hence estimated
as  ±1.139 . In typica[  EOS-targcts the Lhickness regien  of  40-
60 vm  was  uscd  in our  experiments  t'er the i'air steadinesK,

    T]ie shapc  ot' d]'ive-laser pu[se strong].v  uentributes  tu that

ol' the  gcncraled sheck  pLilse. This is udN･antageous  in dirccl
]user-drive Tcchnique  i'or easi]>･ contro][in.g  Lhc I)ulse shupe,

TIie inset in Fig, 3 shows  an  cxatnple  ef  the pulsc shape

provided b.v the  Iascr system  in the EOS  cxperimentat

ctLmpaign.  Thc laser pulse  was  ncarly  f]at-ropped -･ith  an

intcnsitv 11uctuation in thc saturtLted  zone  of  less than  ±] .4[7c
{)ver  [,8 ns.

4. Preheating

    X  ra>'s and  supcrtherrnal  elcctrens  are cmitted  1'roin ]aser-
ablation  p[asma,  These radiations  can  heat the  ambient  niatters

ol'  thc  cold  initiELI state  befere the shock  front overtakes,  The
target condition  bcfore the shock-1'ront  arrival  contributes  to

the fina[ shecked  state  en  the Huguniot. It' the preheatin.g
effect  si.anificantly  changes  the  initia] conditien  of  the sEnnp]c

to a  new  and  unknewn  state.  this effect  can  consequent])'

obscL-re  or  ruin  the obtained  Hugoniot  data. We  charactcrized

Rc･search

,188

X'{)L.SO. Ne.6  jL]nu L'OO･l

   o

   "

"22T,EF'

   4

   5

                     Space  [glm]

Fig2  Typical  raw  streaked  image  by  seif-emissiom

      measurement  with  Al planar target of 40 ym  thick-ness.

mopc-asEF-

,
                      Space  [pm]

Fig. 3 Typical streaked  image  by self-emission  measurement

      with  a  wedged  Al target, The  inset is temporal  pulse
      shape  of  the drive laser.

the prehcatin.g temperature  [ex'e] in our  expcrimental

conditions.  In thesc  cxperiments.  prehetLting is rnainlv  due to
x  rays  troni the erltical dcnsity plusnia becuusc ]aser intensity

is w'e]1  beloN-' the threshold  i'or an.v  nenlinear  parunictric
instabi]it.v inducine  suprathern]al-clectron  prehealing.
Mereover.  our  ]aser wavclength  and  unil'orn]  irradiation
shou]d  bc efl'ective  i- reducing  the instubi[ities L25].
    Fis.ure 4(a) shows  thc temporal  hislery of  the  rear

e[nission  f]'eni a I)]anur .ALI target represcnted  in }"ig, 2. This

profilc is u  tlr･picai signul  fvon] st]'eng-shock  breakuut. and
shoivs  that a  wel]-defined  shock  is generatcd, Tukins, into
uueeunt  the lin]c reso[utien  of  the diagnostic s},steni.  the

nicasured  risc tiine is shorter  than  20  ps, ,ALfter shock  1)assuge.
the rapid  decay denetcs that thc  plastna is cooled  due te the
expunsion  into the  vacuuni  -'ithout  heating b. y x rays  frotn

the HIPER  irradiation Hide.  No  signiflcant  emission  is
detectcd bei'ore the shock  emcrgence  at  the t'ree surfacc,  "ie
thercfore be[ieve that  thc preheutin.g level is ]ess than  lhc

detcction  limit ol' lhis measuremcnt.  a  O.9 eV  b]ackbody
tcmperature.

    Thc rcflected  probe-light mcasurement  at the  tars,et rear-

NII-Electronic  



The Japan Society of Plasma Science and Nuclear Fusion Research

NII-Electronic Library Service

TheJapanSociety  of  Plasma  Science  and  Nuclear  FusionResearch

Review  Paper CharacterizutionGEKKOIHIPER-DrivenShocksforEOSExpcrimcnLs N.  Oznkierai.

surface  is more  sensitiye  to the prcheating effect,  investigated

by Bennuzi et al. for the first time  [25]. The reflectivity  is

delined as  the  ratio  of  reflected  light intensity of  the shockcd

target to incident light intensity. An  example  of rcflectivity

for a  40 pm-thick Al is shown  as a function of time in Fig.
4(b). The  lower  solid  thin  and  grey thick curve  indicate the

intensity profile of  reflected  and  incidcnt ]ight, respectively,

and  the upper  dotted curve  shows  the calculated  retlectivity.

Thc horizontal bar in the refleetivity  curve  is a  guide to the

eye,  which  dcnotes 1OO%  reflection.  The drive-lascr irradiance
was  S.OxlOi3 W/cm2.  Sheck breakout tirne is shown  as  an

arrow. XNle] tind that the reflectivity  decreases rapidly  at  shock

cmcrgence.  No  significant  deerease of  reflectivity  was

detected before thc  shock  arrival  at the rear  surface,  The

decrement before the shock  breakout can  be estimated  as  nol

more  than  7%,  This is consistent  with  about  O.e8 eV

preheating tevel l25].
    Final]y, for this  temperature  level resulting  from therma]

radiation,  as  the increase of  the shock  propttgating distance

due to free surface  expansion  and  ef  the  shock  velocity  due
to temperature  increment at a  preheated region  can  be
compafable,  thc competition  between  these facters can  makc

shock  velocity  mcasurements  insensitive to  the  radiation

preheating r381.

   Assuming  that the corresponding  expansion  ve]ocity  of

A] free surface  is O.3 km/s at  the detection limit level ot'

prehcating temperature,  we  can  expect  that the decrcase of

dcnsity in 40 pm  Al base plate is approximatcEy  less than

O.9%  and  that in the  step  is much  less than  it through  this

experimental  campaign.  This value  was  applied  to the error

analysis.  This amount  of  preheating  tempcrature  is probably
overestirnate  for unknown  and  Al step  in doublc-step target,

T･esei=es
{a}1234

5. Hugoniot  Measurement  for Copper
    Our  laser-driven IMM  experiments  were  vaLidated  with

using  double-step Iarget consisting  ef  twe  Hugoniot standards,

Al and  Cu  [391. Figurc 5 is an  example  of  typica] image

obtained  by the rcflected  light measuremenl  Cthe target

structure  is also  shown).  The Al and  Cu  step  are  on  the right-

and  lcft-hand sides,  respectively.  The time  intervals, tA] and

t('", correspond  to the transit time  of  thc shock  propagating
through  each  step,  where  superscripts  dcnote the material.  As

the stcp  heights were  known, the shock  velocity  of  Al, U.Ai,

was  26.43±O.45 kmls and  that of  Cu, U,C'", was  19.47 ±O.29

km/s.

   The  Al Hugoniot has been experimental]y  and  theo-

retically  investigated ovcr  a  wide  range  of  pressures. Here,

we  used  the SESAME  modcl  [9] of  Al to determine the fina]

Hu.aoniot  points. The  model  is in good  agreement  with

experimental  Hugoniot data up  to approximately  2 TPa,

   The  upAi and  pressure PA] state  cerresponding  to  the

measured  shock  velocity  of  26.43 km/s were  determincd as

16.29 kmts and  ].I6 TPa, respectively.  When  the shock  wave

propagates through  the interface between Al and  Cu. a

reflected  shock  travels in the  primary shockcd  Al. The

reflected  shock  condition  is given by thc intersection of  the

Fig. 4

Fig,5

-jespth:r.

ntted

             Titne[ns]

(a) Typicel temporal  profile of  the rear  emission  at a  40

um-thickness  of  Al. The  drive laser irradiance is 9.2× 10i3

WIcm'. (b) Typical reflectivity  signal,  and  the intensity

profile of  reflected  and  incident  probe  light to
determine  the  reflectivity.  Horizontel grey line shews
100%  refFection.  Shock  arFival  time  is indicated by  an

arrow.

cu

HIPER

rl

"mc-eE;

t
               Space inm]

Streeked image  with  double  standard  target  by

reflected  light measurement  The  step  height of  Al and
Cu are  19.68 and  19,79 um,  respectively.  The  t"' and  tCu
indicate transit time  for the  shock  traveling  through

each  step,  respectively.

re-shock  curve  of  Al and  the Ray]eigh line of  Cu; P =

p5'UUf'"up in P  
-
 up  plane. The  reflected  shock  curye  ef  Al

was  calculated  based  on  the  SESAME  database.

Consequently, the panicle velocity  in Cu  was  11,31 km/s, and

the prcssure was  1.97 TPa. These yalues  had accuracies  better

than  3.1%. The determination manner  of  these errors  is

described in Rcf 40 L401.
   The Hugoniot data of  Cu  and  Al are  plotted in Fig. 6.

Circles  denote  Cu  Hugoniot  points. The  solid  symbol

indicates present work.  The  open  circ]es  are  the results  from

published papers with  gas guns [41] and  nuc]ear  expiosions

f]4]. Three Cu data points from the highest pressure shown

are  the results  from IMM  experiments  using  nuclear

expiosions,  and  others  are  from absolute  experiments  using
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gas guns. Grcy circles  are  scveral  examples  by Rothman  et

al.  in indirectly-driven laser experiments  with  hohlra [17,42].
The  solid  curve  shows  the SESAME  Hugoniot EOS  for Cu

(SESAME  3332). Our  result  is fully consistent  with  this

model  and  previous  works  using  different techniques.

6. Intense Shocks  in Aluminum

   Figure 7 shows  the typical streaked  irnage of self-

emission  from the  rear  surface  of  an  Al stepped  target. The

step  height was  20 pm, the shock  velocity  being 37.9 km/s,

According  to  the  SESAME  datahase, the corresponding

Hugoniot  pressure and  density of  the  shocked  Al are

calculated  as  2.52  TPa  and  8.80 glcm2, respective]y.

   The results  are  summarized  in Fig, 8. Solid circles  and

Open  diamonds  indicate experimental  data from the present
and  previously  published  works  [13,391, respectively.  Dotted

curve  shows  theoretical Hugoniot calculated  by the SESAME

model  (SESAME  3718) [91. All referenced  plots in the TPa

region  were  obtained  from nuclear  explosion.experiments.

[[he present ablation  pressures, P,bi in Al dernonstrate that the

GEKKOIHIPER-driven  EOS  experimental  system  of  direct

drive scheme  can  provide  ultra-intense  shock  pressure,

preyiously explored  only  in nuclear  explosion  experiments  for

several materia]s  with  different initial densities [43]. This

suggests  us  to obtain  new  EOS  data for many  materials  in

ultra-high  pressure regime  (> 1O TPa).

7. Conclusions and  Summary

   In conclusion,  we  have presented experiments  to

characterize  GEKKOtHIPER-driven  shock  waves  for studies

of  EOS  in ultra-high  pressure regime.  In order  to generate
high-quality shock  waves  in the laser direct-irradiation
scheme,  we  used  optically smoothed  laser beams. The laser

intensity was  up  to 1Oi4 W/cm]  or  higher with  a  wavelength

of  351 nm  and  a squared  pulse of  2.5 ns  duration,

   The  key issues for laser-driven EOS  experiments  were

confirmed  with  planar and  wedged  Al targets and  with  self-

emission  and  reflection  measurements.  Shoek planarity was

over  230 pm  in the central  fiat region,  which  is suffieient  for

the spatial scale  of  our  EOS  experiments.  The shock  pressure
was  typically  ±1.3% steady  for approximately  2 ns

corresponding  to the shock  propagating tiine between target

thicknesses  of  40 and  60 pm. Preheating effects  were

investigated from  the temporal  profile of  the emission  and

reflectivity;  significant  evidence  for preheating was  not

detected before shock  arrivals  at the target rear  surface.  The

temperature  level was  predicted as  not  more  than O.08 eV  for

intensities to approximately  7× 1Oi3 W/cm2. This indicated that

radiation  preheating did not  strongly  affect  the shock  velocity

measurements.

   We  verified  our  experimental  technique  based on  the

impedance matching  method  using  double-step target

consisting  of  Hugoniot standard  metals  of  Al and  Cu. The

result  was  in agreement  with  previous experimental  data by
different tools and  an  EOS  model.  This assures  the yalidity

of  EOS  experiments  for unknown  materials.

   Extremely fast shocks  in Al standard  were  created  with

systematization  and  reproducibility.  From  the  shock  velocities,

Fig.6

Fig.7

Fig. 8
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Cu  Hugoniot  date. Solid circle  is presefit data. Open

circles  are  results  with  nucleer  explosions  and  gas  guns
[14,41]. Grey circles  are Cu data driven by laser [17].
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Typical  streaked  image  with  Al stepped  target  by self-

emlsstonmeasurement.
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Summarized  Al high-pressure data, Solid circles  and

open  diamonds are  experimental  data from  the  present
and  previously published  works  [13,39]. respectively,

Dotted curve  indicates theoretical Hugoniot calculated
by the  SESAME  medel  {SESAME  3718) [9].
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we  could  estimate  the corresponding  shock  pressures (= P,bi)

on  Hugoniot  as up  to 5.g  TPa  using  SESAME  table. Thesc

results  indicate that the Laser-directly-driven experiments  can

provide multi-TPa  EOS  data for arbitrary  unknown  materiats

previous[y  accessible  only  in nuclear  explosion  experiments.

Note that the  presented data arc  net  fairly-obtained Hugoniot

points. To  estab]ish accurate  EOS  standard  in multi-TPa

regime.  absolutely  determination of  Hugoniot for Al is

required.  Laser-driven absolute  experiments  were  carried  out

only  for optically  thin material  such  as  po]ystyrcnc. because,

ibr example,  very  high-power lasers with  long pulse duration

wcrc  needed  te generate  a  main  shock  loading  and  a  strong

backlighter x-ray  pulse [20.271. We  wil[  conduct  novel

absolute  observation  of  Hugoniot variables  for thc important

mctal  as  Hugoniot  standard  in future experiments.
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