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The GEKKO/HIPER-laselN. Miyanagaet al., in Proceedings of the 18th International Conference

on Fusion Energy(IAEA, Sorrento, Italy, 200}, IAEA-CN-77] driven shock experiments were
characterized in detail for studies on equation-of-st&®9 at ultrahigh pressures. High-quality
shock waves were produced with the bundled 9 laser beams optically smoothed by spectral
dispersion technique and Kinoform phase plates. The laser beams were directly focused on targets
at up to an intensity of 6 W/cn? or higher with a wavelength of 351 nm and a duration of 2.5 ns.
Key issues on dynamic EOS research; the spatial uniformity and temporal steadiness of shock wave
were estimated, and the preheating problem was also investigated by measurements of the
self-emission and reflectivity from target rear surface. The experimental and analytical methods
were validated by using double-step targets consisting of two Hugoniot standard metals. Extreme
pressures only accessed in nuclear explosion experiments were generated with reproducibility and
good accuracy using the laser direct-drive experimental system, for Al, Cu, polystyrene, and Ta. It
was indicated that new and reliable EOS data at the ultrahigh pressures could be provided for
materials ranging from low to high initial density by the laser direct-drive experimental
technique. ©2004 American Institute of Physic§DOI: 10.1063/1.1650845

I. INTRODUCTION P—Po=poUsUp, (1)

Equation-of-statd EOS data of materials in high pres- plpo=Us/(Us—up), 2
sure regime provide essential information for high-energy-nq
density physics including astrophysicgeophysicg,and in- .
ertial fusion energy(IFE) researcti=® For example, in the E—Eo=3(P+Po)(1lpo—1lp), 3
IFE researches, compression efficiency and shock structuighere P, p, and E are the pressure, density, and internal
in fusion capsules critically depend on the E&/SSuch hy-  energy behind the shockls and u, are the shock and par-
drodynamic and thermodynamic conditions are evaluated byicle velocity, respectively, and the zero subscripts denote the
numerical codes generally employing well-known EOSinitial condition®
models®’ In order to design and address the experiments Tera-PascalTPa pressures can be achieved only by
such as hydrodynamic instabilitfeand fast ignitior?, accu-  strong-shock waves driven with high-energy pulse powers
rate EOSs of materials are required. such as nuclear explosiofis.*® Although high-power laser

A sample material is driven to a point on the principal facilities have demonstrated the potential of investigating the
Hugoniot EOS from the initial stat¢STP statgby a single EOS at the ultrahigh pressures, Hugoniot data above 1 TPa
shock wave. The point represents a final state generated @€ limited to a few case$~*° Additionally, data for lowz
the shock wave propagating through the sample, which grihaterials vylth'rela'g\Igely good accuracy are available in only
indicated as a function of pressure, density, and internal erf €W publications™

ergy. With the initial state known, the following conservation In order to obtain accurate Hugoniot data, high-quality

relations through the shock front require the measurement o‘cthCkS W'th. sufficient spatial umfor%anantw and f[em-
two variables to determine a Hugoniot point poral steadiness have to be establi The laser direct-

drive technique has advantages that enable control of shock
pressure profile, high-energy conversion efficiency, and very

dpresent address: Laboratoire pour I'Utilisation de Lasers Intefhdéis| ), simple experimental geometry. On the other hand, the pre-
Ecole Polytechnique, France; electronic mail: heating effect remains a disadvantage. It is well known that
norimasa.ozaki@polytechnique.fr . .. .

bAlso at the Faculty of Engineering, Osaka University, Suita, Osaka 5651N€ irradiation by 9pt|ca||)’_sm00thed |a§er beamg at a short
0871, Japan. laser-wavelength is effective to restrain preheating due to
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FIG. 1. Experimental schematic. Three streak cameras were used to observe a target rear event at the same time. The numbers 7, 8, and 9 beam are PCL, an
the others are SSD beams.

suprathermal electrons. At laser intensities up to a fewXll (GXIl): Nd glass laser system at the IPEThe HIPER
10" W/cn?, preheating is mainly due to thermal x-ray ra- provides one-dimensional compression by smoothed laser
diation. This type of preheating can be suppressed by use ®eams with short wavelength and high intensity. In the sys-
low-Z ablator and/or thick piston layef8Once the preheat- tem, 12 beams of the GXII are bundled inB&/8 cone angle.

ing suppressed which may be verified with a temperaturgyo beam-smoothing techniques are applied to the system.
measurement, shock velocity can be measured with googihree of the 12 beams are partially coherent ligP€L). 23
accuracy in laser indirect-drive experiméfitand reliable  The wavelength is 527 nif2w) that is the second harmonics
Hugoniot points can be determined by using the impedancgs 5 1053 nm(w) fundamental. The three beams are used as
matching methodIMM ).2® Laser-driven absolute EOS mea- a foot pulse with low intensity £ 102 Wici?) to create
surements require very high-power laser with long pulse dus replasma in hydrodynamic experiments for IFE research.
ration to generate a main shock loading and a strong bac Sther beams are the third harmor@), 351 nm wave-

i _ 9,24 . .
lighter x-ray pulsé:*** Moreover, the alignment relation length. In these @ beams, smoothing by the spectral disper-

between the target and the diagnosteray backlighy is . . o9, .
difficult because any tilt of the plane target affects the ob 31N (SSD techniqué®is applied. The SSD beams work as a

served compressibili§? Thus, experiments based on IMM main laser gglse t.o drive shock waves. Klnoform phgse
are often preferred. plates (KPP9S are installed for all beams to obtain a uni-

In this paper, we present experiments to characteriz£orm irradiation pattern. In our experiments, only the SSD
laser-driven EOS studies with the GEKKO/HIPERigh In- beams were used to generate a well-defined shock pressure

tensity Plasma Experimental Researsfgstem at the Insti- pulse. The temporal behavior of the laser pulse was approxi-
tute of Laser EngineeringLE), Osaka University. The spa- mately a square shape in time with a full width at half maxi-
tial and temporal uniformities of shock waves are verified bymum (FWHM) of 2.5 ns and a rise and fall time of 100 ps.
measuring self-emission and the probe-light reflection fromrhe focal-spot diameter was typically 6Qém. The laser
the target rear side. The preheating is evaluated by the reéradiation spots were routinely monitored by time-resolved
emission and the reflectivity measurements. The validity ofind time-integrated x-ray cameras.
our experiments based on IMM is confirmed with double A schematic view of the experimental configuration is
step targets consisting of aluminufAl) and copperCu):  shown in Fig. 1. Three diagnostic systems were used to mea-
well-known Hugoniot standard metals. The present experisure a target rear-side event at the same time. The first is a
ments show that EOS data at ultrahigh pressures exploradeasurement of self-emission from shock breakout at the
previously in nuclear explosion experiments are accessiblgear surface using a visible streak caméstaeak 1 in Fig. 1
for any materials with different initial densities. The self-emission signals were collected bif/2.8 lens and
were image-relayed on the slit of the streak camera by a
II. EXPERIMENT microscopic-objective and achromatic lenses. The target rear
A series of experiments was conducted using the HIPERmage was rotated vertically by a dove prism to arrange the
laser facility’® which is an irradiation system on the GEKKO steps edge of target on the streak slit. In this optical path,
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grangian schem®&, we optimized the target thicknesses to

| (b) 9 beams ,_I ] maintain steady-shock pressures under our laser conditions.
Typically the optimized thicknesses of Al was between 30
E {Fm ] and 70um. To fabricate step targets, an adhesion technique
o '-@Mf’ ] was used with a single molecular membrane coatingll
E /1 S w ] targets were characterized by a confocal laser 2D-scanning
& BEass \ ) microscope with a minimum scale value in height of 10 nm.
- Portions of those, in particular EOS measurement targets,
_ 3beams +— were characterized within the area of the HIPER irradiation
Space [um] Space [um] s?(it by a 1D-scanning microscope with a height resolution
of 1 nm.

FIG. 2. Streaked images by self-emission measurements with Al planar

targets of 40um thickness.(a) Typical raw data.(b) Dependence of the

number of the HIPER beams. Each shock arrival image is intentionallyj|| SHOCK UNIFORMITY
shifted for showing the difference.

A. Spatial uniformity

band-cut filters were inserted for the2nd 3v of the GXII In the measurements of Hugoniot EOS, high-quality pla-
wavelength. nar shocks are required. The spatial uniformity was verified

The second diagnostic system was a measurement 4 the pres_ent experimgnts with planar Al targets with 40 to
the reflection of a probe laser from the target rear side. AriLOO Hm thlcknes§e§. Figure(@ shows the typical streaked
injection-seeded Q-switched Nd:YAGyttrium aluminum mage of self-emission from the target rear surface at a laser

. . . 3 .
game} laser was used as the probe light. The maximun{ntensity of 9. 10" W/ent and a thickness of 4Qum.
energy was 0.7 J at a wavelength of 532 nm. The originair'm_e proceeds from the top t(_) the bottom. The ce_ntral flat
pulse duration was approximately 8 EWHM) with a  €gion _of shqck wave was e_stlmated as over 280 diam-
Gaussian shape. The probe laser was injected into one end §f€", With which a variation in breakout time af8 ps. The
an optical fiber by a lens and was passed through the fiber fiat region was sufficiently wide for EOS experiments with
near the vacuum target chamber. Another end of the fibef€Veral percent of accuracy. Here, the order of the shock
was coupled with a fiber collimator and a lens, thus the prob&€locity can be considered as several 10 km/s. The shock
light was collimated in front of a focal lens d%/3 in the =~ WaVé trayels a distance of 100 nm order in the 8 ps. This
backlighter beam line of the HIPER system. The YAG probedlstancg is co'mparable to the surface roughness of the Al.
illuminated the target rear surface using the focal lens of thd "€ variation includes the effect of attenuation due to two-

backlighter beam. Specular reflection of the probe was coldimensional effects, particularly in the left- and right-hand

lected by the same optics utilized in the self-emission meaSide from the center of the shock wave.
Shock arrival timings in the planar targets are plotted to

surement. The light was reflected by a laser mirror at the g
probe wavelength of 532 nm and was focused on the slit of1oW the dependence of the number of HIPER beams in Fig.
another streak camera systéstreak 2 in Fig. 1 Note that a 2(b). _Each shpck arrival image is mtenuonally _sh|fted for

notch filter (less than 10 nm bandwidttior the 532 nm of showing the difference. Here, the shock arrival time was de-

YAG was installed to prevent the self-emission measuremerﬁ_ned as the leading edge mesial point of the shopk emission

from the probe light signal. signal. Three beams data show more rugged arrival because
The third technique uses a radiation pyrometer based ofit® Signals are weak; both the pressure and temperature are

a color temperature measurement. This system allowed us {gW- Varying the number of beams does not largely affect the

obtain spatially, temporally, and spectrally resolved imageénagnitude of the central flat region o_f_driven-shock waves.
using one streak camefatreak 3 in Fig. 1 The principle Consequently, we could obtain repetitive shots because we
had been presented for the first time by Haflal3! we  €an divide the number of the HIPER beams to vary the pres-

could obtain two different spectral images onto the streak slif!® r2nge.
by using a biprism and two different colored filters. In order
to increase sensitivity for color temperature measurement
we choose the spectrum regions of bl@85-469 nm and
ultraviolet (284—327 nm The details of this measurement The shock-condition generated on the Hugoniot must be
will be described in a future publication. in equilibrium behind the shock wave discontinuity, and

In our impedance-matching experiments, Al was used amust be temporally steady for a duration long enough for the
an EOS standard material. Target structure in irradiation sidebservations. The shape of drive-laser pulse strongly contrib-
by the HIPER was classified into two types. First is a plainutes to that of the generated shock pulse. This is advanta-
Al base target for low laser intensity. Second is a two-layeredjeous in direct laser-drive technique for easily controlling
base target with a Ckpolystyrené ablator to suppress ther- the pulse shape. Figure 3 shows an example of the pulse
mal radiation preheating in high laser intensity. The CH isshape provided by the laser system in the EOS experimental
overcoated with a thin Al layer of 1000 A in thickness that campaign. The laser pulse was nearly flat-topped with an
prevents direct laser shine-through in the CH. Using a nuintensity fluctuation in the saturated zone of less than4%
merical code MY1DL based on a 1D hydrodynamic La-over 1.8 ns.

%. Temporal uniformity
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FIG. 3. Temporal pulse shape of the dri_ve Ia_ser. The pulse is well defined ag|g 5. Typical temporal profile of the rear emission at a.40 thickness of
a nearly squared shape. Dotted curve is a fit of the squared shape. Al. The drive laser irradiance is 9210 W/cn?. Significant pre-emission
is not detected before the shock breakout.

The temporal uniformity of the HIPER-driven shock ve-

locity was measured with a wedged target to confirm thPthe image. Shock velocity in this measurement was 28.47
steadiness of the shock pressure; the shock breakout timﬂ_e0 43 km/s. The temporal uniformity of the shock wave

should be proportional to distance along the incline. Th as hence estimated as1.13%. In typical EOS-targets the
wedged targets were made by a precision machining techn hickness region of 40—6m was used in our experiments
ogy. Figure 4 is a streaked image of the rear self-emissiopOr the fair steadiness.

using a wedged targéthe target structure is also showA

horizontal dotted double-arrow indicates the central flat re-

gion of driven-shock waves mentioned above the subsectiotY. PREHEATING

A vert_ical double—arr_ow shows the temporal width corre- —\ypep, 5 high-power laser irradiates a material, the laser
sponding to an Al thicknesses between 35 anduf8 The light is mainly absorbed near the critical density region of

shogk—preakout time was delayed linearly in. distance along . laser-produced plasma. An over-dense plasma has a con-

t_he |.ncl_|ne tox18 ps roqt-mean-squa(RMS) in the dyra- duction zone where thermal intense x rays are emitted. On

tion indicated by the vertical arrow, shown as open circles oy qiher hand, under-dense plasma produce both x rays and
superthermal electrons. These radiations can heat the ambi-
ent matters of the cold initial state before the shock front

HIPER overtakes. The target condition before the shock-front arrival
20 um 68 um ) ' .
+ contributes to the final shocked state on the Hugoniot. If the
Y Y preheating effect significantly changes the initial condition of
A the sample to a new and unknown state, this effect can con-
0.4° A sequently obscure or ruin the obtained Hugoniot data. We

characterized the preheating temperature level in our experi-
mental conditions. In these experiments, preheating is mainly
due to x rays from the critical density plasma because laser
inclined signal intensity is well below the threshold for any nonlinear para-
metric instability inducing suprathermal-electron preheating.
Moreover, our laser wavelength and uniform irradiation
should be effective in reducing the instabilitfés.

Figure 5 shows the temporal history of the rear emission
from a planar Al target represented in FigaR This profile
is a typical signal from strong-shock breakout, and shows
that a well-defined shock is generated. Taking into account
the time resolution of the diagnostic system, the measured
risetime is shorter than 20 ps. After shock passage, the rapid
decay denotes that the plasma is cooled due to the expansion
L into the vacuum without heating by x rays from the HIPER
100 irradiation side. No significant emission is detected before

. . o .. the shock emergence at the free surface. We therefore believe

FIG. 4. Typical streaked image by self-emission measurement with %hat the preheating level is less than the detection limit of this
wedged Al target. The top of the figure is the structure of the wedged target:
A horizontal dotted double-arrow indicates the central flat region of driven-measurement, a 0.9 eV blackbody temperature.
shock waves mentioned above the subsection. A vertical double-arrow  The reflected probe-light measurement at the target rear

shows the temporal width corresponding to an Al thickness between 35 angurface is more sensitive to the preheating effect. We define
68 um. Open circles show shock arrival timings that are analyzed in the )

same way as Fig. 2. Inclined open bar represents a linear curve calculated 59ﬂeCtiVity as the ) raFiO of _reﬂe.Cted I_ight intenSity of the
least-squares method. shocked target to incident light intensity. An example of re-

1
—

Time [ns]

Space [um]

Downloaded 17 Jun 2011 to 133.1.91.151. Redistribution subject to AIP license or copyright; see http://pop.aip.org/about/rights_and_permissions



1604 Phys. Plasmas, Vol. 11, No. 4, April 2004 Ozaki et al.

H
[ -
=:'|. ~ |'|JAI“

Intensity [arb. u.]

Time [ns]

[R]
[i]
[r]

Time [ps] 200

FIG. 6. Typical reflectivity signa(R), and the intensity profile of reflected
(r) and incident(i) probe light to determine the reflectivity. Horizontal gray
line shows 100% reflection. Shock arrival time is indicated by an arrow.

—
Space [um] 200

o ) ) ) ) FIG. 8. Streaked image with double standard target by reflected light mea-
flectivity for a 40 um thick Al is shown as a function of time surements. The step heights of Al and Cu are 19.68 and k7 espec-

in Fig. 6. The lower solid thin and gray thick curves indicate tively. Thet” andt® indicate transit time for the shock traveling through
the intensity profile of reflected and incident light, respec-S3¢" Step: respectively.
tively, and the upper dotted curve shows the calculated re-

flegéivity. ;he ho”zﬁ!’“ﬁ" dbar in Tg O(r;fle%tivity cu_rr\;]e ij’.a 3.164 km/s/fringe. The detection limit is better than 1/10 of
|gU| eto g.e c€ye, w I;()lglgc\)/t\/e/smz 8:1 reketc):tlonk. € drvespne fringe constant, 0.316 km/s/fringe, which corresponds to
aser Irradiance was 5z cm’. Shock breakout time 5 expansion velocity resulting from a temperature of ap-

is shown as an arrow. We find that the reflectivity decrease roximately 0.085 eV in Al This is in agreement with the
rapidly at shock emergence. No significant decrease of rer@esults of the .reflectivity exberiments
flectivity was detected before the shock arrival at the rear Finally, for this temperature Ievel. resulting from radia-

sur_face. The decrement before th_e iShOCk preakou_t can kfﬁle transfer, the increase of the shock propagating distance
estimated as not more than 7%. This is consistent with abOLHue to free surface expansion and of the shock velocity due
O'OSMeV preheating levef ical It f loci to temperature increment at a preheated region can be com-

oreover, we can present a typical result from velocim-p,, o0 - The competition between these factors can make

etry m_easurements. Figure 7 is the data obtained W't24a V&hock velocity measurements insensitive to the radiation pre-
locity interferometer system for any reflectoVISAR). heating

Figure 7a) is the raw velocimetry image and Fig(bj tem-
poral profile at an arbitrary position. Time proceeds from the

left to the right. The experimental conditions are the same a¥- VALIDATION

the ones mentioned earlier. The Al sample thickness was 40  Qur |aser-driven IMM experiments were validated with

pm and the laser intensity was &@0" W/cn?. The re-  ysing double-step target consisting of two Hugoniot stan-
flected I|ght discontinuously vanished at the shock arrivaldardS, Al and C&5 Figure 8 is an examp|e of typ|ca| image
timing and no fringe shift was measured before this timing.optained by the reflected light measurement. The Al and Cu
Here, the fringe constariensitivity of this velocimeter was  steps are on the right- and left-hand sides, respectively. The
time intervals,t”' andt®", correspond to the transit time of
the shock propagating through each step, where superscripts
denote the material. As the step heights were known, the
shock velocity of ALUA' was 26.43 0.45 km/s and that of

Cu, USY, was 19.470.29 km/s.

The Al Hugoniot has been experimentally and theoreti-
cally investigated over a wide range of pressures. Here, we
used the SESAME modebf Al to determine the final Hugo-
niot points. The model is in good agreement with experimen-
tal Hugoniot data up to approximately 2 TPa. We can also
use a simple linear relationship betwedl' andu?' as sug-
gested in Ref. 36. However, the linear relation is not verified
in the multi-TPa pressure region, and the accuracy of the two
0 2 4 6 8 10 parameters defining this relationship is not high. Addition-

Time [ns] ally, we evaluated that the EOS of electrons should be con-

FIG. 7. Typical ft with VISAR(&) Raw streaked i T g sidered in such pressure region.
. 7. Typical result wi a) Raw streaked image. Time proceeds Al Al ; _
from the left to the right(b) The intensity profile is at an arbitrary position. Theup and pressuré’ state correspondlng to the mea

Al base plate was 40um thickness, and laser intensity was 6.6 Sured shock velocity of 26.43 km/s were determined as 16.29
X 10 Wien?. km/s and 1.16 TPa, respectively. When the shock wave

Space [um]

(b)

Intensity _
[arb. u.]
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Aluminum ] FIG. 10. Laser energy dependence of the generated pressure in Al. The solid
v Mitchell ('91) ] gray curve shows a scaling law.
V¥ present
0 0 10 20 30 periments can provide systematic results. Here, note that the
. ) parameters in the laser irradiation conditions are fixed at a
Particle velocity [km/s] wavelength of 351 nm, a spot diameter of 6@, and a

FIG. 9. Cu and Al Hugoniot data. Solid circle and triangle are present dataduratlon of 2.5 ns{FWHM) Therefore’ the d|sperS|on of the
Open circles and triangles are results with nuclear explosions and gas guata from the scaling primarily results from shot-to-shot am-
(Refs. 13 and 36 Gray circles are Cu data driven by lag&ef. 16. Im- biguities of these condition parameters and laser energy
pedance matching process is represented as an arrow. monitor.

IMM experiments were performed for other materials on
propagates through the interface between Al and Cu, a réhe GEKKO/HIPER system. We present results of two ma-

flected shock travels in the primary shocked Al. The reflecte erials with very different initial densities. The first is tanta-
' jum (Ta) which is highZ, with a density of 16.7 g/cfa Tan-

shock condition is given by the intersection of the re-shoc : . | el din d i~ high
curve of Al and the Rayieigh line of CuP=pS"USty talum is a metal typically used in dynamic high-pressure

in P—u, plane. The reflected shock curve of Al Waspcal_experiments such as flygrs,' anV"S o reflected-shoc'k for a
culatedp based on the SESAME database. Consequent ,aterlal, and ho'Ide'rs to fill Ilq.wd samples. Tarjtalum is also
the particle velocity in Cu was 11.31 km/s, and the pressur sed as the prOJect_lle of multllayer_ed flyer Wh'Ch.We devel-
was 1.97 TPa. These values had accuracies better than 3.19 _ed to generate high pressures with no preheating by laser-

The determination manner of these errors is described in th asma_mteracﬂon%z. The_the_rr_nodynamu:_ anq mec_:hanlcal_
Appendix. properties have been of scientific and applicational interest in

The Hugoniot data of Cu and Al are plotted in Fig. 9. ;[.he. f|((ajlds of b%th s?(?lljlge glnd englne_erlnlg. EhOS data of -La IS
Circles and triangles denote Cu and Al Hugoniot points, re-'M!t€d Up to about 1 TPa by conventional techniques such as

spectively. Solid symbol indicates present work. Open circleﬁf”‘sh guns. -I;h's ﬁxperllmgrnFt) could prowde. EO?hdataﬂof thde
and triangles are, respectively, the results for Cu and Al dat igh-Z metal in the multi-TPa pressure region. The reflecte
from published papers with gas gdhsand nuclear shock state of Al was calculated based on the SESAME da-
explosions Three Cu data points from the highest pressuretabase, in order to determine the intersection of the reflected
shown are the results from IMM experiments using nuclearShOCk curve of Al and the Rayleigh line of Ta. T?e_accuracy
explosions, and others are from absolute experiments usirg ;hgo/h'thSt pressure data was better than 4% in pressure
gas guns. The three open circle Cu data points plotted corr i - o1n ens(;ty: lasti ial which is |G
spond to the open triangle Al plots, respectively. Gray circles € second IS a pastlg material which s "

are several examples of Cu data by Rothmeaal. in indi- 1_'04 g/cn_:?. Pl.asncs.play very important roles as shell mate-
rectly driven laser experiments with hohlraum at the AWE rials for inertial-fusion-energy(IFE) fuel capsules and, as
United Kingdom'® The solid curve shows the SESAME "described in the first section, have been used extensively in
Hugoniot EOS fc;r CUSESAME 3332 Our result is fully basic IFE experiments. Thus, these EOS data are needed to

consistent with this model and previous works using differ-guide target designs and to analyze experimental results.
ent techniques However, many plastic materials do not have sufficiently

good experimental EOS data in the pressure regime of inter-
est. We successfully obtained the Hugoniot data of a Zow-
plastic material, polystyrenéPS, up to approximately 2.5
We investigated the laser-energy dependence of drivé8Pa pressure. Compared with the results of the laser indi-
pressure in Al using step targetSig. 10. Open circles de- rectly driven absolute EOS experiments at the Lawrence Liv-
note present results by the emission measurements. It wasmore National LaboratorfLLNL ),*° our data, which are
found that the pressure data are approximately proportiondaser directly driven relative IMM experiments, are in good
to the two-thirds power of laser energy. This is consistentagreement with those results. The accuracy of the data was
with a well-known simple scaling lafvThe scaling is shown better than 8% in pressure and 10% in density. The unload-
as a gray solid curve in the figuféjndicating that our ex- ing isentrope of Al was calculated based on the database, in

VI. ACCESS TO ULTRAHIGH PRESSURES
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The key issues for laser-driven EOS experiments were
confirmed with planar and wedged Al targets and with self-
emission and reflection measurements. Shock planarity was
over 230um in the central flat region, which is sufficient for
the spatial scale of our EOS experiments. The shock pressure
was typically +=1.3% steady for approximately 2 ns corre-
sponding to the shock propagating time between target thick-
nesses of 40 and 60m. 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 0.08 eV for intensities
to approximately & 103 W/cn?. This suggested that radia-
tion preheating did not strongly affect the shock velocity

Density [g/cm?] measurements. Note that the characterization of the effects at

a wider range of laser intensities, such as an intensity of

FIG. 11. Summarized Hugoniot data. Solid and open symbols indicate ex- . .
perimental data from present and previous works, respectively. Triangleé?’]Ore than 1¢f chmz' 1S Surely Worthy' We should continue

diamonds’ (;ir(jes7 and squares denote PS, A|, Fe, and Ta’ respedﬂeﬁy tO perform eXpeI’imenta| inVeStigationS and Compare reSUItS

12 and 35. Dotted curves are theoretical Hugoniots calculated by thewith numerical simulations including different opacity mod-

_SESAME m_odeI(Ref. 7} In PS,. open triangles are results from the laser |5 This will allow us to enhance the accuracy of the higher

indirectly driven experiments with hohlrautRef. 19. .
pressure data and to apply the system to new materials and
fields.

order to determine the intersection of the isentrope curve of e verified our experimental technique based on the im-
Al and the Rayleigh line of PS. Note that the unloading_pedance maFchmg method using double-step target consist-
response of Al is not as well known as the shock and reshocld Of Hugoniot standard metals of Al and Cu. The result was
response so that errors resulting from these measuremerifs 2greement with previous experimental data by different
may be larger. tools and an EOS model. This assures the validity of EOS
Our present experimental results are summarized in FiggXPeriments for unknown materials. _
11, which shows Hugoniot data for several materials. Solid ~ EXtreme pressures in Al standard were created with sys-
and open symbols indicate experimental data from théer_natlzatlon and reprodu0|b|I|ty: Additionally, new Hggonlot
present and previously published wofS? respectively, POINts up to 3 TPa were obtained for materials with very
Triangles, diamonds, circles, and squares denote polystyren%'ffere”t initial densities using the expe_rlmental system. The
aluminum, iron (Fe), and tantalum, respectively. Dotted data support past works and/or theoretical models. These re-
curves show theoretical Hugoniots calculated by thesults indicate that the laser directly driven experiments can
SESAME modef. Only the curve for Ta is an extrapolation provi.de multi—'_rPa data for arbit.rary mate_rials previously ac-
from the referenced data because the database does not figssible only in nuclear explosion experiments.
clude Ta. All referenced plots in the TPa region excluding PS
were obtained from nuclear explosion experiments. In poly-AcKNOWLEDGMENTS
styrene, open triangles are results from the indirectly driven
laser experiments using hohlraums. Our data are consistent The authors gratefully acknowledge the valuable support
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APPENDIX: ERROR ESTIMATION variation of U™ and that of the initial density of the un-
unk i unk ; ;
In this appendix, we describe error analysis of the EO§<nOWn samplepg . First, the error oli,™ is given by
data in this paper. Aug“k: (Apg”k)z (AU‘S‘”k 2+ AU’Q')2
Shock velocity error up™ pank yunk Ul
The shock velocity is an experimentally measured vari- ASesame| 2 2
able. Uncertainties are contributed by the variation of step + Seoave . (A4)

height,Ah, and shock transit time\t, in a target step. Tak-
ing into account those values depending on the accuracy dfere, the initial density error should include the variation of
calibration in metrology and diagnostics, the velocity errorthe density due to preheating effect. Therefore, we rewrite
can be expressed as the root sum square of those errors; this equation to

AU [[AR\Z (ACmsey® (A2 [ Acgs|?| M2 Aup™ ((Ap(“)”k)z (M)ER?)Z (AUE“k)Z (AUQ')Z
={|—| +|——| +|—| +|—— =
Us (( h) ( Crmscp ( t) csnk) ] ’ o Uee™ ) e U™ U
ASesave| Apél 2 APAgn 21+
- . p
where ACmscy/Cmscp @nd (Acgy/Csd indicate the calibra- +( SESAME) +( pél ) +( Pﬁrln) ] :

tion accuracy of microscope and streak camera. The error of
step height is determined by the variation of height due to the (A5)

target surface configuration and roughness. The error ofpe initial density errors were less than 0.1%. Assuming that
shock transit time results from the variation of the shocka| free surface expands by 0.3 km/s at the detection limit

arrival signal due to the target surface roughness, the shogkye| of preheating temperature, we can expect that the de-
planarity, and the pressure distribution in the shock frontcreases of density in the Al base plate is approximately less
Furthermore, strictly speaking, the shock steadiness errqQhan 0.9% and that in the step is much less than it through
must be added to the error bf;, becauseJ; is an averaged  the experimental campaign. As the preheating level of un-
velocity for the transit time. Finally, the error &fs can be  knowns was not measured sufficiently, this value was applied

defined as to the unknown density error. This amount of preheating
AU, Ah)\ 2 ACmser 2 (At\2 [ Acgy)? tgmperature is probably an overestimate for unknowr_1 mate-
TRl P + T + o rials and Al. No errors from the standard Al EOS in the
s mscp strk SESAME database are used, because we have no reasonable

(A2) cal data, it can contain uncertainties in the off-Hugoniot re-
sponse, especially the unloading isentrope, at high pressures.
whereUy, is the temporal constancy of the shock. This may significantly increase the errors in the EOS of
The error of microscope calibration was negligible be-sample materials.

cause of the high accuracy compared with that of step height

variation, and that of streak camera was less than 0.22%. Th&essure and density

error of shock constancy was estimated as better than 1.2% ] ] )

from the results of the wedged target. We can add the pre- AS the final Hugoniot pressure and density of unknown
heating effect to the error in shock velocity. However, as2® calculated from Eqg1) and (2), respectively, at first
described in Sec. IV, we evaluated that the influence is nofach error is expressed as follows:

strong for the velocity measurements. For instance, in the A punk {(Apgnk)2 (Augﬂk>2 (Aug”k>2] 12 A6)

(AUtmpﬂ 12 numbers for this. As the SESAME table is based on empiri-
+ 1

Utmp

case of a Cu shot, we determined the error of the velocity as punk — unk TNk TNk
c Po Us Up
u
o ={(0.14992+ (0%)?+(0.93%9 2+ (0.16%)? and
US Apunk Apgnk 2 uEnk 2 AUlsmk 2
+(1.13%)% 2= 1.46%. (A3) P || + O g TS

1/2

Particle velocity

+ (A7)

The unknown particle velocityu‘rj“k, is determined as Up
the intersection of the re-shock curi@ the unloading isen- The initial density error should include the effect due to pre-
trope of Al and the Rayleigh line of unknown sample. The heating. Finally, these equations can be rewritten as

re-shock and isentropic curve in Al are uniquely calculated

unk\ 2
Aup
unk

unk unk\ 2 unk\ 2 unk\ 2
from the measured shock velocity of Al by using the APnk :{ Apgk) (Apgzt) Auik)
SESAME model. Therefore, the uncertainties of those curves ! 0o Pght Us
are contributed to by the variation of the shock velocity, AUk 2) 172
| .
AUQ , a_nd numerical that_of the EQS mod_AISESAME. The + _ugk_> J (A8)
uncertainty of the Rayleigh line is contributed to by the Up
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and
Ap”nk Apgnk 2 Apgﬂlt( 2
P | g™ ) +( Pont )
uBnk )ZI(AULSmk)Z (Augnk) 2]}1/2
+ Ugnk_ ul;nk Ugnk ugnk .
(A9)
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