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Equation-of-state measurements for a polyimide are presented. High-power KrF laser and chemical
explosive-driven experiments provided Hugoniot data on the polyimide up to about 65 GPa.
Conventional reflected-light measurements in the explosive experiments and velocity interferometry
measurements in the laser experiments were performed. From both laser and explosive results the
change of Hugoniot was indicated at near 30 GPa. ©2003 American Institute of Physics.
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I. INTRODUCTION

The experimental and theoretical investigations
equation-of-state~EOS! for materials at high pressure an
density are of fundamental interest to astrophysic1

geophysics,2 inertial fusion energy~IFE! research,3,4 and
other related fields. In particular IFE studies, the compr
sion efficiency and shock structure in fusion capsules c
cally depend on the EOS.3 Such hydrodynamic and thermo
dynamic characteristics are usually estimated by simula
codes employing EOS models5 or tables.6

Plastics play important roles as the IFE shell materials
the capsule and have been used extensively in the funda
tal experiments, such as Rayleigh–Taylor instability7 and
fast ignition research.8 Plastics meet the immediate requir
ments for an IFE pellet shell: low density, smooth outer a
inner surfaces, sphericity, and concentricity. Future IFE
periments, especially those conducted at cryogenic temp
tures, would be more feasible if the targets possessed a
tional properties: high tensile strength, large elastic mod
great room-temperature permeability, large radiation re
tance, high thermal conductivity, low electrical conductivi
and large opacity at a laser wavelength at 351 nm. Polyim
~PI! is a polymeric material with a potential meeting the
additional requirements. PI shells were first suggested fo
ignition target of the National Ignition Facility~NIF!.4,9 Re-
cently, high quality millimeter-sized PI shells have been fa
ricated using vapor deposition polymerization10 and remov-
ing nonvolatile solvent.11 One of the recently developed PI12

applications~fluorinated polyimide, C33H12N2O4F12) is an
ablator of the multilayered flyer, which was demonstrated
generate high pressures without the preheat problem.13–15As
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there are no Hugoniot data for the PI, the shock compres
state should be studied in order to design targets using th

Generally EOS experiments measure two independ
variables under shock compression simultaneously, and
culate the remaining variables from the Rankine–Hugon
relations

P2P05r0USup , ~1!

r/r05US /~US2up!, ~2!

and

E2E05 1
2 ~P1P0!~1/r021/r!, ~3!

where P, r, and E are the pressure, density, and intern
energy behind the shock,US andup are the shock and par
ticle velocity, the 0 subscripts denote the initial condition16

Impedance matching~IM ! is the most popular techniqu
to determine the Hugoniot EOS point, and measures the
shock velocities simultaneously in two materials: an EO
standard and an unknown sample.17 This method makes it
possible to decide one EOS point of the sample based on
EOS of the standard reference. By using the IM meth
conventional shock-drive techniques, such as gas-guns o
plosives, usually achieve a measurement accuracy of
equal or less.

Powerful lasers have extended the capability of E
studies, providing extreme high pressures not accessibl
the conventional techniques.18 Laser experiments have pro
vided relatively accurate data with a few percent of err
particularly in IM experiments based on the shock veloc
measurements.19

In this paper, Hugoniot data of a polyimide are reporte
Experiments based on the IM method with a high-power K
laser are described in detail. The laser-driven data are c
5 © 2003 American Institute of Physics
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pared to reliable explosive-driven results. The relations
between Hugoniot variables (US andup) and the change o
Hugoniot above 30 GPa is obtained.

II. EXPERIMENTS

A. KrF laser drive

Laser experiments were performed with the ASHUR
Super-ASHURA laser facility20 at the Electrotechnical Labo
ratory ~ETL!.21 The facility is a high power KrF laser sys
tem. The wavelength and the maximum energy are 249
and 660 J, respectively. The pulse duration was appr
mately 10 ns of a full-width at half-maximum~FWHM! with
a near-Gaussian pulse shape. In this experiment, one b
was used at around 100 J energy and the normal inciden
the target surface, which was coupled with a phase z
plate~PZP! to eliminate large-scale spatial intensity modu
tions and obtain a flat-top intensity profile in focal spot. T
focal spot diameter was approximately 500mm at FWHM.
The corresponding laser-intensity is around 5
31012 W/cm2.

In the laser experiment, the line-imaging optically r
cording velocity interferometer system~Line-ORVIS!22 was
used to measure the Hugoniot EOS of PI. The experime
configuration is shown in Fig. 1. The probe laser was a c
tinuous wavelength~CW! laser of up to 5 W power. The
wavelength was 532 nm. The probe laser was line-focu
on the entrance side of an imaging fiber by a cylindrical le
with a focal lengthf 515 mm and passed through the ima
ing fiber with a diameter of 1.2 mm and a length of 3 m into
a vacuum chamber. In the chamber, the probe was im
relayed to the target rear surface by two lenses;L1 and L2

with a different focal length (f 1512 mm andf 2515 mm,
respectively! from the output side of the fiber. The width o
the beam focused on the surface was approximately 400mm.

FIG. 1. Line-ORVIS experimental setup. A continuous-wave probe lase
line focused by a cylindrical lens; CL and passed through an imaging fi
into a vacuum chamber. A mechanical shutter is arranged which has a m
mum shutter speed of 1/25 second. Lenses, beam splitter, and mirror
denoted asL1 , BS, and M, respectively. The light is transferred to t
outside of the chamber by another imaging fiber. The image can be ro
by dove prism to horizontally adjust according to the streak slit.
nloaded 17 Jun 2011 to 133.1.91.151. Redistribution subject to AIP license
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Reflected light from the target was collimated byL2 andL3

lens (f 3512 mm). One end of another imaging fiber wi
the same effective diameter was fixed on the image poin
L3 . This optics system was mounted on a motorized st
for alignment in the vacuum chamber, as shown in Fig. 1
target holder was mounted on another motorized stage~not
shown in Fig. 1!. The image was transferred to the outside
the chamber through the fiber. The light from the other e
of the fiber was collected by a lensL4 ( f 4525 mm). The
light was passed through an etalon as the interferom
whose sensitivity, fringe constant was 3.164 km/s/fringe.
nally, the light was collimated by a lensL5 ( f 55100 mm)
and was imaged as a set of bright fringe spots on the slit
streak camera coupled with a charge-coupled-device~CCD!
camera. The streaked image was recorded as a 5123512
pixel data with 16 bits by the CCD camera.

The Doppler shift of the reflected probe light is repr
sented as a fringe shift at the output of the veloc
interferometer.23 The fringe phase is proportional to the v
locity of the moving material surface. Measuring free-surfa
velocity U f , we can estimate a particle velocity in a shock
state from the free-surface velocity, for example, such as
assumption:U f52 up . If shock velocity is measured from
the step structure of target, a Hugoniot point can be ab
lutely determined from the two independent Hugoniot va
ables, theUS and U f /2. However, at high-pressure shocke
states the reflected light from the surface is not often ma
tained because of scattering by the rapid change of the
face condition. Thus we designed experiments using dou
step target based on the IM method@Fig. 2~a!#; the ORVIS
works as an instrument for both velocimetry and reflec
measurements.

is
er
xi-
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ed

FIG. 2. ~a! IM target schematic. Both steps are around 30mm thickness.~b!
Typical streaked image. Time proceeds from the top to the bottom.
shock-transit times,tAl and tPI are approximately 4.7 ns and 7.5 ns.
 or copyright; see http://pop.aip.org/about/rights_and_permissions
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Aluminum ~Al ! was used as a standard with well-know
Hugoniot. We used one-dimensional Lagrangian hydro
namic code14 to optimize the base and steps thicknesses
which steady shock propagated. Typical thickness of b
was 150mm and those of Al and PI steps were 30mm,
respectively. The rear surface of PI was overcoated wit
thin Al layer of 1000 Å to reflect the probe light. Each ste
height was measured by a laser displacement gauge w
minimum scale value of 0.01mm. The initial density of Al,
r0

Al , was 2.71 g/cm3 and that of PI,r0
PI , was 1.50 g/cm3 with

errors of less than 1%, respectively.

B. Chemical explosive drive

Explosive-driven experiments were carried out with se
eral ten Mega-J class of chemical explosives at the Natio
Institute of Materials and Chemical Research~NIMC!.21 Ex-
plosive plane generators were used for planar shock-w
formation. These generators consist of nitromethane as
velocity explosives and the compound of hydrazine nitr
and hydrazine hydrate as high-velocity explosives. Gen
ated pressure was changed by varying the sets of high ex
sives and the materials and thicknesses of the base and
plates. The base and flyer plates were Al alloy~7075 and
52S! and copper~Cu!. The plate surfaces were polished
sustain uniform shock waves. Mirrors were attached to
free surfaces of the base and the steps. An argon~Ar! or
krypton ~Kr! flash light reflects off the mirrors on the pla
surfaces. The reflected light was recorded by a streak c
era. We can measure the arrival time of the shock front at
mirror surfaces from the change of reflectivity. This kind
conventional experiment is described in many references17

III. RESULTS AND DISCUSSIONS

Figure 2~b! shows an example of the velocimeter res
in the laser-driven experiments. Time proceeds from the
to the bottom. The Al step is on the left and the PI is on
right. We can find that the fringe pattern changes~PI side! or
vanishes~Al ! at the shock emergencies. The time interva
tAl and tPI correspond to the transit times of the sho
through both steps. In this data, thetAl and tPI were 4.69 ns
and 7.52 ns, respectively. As the step heights were kno
the shock velocity of Al,US

Al , was 6.44 km/s and that of P
US

PI , was 3.99 km/s.
Al Hugoniot had been accurately measured over a w

range of pressures. Here we used a linear relationship
tweenUS

Al andup
Al suggested by Mitchellet al.,24

US
Al5~5.38660.047!1~1.33960.021!up

Al . ~4!

Thus theup
Al and the pressurePAl were determined as 0.7

km/s and 13.7 GPa, respectively. When the shock w
propagates through the interface between Al and PI, an
loading wave is reflected in the shocked Al. The unloadin
wave state is given by the intersection of the isentrope o
and the Rayleigh line of PI;P5r0

PI
•US

PI
•up in P–up plane.

Here the isentrope was assumed to be the reflection o
Hugoniot, because the pressure range was low enough.
assumption may lead to less than a few percent to the erro
up . The calculated particle velocity and pressure in PI w
nloaded 17 Jun 2011 to 133.1.91.151. Redistribution subject to AIP license
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1.15 km/s and 6.9 GPa, respectively. The accuracy was
in US

PI , 3% in up
PI , and 4% inPPI, respectively.

However, the highest-pressure data in the laser exp
ment had an error larger than 10%. The errors in target th
nesses and diagnostics resolution mainly contribute to t
The Al step was glued on Al substrate with diluted adhesi
Since the PI also did not have thermal plasticity, the sa
fabrication technique was applied. The layer thicknes
were few percent of step thicknesses. Since the shock ve
ity was fast in the highest-pressure case, the temporal r
lution in relation to the shock transit-time becomes wor
Other factors relevant to the target: initial densities and st
dard EOS errors are small enough~1% or less!. In our pre-
vious experiments the spatial uniformity of the shock w
shown to be flat within a 300mm diameter and the tempora
steadiness was approximately 10 ns.15 Taking into account
the low irradiation intensity and the thickness of the targ
base-plate, the preheating effect should be negligible. In
ORVIS results, the significant reduction of reflectivity or
fringe shift was not detected before shock arrivals at Al s
face, confirming the negligible preheat. The detection lim
of this velocimeter was better than 0.31 km/s. This veloc
corresponds to an expansion velocity at a temperature
about 0.1 eV in Al.

Chemical explosive-driven results and the experimen
conditions are listed in Table I. The data accuracy was be
than a few percent. The errors also are shown in the Table
the explosive experiments, the target metrology and surf
roughness cause the errors. When the shock velocity of
standard is close to its bulk sound velocity, the error, mo
over, becomes large.25

All experimental results are plotted in Fig. 3. Ope
circles and solid diamonds indicate explosive-driven a
laser-driven data, respectively. Solid and dotted curves
drawn to show the change of PI Hugoniot in both Figs. 3~a!
and 3~b!. The curves in Fig. 3~a! correspond to those in Fig
3~b!. The change of PI Hugoniot can be clearly found in t
US–up plane@Fig. 3~b!#. The first curve is a linear-fit to the
data below 30 GPa pressure, and the second is above
pressure. Thec0 and s in the first curve were estimated a
2.15 and 1.65~root mean square!. The slope changes atup

52.6 km/s. This could be due to a phase change. The ph
change could originate mainly from the separation of co
lent bonds between carbon and hydrogen atoms in PI
several 10 GPa, the temperature of the compounds consi
mainly of carbon and hydrogen can be predicted to re
several thousand Kelvin. The final state of shock-compres
materials is significantly different from the initial state and
the same time simpler than the initial structures. Then i
reasonably expected that in this temperature range und
strong shocked state, the covalent bonds are insignifican
cause of thermal dissociation, and each component
chemically inert. According to previous works,26 in this pres-
sure region the hydrocarbon data are qualitatively consis
with an assumption that hydrogen is in a condensed mole
lar phase and carbon is in the diamond phase; it is energ
cally favorable to replace the H–C bonds with two differe
covalent bonds, H–H bonds to form molecular hydrogen a
C–C bonds to form a diamond-like structure. In several h
 or copyright; see http://pop.aip.org/about/rights_and_permissions
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TABLE I. Conditions and results from explosive experiments for PI. Dashes in flyer column denote direct explosive drive. Step thicknesses are mead with
an accuracy of better than63 mm. The ambiguity of shock transit time is calculated from the standard deviation of shock arrival time.

Shot
No. Flyer Target

Thickness
~mm!

Transit time
~ns!

Shock velocity
~km/s!

Particle velocity
~km/s!

Pressure
~GPa!

9812–03 — Al 7075 1967.7 299.0860.617 6.57960.017 1.01460.012 18.7160.234
PI 500.0 104.3260.385 4.79360.034 1.42360.017 10.2360.144

9812–05 Al Al 52S 1987.0 249.2860.054 7.97160.012 1.88260.020 39.5760.441
PI 514.0 82.3660.285 6.24160.046 2.50560.009 23.4460.193

9812–06 — PMMA 1882.9 352.9460.646 5.33560.013 1.79260.008 11.3460.060
PI 518.7 107.3162.153 4.83460.101 1.69460.008 12.2860.263

9812–07 — Cu 1972.8 372.3362.665 5.29960.039 0.92060.007 43.4860.344
PI 504.8 110.7760.302 4.55760.030 1.56360.035 10.6860.249

9812–08 — Al 52S 3479.6 464.8760.074 7.48560.007 1.54960.019 30.5760.384
PI 466.7 83.4660.110 5.59260.037 2.09960.004 17.6160.120

9812–09 Cu Cu 1965.7 338.9260.067 5.80060.009 1.25260.008 64.7860.419
PI 494.9 91.0861.063 5.43460.071 2.08460.010 16.9960.237

9905–03 Cu Al 52S 1001.5 110.9560.481 9.02660.048 2.60660.022 62.0460.580
PI 507.2 72.4860.601 6.99860.071 3.45160.043 36.2260.584

9905–04 Cu Al 52S 1000.2 113.2160.090 8.83560.027 2.47560.022 57.6760.553
PI 493.4 75.2960.682 6.55660.071 3.32160.024 32.6660.430

9905–05 Cu Al 52S 1000.4 115.1860.235 5.33560.091 2.37260.022 54.3460.533
PI 506.2 77.2160.320 4.83460.035 1.69460.015 12.2860.138

9905–08 Cu Cu 1972.8 351.0560.477 5.80860.012 1.25760.008 65.1760.420
PI 504.8 85.7961.176 5.89860.088 2.06760.013 18.2960.295
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drocarbons, such as polyethylene and polystyrene, this
of Hugoniot change is indicated in this pressure range.26 As
our PI contains nitrogen, oxygen, and fluorine, the EOS
the dissociation region may be more complicated. Howe
laser-driven data first imply the dissociation effect in the

The change of PI Hugoniot should be considered in
design of experiments utilizing the PI. For example, in m
tilayered flyer experiments13 that demonstrated the acceler
tion of high-Z foil flyer to a speed exceeding 20 km/s, th
acceleration process depends on the first ablation-pres
point on the Hugoniot of PI and its reflected state; the stat
the flyer material moves along the reflected-shock curve
the isentrope of PI in theP–up plane.13 The acceleration and
compressibility of the PI shell is affected by the EOS in IF
studies.

IV. CONCLUSIONS

In conclusion, we have presented the equation-of-s
measurements for polyimide and have described KrF la
driven impedance-matching experiments. The Hugoniot d
of PI were obtained up to 65 GPa with the KrF laser a
conventional explosive drivers. A line-imaging ORVIS w
used as diagnostics in the laser experiments. The lase
perimental results were in good agreement with the relia
explosive results. The change of PI Hugoniot curve w
clearly indicated in the relationship betweenUS andup . In
the data below 30 GPa, linear-fit parametersc0 and s were
determined to be 2.15 and 1.65, respectively. The data ab
this pressure seem to shift to a new linear relation. The la
driven results were consistent with the change of Hugon
curve. This is the first indication of a bent point in the
Hugoniot with laser-driven shock wave. The bend cou
originate from the thermal dissociation of the covalent bon
nloaded 17 Jun 2011 to 133.1.91.151. Redistribution subject to AIP license
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FIG. 3. Summarized PI Hugoniot data. Solid diamonds and open circles
results of the laser and the explosive experiments, respectively.~a! P–up

graph. Solid and dotted curves are fits derived from linear relations in~b!.
~b! US–up graph. The solid curve is a linear-fit to the data below 30 G
pressure, and dotted curve is a fit to the data above the pressure.
 or copyright; see http://pop.aip.org/about/rights_and_permissions
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in the polymeric material. The change of PI Hugoniot sho
be considered in the design and analysis of experiments
lizing the PI.
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