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Principal Hugoniot, reverberating wave, and mechanical reshock measurements
of liquid deuterium to 400 GPa using plate impact techniques
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The high-pressure response of cryogenic liquid deuteriuBy) has been studied to pressures-6f00 GPa
and densities of-1.5 g/cn?. Using intense magnetic pressure produced by the Sandia National LaborAtories
accelerator, macroscopic aluminum or titanium flyer plates, several mm in lateral dimensions and a few
hundred microns in thickness, have been launched to velocities in excess of 22 km/s, producing constant
pressure drive times of approximately 30 ns in plate impact, shock wave experiments. This flyer plate tech-
nigue was used to perform shock wave experimentd Dp to examine its high-pressure equation of state.
Using an impedance matching method, Hugoniot measuremehd.ofvere obtained in the pressure range of
~22-100 GPa. Results of these experiments indicate a peak compression ratio of approximately 4.3 on the
Hugoniot. In contrast, previously reported Hugoniot states inferred from laser-driven experiments indicate a
peak compression ratio of approximately 5.5—6 in this same pressure range. The stiff Hugoniot response
observed in the present impedance matching experiments was confirmed in simultaneous, independent mea-
surements of the relative transit times of shock waves reverberating within the sample cell, between the front
aluminum drive plate and the rear sapphire window. The relative timing was found to be sensitive to the
density compression along the principal Hugoniot. Finally, mechanical reshock measuremebis using
sapphire, aluminum, and-quartz anvils were made. These results also indicate a stiff response, in agreement
with the Hugoniot and reverberating wave measurements. Using simple model-independent arguments based
on wave propagation, the principal Hugoniot, reverberating wave, and sapphire anvil reshock measurements
are shown to be internally self-consistent, making a strong case for a Hugoniot response with a maximum
compression ratio of-4.3—4.5. The trends observed in the present data are in very good agreement with
severalab initio models and a recent chemical picture modellf@,, but in disagreement with previously
reported laser-driven shock results. Due to this disagreement, significant emphasis is placed on the discussion
of uncertainties, and the potential systematic errors associated with each measurement.
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[. INTRODUCTION reshock technique in laser-driven experiméttsShortly
thereafter, our group at Sandia National Laborato&sL)

The past several years have seen a significant interest neported experimental results using a plate-impact imped-
the high-pressure response of hydrogen and its isotopes. Thasice matching technique that are inconsistent with the laser-
is primarily due to the unexpected dynamic response of ligdriven results; rather, our results indicate a maximum com-
uid deuterium [D,) inferred from laser-driven experiments pression along the principal Hugoniot of4.3-fold® Later,
by Da Silvaet al! and Collinset al? In their work, it was we reported an independent confirmation of our Hugoniot
reported that the maximum shock compressiohBf along  results based on a reverberating wave techniggimally,
the principal Hugoniot exceeds sixfold, which is significantly more recent results from Russian investigators, obtained us-
higher than the-fourfold maximum shock compression pre- ing a convergent geometry technique to achieve shock pres-
dicted by the widely used and accepted theoretical models aures up to~100 GPal’ 2 agree with the stiffer Hugoniot
the time3~° This increase in limiting shock compression, if response reported by our group. Meanwhile, experimental
legitimate, would have significant impact across a broad sciefforts are continuing at the Omega laser facility at the Uni-
entific spectrum; it would influence capsule design for iner-versity of Rochester to obtain reshock and impedance match-
tial confinement fusiorflCF) studies, it would alter our fun- ing Hugoniot data using laser driven shock wave loadihg.
damental understanding of the formation of the giant planets, We also note that in a recent publication Néflisritically
and it would also question our theoretical understanding oéxamined the differences between the laser-dfiveand
the most prominent, and simplest, element in the universemagnetically driven flyer plate resuftsde argued that the
Since these initial reports, hydrogen and deuterium havstiffer Hugoniot response is expected fob,, based on the
been the focus of numerous experimental and theoreticalniversal behavior of other low-diatomic liquids undergo-
studies in an attempt to explain this apparent anomaly. ing single-shock compression and molecular dissociation.

As of this writing, there is yet no clear answer to this On the theoretical front, publications have come out in
discrepancy in the high-pressure response of hydrogen. Aftesupport of both the stiff and soft Hugoniot response. Notably,
the initial publications from Da Silvaet al' and Collins  nearly all of the first principlesb initio based models seem
et al,? Mostovychet al. reported an independent confirma- to be converging toward a stiff response at high pressures.
tion of the enhanced compression based on a mechanicRlecent publications describing path-integral Monte Carlo
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(PIMC)*>*® and several variations of finite temperat(Fd)  agreement with mosib initio models and the chemical pic-
density functional theoryDFT) (Refs. 17—28show consis- ture models that predict a stiff Hugoniot response. In particu-
tency with a stiff Hugoniot response, in relatively good lar, the results reported here are shown to be in exceptional
agreement with the SNL and Russian results, as well as thagreement with a recent FT-DFT model by Desjaffasd a
earlier chemical picture modqui__’ The one exception is the recent complete revision of the Sesame 72 chemical picture
results of Gygi and Galfif where a Car-Parrinello technique model by Kerley, which will be referred to as the “Kerley
was used in a quantum molecular dynami@D) simula- 03" model*"%°

tion of shock wave propagation through_®, sample. En- Section Il provides a description of the experimental
hanced compressions, along with departures from the Bordnethod used to perform the high-pressure studyL B .
Oppenheimer surface, were observed for |arge values of thléxperimental results for each of the three experimental tech-
artificial fictitious mass, a free parameter used to acceleratéiques are separately discussed in Sec. lll. Section IV pro-
convergence in equilibrium Car-Parrinello simulations. Thisvides a summary of results for the high-pressure response of
led to the suggestion that nonequilibrium effects could have-D2, with an emphasis on the observed internal consistency
influenced the observations of the laser groups. It should beetween the methods. Detailed discussions regarding uncer-
noted that this result is somewhat controversial given that néinties and potential systematic errors associated with the
physical picture has been presented to relate these departufégasurements are given in Sec. V and in the Appendix. The
from the Born-Oppenheimer surface to actual nonadiabati§hain conclusions are summarized in Sec. VI.

effects. To the best of our knowledge the only other models

for LD, that exhibit such a soft response, commensurate with Il. EXPERIMENTAL TECHNIQUE
the laser-driven results, are a few of the chemical picture
models2°-30 Dynamic high-pressure experiments were performed on

The persistence of this discrepancy is largely due to thglanarLD, samples using flyer plate impact techniques de-
difficulty of the experiments. In particular, the relevant pres-veloped at the Sandid acceleratof? The flyer plates com-
sure levels are sufficiently high, above the pressures attairprise the anode of the short-circuit load at the center ofZthe
able through explosively drivéhor gas gun techniquéé;3*  accelerator(see Figs. 1 in Ref. 41 The interaction of the
that only a few facilities in the world can address this issuecurrent density and magnetic field produced in the insulating
experimentally. These include large lasers facilities, Zhe gap results in a time-dependent pressure hisR{ty that is
accelerator, and spherically convergent high explosive sysapplied to the inner surface of the flyer plate. In the present
tems in Russia. Furthermore, the high shock compression @fxperiments,P(t) increases approximately linearly over a
LD, requires that experimental observables be measured 200 ns rise time, resulting in an impulsive ramp load that
with extreme accuracy—a requirement that is difficult toprovides momentum to the anode, launching it as an effec-
achieve, given the sample sizes in these experiments are tygive flyer plate to a prescribed velocity.
cally small in order to reach the necessary energy densities. Typically, four aluminum anode panels are arranged about
These experimental difficulties complicate an accurate detea central, square, or rectangular stainless steel cathode post,
mination of density compression using traditional Hugoniotforming a symmetric anode-cathode gajp-K gap. A short
pressure-density measurements, and have led to the develaprcuit is created between the anode panels and cathode post
ment of complementary measurement techniques in an atArough a shorting cap at the top of the coaxial load. Each
tempt to discern the limiting shock compression LdD,. anode panel becomes a flyer plate; this is achieved by ma-
Examples of these techniques are the reshock technique, firgbining the entire current carrying portion of the aluminum
implemented by Mostovyckt al.®” and the recently devel- anode panel to a prescribed thickness of 800—g60 To
oped reverberating wave technique, first implemented by ouretain rigidity, and to allow the panels to be assembled to-
group®>*®However, direct comparisons of results from the gether, the flyer frame is attached to a panel baele Fig. 1
different techniques is difficult because, with few exceptionsjn Ref. 41). The panel back also allows for mounting of the
these various techniques have not previously been performezkperimental target at a prescribed distance from the flyer
on the same experimental platform. plate, which is typically~3—-4 mm. An alternate configura-

As a step towards remedying this situation, in this papetion employs a thinner aluminum plate that acts as a driver to
we discuss a comprehensive study of the high-pressure méunch a separate, embedded titanium flyer. The current car-
chanical response dfD,, using a plate-impact technique rying surface of each panel and the impact surface of the
developed at the Sandiaaccelerator. A combination of tra- flyer are flat to ~200 nm and parallel to~2 um with
ditional impedance matching Hugoniot measurements, rever-20 nm surface finishes. Each panel back can hold two
berating wave measurements, and reshock measuremeseparate targets, allowing up to eight simultaneous shock
have been made over a pressure range 20—400 GPa. In wave experiments during a single firing of the accelerator.
the most recent experiments, these measurements were ob-The square geometry produces a peak magnetic pressure
tained not only on the same experimental platform, but durof ~100 GPa, which is capable of launching aluminum fly-
ing the same experiment, thus enabling detailed comparisoress up to a maximum velocity of-16 km/s and titanium
and consistency checks to be made. The results of these vafiyers up to a maximum velocity of-14 km/s. The rectan-
ous measurements are shown to be internally self-consistergular or slab geometry, which increases the current density at
and further support the conclusion thad, exhibits a maxi- the expense of two flyer plates, produces a peak magnetic
mum compression of-4.3—4.5 on the Hugoniot, in good pressure of-250 GPa, which is capable of launching alumi-
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diameter. In these experiments the stepped drive plate was
utilized in order to obtain additional data regarding the
shocked state of the aluminum. In later experiments the
stepped drive plates were replaced by flat aluminum drive
plates of ~250um thickness. This was done in order to
obtain other experimental data in addition to the principal
Hugoniot; in particular reshock measurements required a flat
drive plate in order to minimize side perturbations. These
later experiments also utilized a modified back window,
which will be referred to as a composite window. The back
portion of the composite window, which made the seal with
the cryocell body, was a sapphire window 6f500um
thickness. The front portion of the composite window, in
contact with the_D,, consisted of a- 250 um thick bonded
plate of sapphirea quartz, or a combination of LiF and
aluminum[see Fig. 1b)]. In each case, the central portion of
the window provided a reflective surface at the interface be-
tween the front and back window materials. This was either
an aluminized coating on the sapphire @rquartz, or the
aluminum sample itself. Adjacent to the reflective surface
there was diagnostic access into the cell. This was provided
either by LiF samples of similar thickness to the aluminum,
or by uncoated regions of the sapphiresequartz windows.
In these later experiments thé, sample was-550um in
thickness and~5 mm in diameter.

The LD, samples were obtained by condensing high pu-
rity deuterium gas in the cryocét. Prior to cooling, and
after several filling and purging cycles to ensure trace atmo-

FIG. 1. Experimental configuration used to obtain EOS data forspheric gases were not present, the cell was filled with high
LD,. (a) Hugoniot and reverberating wave measurements(ahd purity deuterium gas to 18 psi. The cell was then cooled to
Hugoniot, reverberating wave, and reshock measurements. Note tliis equilibrium temperature of approximately 15 K. A resis-
drawing is not to scale. Inset shows fiber arrangement in each fibgive heater, controlled by a temperature sensor in a feedback

bundle.

num flyers up to a maximum velocity of 25 km/s and tita-
nium flyers up to a maximum velocity of 22 km/s. Further

loop, was used to heat the cell and maintain a temperature of
~22.0+0.1 K. This process produced a quiescent liquid
sample below the boiling point of 24.5 K, with a nominal
initial density of 0.167 g/crh The typical uncertainty in ini-

details concerning the launch of the flyer plate and the qualtial density was~0.4%. The temperature of the cell was

ity of the resulting impact can be found in Refs. 40—43.

monitored via two silicon diode temperature sensors, one of

The necessary cryogenic capability was provided by amwhich provided the feedback to the heater controller. Prior to

expendable cryocell containing theéD, sample, which was

the experiment orZ, each cell was tested in an off-line

connected to a survivable cryosfatThe cryocell consisted vacuum chamber to detect any leaks. During this test, the
of an aluminum drive plate and an optically transparent wintemperature of the cell was cycled through the boiling and
dow housed within an OFHC copper body. The cell dimen-melt temperatures of deuterium several times to calibrate the
sions were determined with copper reference spacers, titemperature sensors. Once in theccelerator, the cell was

dimensions of which were measured prior to assembly usinggain cycled through the boiling and melt temperatures to

interferometric techniques, accurate+d um. The dimen-

verify the temperature calibration determined in the prior

sions of theL D, cell at cryogenic temperatures were deter-cooling test.

mined from the interferomteric measurements and the known Planar shock waves were generated by impact of either an
thermal expansions of the cell materi&t$® The uncertainty aluminum(6061-T§ or titanium(Ti-Al6V4) flyer plate onto

in the linear thermal expansion correction at all temperaturethe aluminum drive plate at the front of the cell. The rectan-

for all of the materials is small, typically-3%, so the un-
certainty in the original length measurement at room temsion by ~300um in effective thicknes

gular flyer plate, approximately 2225 mm in lateral dimen-
&0-4348yas acceler-

perature dominate¥. The final accuracy in the cell dimen- ated across a nominal 3—4 mm vacuum gap by the magnetic
sions was better than 1%.
Two types ofLD, sample cells were used, shown sche-achieved, capable of generating shock states7600 GPa in
matically in Figs. 1a) and Xb). Initial experiments used a the aluminum drive plate and transmitting up+dl00 GPa
stepped aluminum drive plate, with nominal thicknesses othock waves into th& D, sample. The flyer plate velocity

200 and 500um. This produced.D, samples with dimen-
sions of ~600 and~300um in thickness and~5 mm in

field. Titanium flyer velocities in excess of 22 km/s were

was directly measured using conventional velocity
interferometry® (VISAR, velocity interferometer system for
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FIG. 2. Typical data obtained inlaD, experiment, in this case
Z8248S;(i) VISAR record of the shock frontsolid black ling, (i)
FOSBO record(dashed black ling and (iii) self-emission record
(gray line. Vertical dotted lines indicate break out of the shock ] ) )
from the aluminumiLD, interface and the arrival of the shock at the tained for each experiment, allowing up to 16 independent
LD, /window interface. measurements of the shock velocity in thB, sample. In

experiments with a stepped aluminum drive plate, up to four

any reflectoy to a typical accuracy of-0.5—-1%. However, independent measurements of the shock velocity in the alu-
in some cases the quality of the VISAR signal resulted in aninum drive plate were obtained. Likewise, in the experi-
somewhat lower accuracy of2—3%. The velocity was ments with a composite window, 2—6 independent measure-
measured using multiple VISAR probes at a point adjacent tanents of the shock velocity in the anvil material were
the LD, cell. Details can be found in Ref. 41. obtained. These multiple, redundant measurements allowed

The shock response &fD, was diagnosed with several the use of statistical techniques to decrease uncertainty in the
different fiber-optic coupled diagnostics. The relatively largemeasured velocitie, with typical uncertainties of-0.5-2,
samples in these experiments enabled several optical fiber3, and~1.5-3% in the measureldD,, drive plate, and
bundles of 100 and 20@m diameter fibers to be used. These anvil shock velocities, respectively. In addition to shock ve-
fiber bundles accessed different lateral positions of thdocities in theLD, sample, drive plate, and anvil material,
sample, allowing the fielding of multiple, redundant diagnos-accurate measurements of the reverberation timing, and the
tics. These includedi) conventional VISAR(ii) fiber-optic ~ spectral dispersion of self-emission from the shocké,
shock break ouFOSBQ), and(iii ) spectrally and temporally were obtained. Analysis of all mechanical measurements will
resolved spectroscopy. The fringe data from the conventiondie discussed in the next sections. Detailed analysis of the
VISAR diagnostic, which in these experiments is indicativespectral dispersion of the self-emission, which provides a
of the Doppler shift from the shock front of theD, (at measure of the temperature of the shock&j, can be seen
shock pressures above30 GPalLD, becomes reflectiv, in Ref. 52, and was found to be completely consistent with
was recorded on a digitizer at a sampling rate of either 4 or she mechanical measurements described herein.
Gigasample/s. However, the VISAR diagnostic used photo-
multiplier tubes(PMT) to convert the light signal to an elec-
trical signal, thus the time resolution of VISAR data was
limited to ~1—2 ns. The FOSBO diagnostic, sensitive to the The impedance matching method, utilizing the Hugoniot
sudden change in reflectivity upon emergence of a strongimp conditions® was used to obtain principal Hugoniot
shock, utilized a streak camera to provide high time-data for the shockedlD,. The shocked state of the drive
resolution recording of the reflected signal. Typically, theplate was determined using the known equation of state
streak rate of the FOSBO camera was set to providéEOS of the flyer plate(aluminum or titanium and drive
~50—-200 ns of recording time, resulting in a temporal resoplate (aluminum, and the measured flyer velocity,. A
lution of ~0.25—1ns. The spectrally and temporally re-graphical representation of the impedance matching method
solved spectroscopy diagnostic utilized a spectrometer tés shown in Fig. 3. The initial shocked state of the aluminum
provide wavelength dispersion, and a streak camera to prgiive plate is described in the pressure-particle velocity
vide temporal resolution. Typically, the streak rate of the(P-up) plane by the point labeled A, which corresponds to
spectroscopy camera was set to provid@é00—200 ns of the intersection of the aluminum drive plate Hugoniot, cen-
recording time, resulting in a temporal resolution of tered atP=0u,=0, and the flyer plate Hugoniot, in this
~0.5-1ns. case titanium, centered atP=Ou,=u,. Since P

Figure 2 shows sample data obtained from a typida)} =poUsU,, the shocked state of theD, is constrained to lie
experiment(experiment Z8245° Sixteen channels of data on a straight line of slop@oUs, where p, is the initial
from VISAR, FOSBO, and self-emission fibers were ob-density of theLD, sample andJ; is the measured shock

FIG. 3. Impedance matching method used to obtajnfor
LD,.

A. Principal Hugoniot experiments
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velocity. u, of the LD, is determined by the intersection of ment (~3% uncertainty inJ, translates to-5-6% uncer-

the aluminum release isentrope from state A and the lindinty in uy). Consequently, impedance matching was the
defined by the shock impedance lob,, indicated by point preferrgd methoq used to mfer.the shock state of th_e alumi-
B in Fig. 3. In the present study the Sesame 3700 EOS mod&Um drive plate in these experimeriee the Appendix for
for aluminunt* was used to calculate the release isentrop& StailS-

from state A in the aluminum drive plate. We note that in

using a calculated release curve, there is a potential for sys- B. Reverberating wave experiments

Fematig error in the i_nferredp; this is_sue will be gddr_essed In typical shock wave experiments, the shock velotlty
in deta|_l in Sec. V. Givem,, the density compression is then and mass velocity, are measured, as for the Hugoniot
determined from the momentum conservation equation usingyperiments described above. Conservation of mass and mo-
the expressiop; /po=Us/(Us—Uup). The uncertainty inthe  mentum are then usedthe Rankine-Hugoniot jump
inferred u, for LD, determined in this way was typically conditions®) to determine pressuri@=p,Uu, and density
~2—-4%. Details concerning the uncertainty analysis can beompfeSSioﬂol/Po:Us/(Us—Up)- However, uncertainties
seen in the Appendix. in U andu, are magnified when converting to the density
In several cases, the driving pressure pulse used to laungllane; specifically, the fractional errors lig and u, are
the flyer plate formed a small shock prior to reaching the fregnultiplied by the factor f,/p,—1) (approximately 3—-3.5
surface of the flyerimpact side. This was evident by a for LD,). Thus, for highly compressible materials such as
sudden jump in the flyer velocity upon initial motion@, | D,, in whichu,, approaches), moderate uncertainties in
referred to as the jump-off velocifgee Ref. 41 Dissipative U, and u, lead to significant uncertainties in the inferred
processes associated with this initial shock compression retensity compression.
sult in a slightly elevated temperature of the flyer plate, and A previous publicatiofdescribed the use of a reverberat-
thus a Sl|ght|y lower denSity relative to the ambient State.ing wave technique to infer density Compression a|ong the
This altered state of the flyer complicates the imPedfﬂmc?rincipal Hugoniot. The technique involves monitoring the
matching analysis to determine the particle velocity state ofg|ative arrival time of shock waves at theD, /sapphire
theLD,. The method employed to compensate for this effecinterface as the shock reverberates between the aluminum
is the following. First, the measuregf was used to deter- drive plate and the sapphire window. This relative timing,
mine the magnitude of the shock that formed in the flyerwhich we will show is related to the density compression,
plate prior to the wave reaching the impact side of the flyercan be used to distinguish between different density values
An EOS model for aluminuniSesame 3708 or titanium  for LD, in this higher pressure regime. Further, since the
(Sesame 4063° was used to calculate the densjly and  uncertainty in this measurement is not as sensitive to the
temperaturel, corresponding to an isentropic release frommagnitude of the density compression, it is particularly well
this shocked state; the thermodynamic state of the flyer auited for use with highly compressible materials, such as
impact was assumed to Ipg andT;.>® The same aluminum LD,.
or titanium EOS model was then used to calculate the modi- After the shock initially traverses the cell, wave interac-
fied Hugoniot for the flyer centered af andT. This modi-  tions at theLD,/sapphire interface result in a transmitted
fied Hugoniot was then used in the impedance matching@nd a reflected shock, as shown in Fig. 4. This is exploited
method described above to determine the shock state of tHey using the reflected shock to probe the location of the
aluminum drive plate. This approach was previously vali-aluminumLD, interface. The relative velocities of the initial
dated in near-symmetric impact experiments to determine thghock Ug;) and the aluminuni/D, interface () are di-
Hugoniot of aluminum to~500 GPa* rectly related to the density compression along the Hugoniot.
It should also be mentioned that simultaneous with eacihe velocities of the shock and the aluminuuby, interface
experiment orLD,, a separate impact experiment was per-determine the time that the reflected shock from the
formed on a room temperature aluminum sample using theluminumLD, interface reaches tHeD, /sapphire interface.
same flyer plate panel. Furthermore, the initi@, experi-  Thus, the ratio of the original transit time across i, cell
ments, which utilized stepped aluminum drive plates, pro{t;—to) to the time between the first and second shock ar-
vided a measure of the shock velocity in the aluminum driverival at theLD,/sapphire interfacet{—t;), which will be
plate. In both cases the shock velocity in the alumini@in  referred to as the reverberation ratio, is related to the density
ther the ambient aluminum sample or the cryogenic drivecompression of th& D, in the Hugoniot state.
plate was determined from the FOSBO diagnostic to a typi- Qualitatively, one can see from the position-time plot in
cal accuracy of~3%. The measured shock velocity in alu- Fig. 4 (drawn to scale for an initial shock of 45 GPa in
minum was compared to the expected shock velocity inLD;) that due to the substantial compressionL@¥, upon
ferred from the impedance matching method describedirst shock, the exact behavior €D, upon reshock has a
above. In each case, agreement was observed between ftigdatively small influence on the reverberation ratio. The
two independent measurements, within experimental uncecomparatively short reverberation timg, {-t;) observed is
tainty. However, the state of the drive plate could be deterdirectly related to the large density compression along the
mined to a higher accuracy through impedance matching ugrincipal Hugoniot. Furthermore, since the reverberation ra-
ing the measured flyer velocitytypical uncertainty of tio is obtained from a self-emission measurement on a single
~2-3% inu,) as opposed to the shock velocity measure-streak camera image, it can be determined to a high degree of
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FIG. 4. Top: Typical self-emission measurement indicating The reverberation time is obta!ned from time-resolved
shock arrival at the aluminuraD, interface o), the first shock SPECtroscopy measurements; a typical spectroscopy measure-
arrival at theL.D,/sapphire interfacet(), and the second shock Ment is shown in Fig. 4. The self-emission from th®,
arrival at theLD,/sapphire interfacetf). Bottom: Position-time ~ Sample provides a clear indication of shock arrival at the
diagram indicating trajectories of the shock fronts and interfaces. aluminumLD, interface(at timety) and also the first and

second shock arrivals at theéD, /sapphire interfacéat times
accuracy, providing a particularly sensitive inference of thelz andtz, respectively. In several cases these wave arrival
initial density compression dfD,. times could also be clegrly observed in _the FOSBO

One can show quantitatively the strong dependence of thB1€asuremertt. We emphasize that the experimental mea-
reverberation ratio op, . Analysis of the position-time plot Suréments reported here were possible due to the large
reveals that the ratio of the original transit tie to the ~ S@mple sizes and long pressure drive times achievable with
reverberation time, is given by the flyer plate impact. The position-time plot shown in Fig. 4

demonstrates the need for constant pressures at the
LD, /sapphire interface for times on order 6f30—40 ns in
(1) these experiments. The constancy of the emission signal dur-
ing the initial transit time and the reverberation time indi-
cates that the pressure remained constant through the full

where p, is the initial LD, density;p, and p, are theLD,  time duration of the experimefit.

densities due to the first and second shock, respectively; and _

Ug, Ug, andU; are the velocities of the first, second, and C. Reshock experiments

third shock, respectively. Equatiofl) indicates that apart ~ As mentioned above, the differences in observable quan-
from the measured quantitigs, and Ug;, the ratiot;/t, tities for the traditional Hugoniot experiment are small for
depends o1, p,, Us,, andUg;. However, model predic- LD,, forcing stringent requirements on the accuracy needed
tions over the pressure range examined in this study indicat® distinguish between the variold, models. Reverberat-
that to a very good approximatign,~1.9p, (Ref. 57 and  ing wave measurements are one alternative to identify differ-
Ug~ 82%1.1U51 for LD,; Sesame 72, Kerley 03¥"  ences in the predicted density compression, as discussed
Young® tight-binding (TB),"® generalized gradient above. A second alternative measurement in this high pres-
approximation-molecular  dynamics(GGA-MD),”® and  sure regime, which was employed by Mostovyathal, is to
Desjarlai$® model predictions were compared, and the variameasure the reshock state lob, reflected from a known
tions from these relations were found to be less than 10% foanvil material®’ As discussed by Mostovych, and shown in
each of the models. Given this similar behavior upon reshockig. 5, the differences in predicted compression in the EOS
for the various models being considered fdD,, one can models for deuterium are magnified after reshock from a
show that to a good approximatiofy/t,~(p1/po)/1.39  high impedance anvil. For a given initial shock velocity in
=4.2%,, wherep, is expressed in units of g/dnThus, the  LD,, the softer EOS models predict a higher density, and
reverberation ratid; /t, is approximately proportional to the therefore higher particle velocity, than do the stiffer models.
density compression along the Hugoniot. It is to be emphaThe higher density and particle velocity result in higher pre-
sized, however, that when comparing experimental measurelicted reshock pressures, and thus higher predicted shock
ments with the various models fowrD, the above approxi- velocities in the anvil material.

mation is not needed since the models uniquely determine Mostovychet al. chose aluminum as the anvil due to the
p1, p2, Ugy, andUgs. fact that aluminum is very well studied. In the present work,

(t1—to) -t
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emphasis was placed on sapphire as an anvil for two reasonsaterial was of particular concern. Since the second shock in
First, sapphire is transparent, and thus wave arrivals at varthe anvil material, resulting from wave reverberation, has a
ous interfaces could be directly observed at the same laterbagrangian wave speed that is significantly higher than that
spatial position in the cell. This eliminates uncertainties dueof the first shock, the second shock will overtake the first
to nonplanar impacts that necessarily arise when inferringhock at some position in the anvil material. The inferred
wave arrival through laterally separated measurements. Seghock velocity in the anvil material would be slightly too
ond, knowledge of the reshock stateli®, from a sapphire high if this overtake occurred prior to the first shock fully
anvil provides additional information regarding the reverber-traversing the anvil thickness.
ating wave measurements described above. However, to Based on the hydrodynamic simulations nominal thick-
compare with results obtained by Mostovyehal. (alumi-  nesses of 250, 550, and 2pn were chosen for the alumi-
num anvi)®’ and recent measurements at the Omega lasdfum drive plate,LD, sample, and anvil material, respec-
facility (z-cut a-quartz anvi),*® both aluminum and-quartz tively. For the lower pressure reshock experiments, these
anvils were also used in the present study. dimensions were sufficient to ensure that the second shock

Shock Ve|0city measurements in the anv" were made u5d|d not OVertake the ﬁrst ShOCk within the anViI material. In
ing both FOSBO and self-emission diagnostics. For thghese cases, the first shock velocity could be determined to
transparent anvi|$3apphire antw quartjy Composite win- anhaccuracy of-1.5-2%. However, for the hlgher pressure
dows such as the one shown schematically in Fi) were reshock experiments, the Lagrangian wave speed of the sec-
used. A smaller diameter sapphire @quartz window was ond shock proved to be high enough that the first shock was
attached, using cryogenic epoxy on the edges of the anvfvertaken prior to reaching the anvil/sapphire interface; this
window, to a larger diameter sapphire window that com-iS particularly true for thea-quartz anvil, which exhibits
prised the back window of the cryocell. The central portionlarger density compression upon first shock, and thus higher
of the anvil window was coated with-1 wm of aluminum  Lagrangian wave speeds. In these cases, the overtake within
or silver, with the coated side in contact with the sapphirethe anvil was observed in both the simulations and experi-
rear window. Fiber bundles were positioned directly behindMent; a few ns prior to the shock reaching the anvil/sapphire
the coated central region, allowing shock arrival time meadnterface a significant increase in emission was observed in
surements at the anvil/sapphire interface to be determinedhe self-emission measuremeftsin these cases, results
and on either side of the coated region, allowing shock arffom the hydrodynamic simulations were used to make a
rival time at theL D, /anvil interface to be inferred. Further- Slight correction(of order 2% to the first shock velocity in
more, the probes on either side of the coated region alsthe anvil. Wlth this correction, the first shock velocity could
observed the arrival of the wave at the anvil/sapphire interPe determined to an accuracy ©13%.
face, which was apparent as a sudden change in the observed
self-emission signal.

For the aluminum anvil experiments, a slightly different ll. EXPERIMENTAL RESULTS
composite window was used. In this case, a small sample of
aluminum (~2X2 mm squargewas attached to the central
region of the sapphire rear window, using cryogenic epoxy A total of 28 principal Hugoniot experiments were per-
on the edges of the aluminum sample. On either side of théormed onLD, over a pressure range 6f20—100 GPa. The
aluminum, similarly sized samples of LiF were attached toPertinent parameters for these experiments are listed in Table
the sapphire, also using cryogenic epoxy on the edged. U, denotes the measured flyer plate veloaitydenotes the
Probes were positioned directly behind the two LiF samplegneasured jump-off velocity, ands denotes the measured
and the aluminum sample. The measured cell dimensionshock velocity in the.D,. p, and T, indicate the estimated
the measured. D, shock velocity, and the measured shockdensity and temperature states of the flyer plate at impact, as
arrival time at theL D, /LiF interface allowed the time at described in the previous section. The particle veloajy
which the shock reached theD, /aluminum interface to be the pressurd®, and the density compressign/p, are in-
inferred. The transit time in the aluminum anvil was thenferred quantities, obtained as outlined in the text. The final
determined by comparing this inferred arrival time with thefour columns list weighted average valgefor Ug, Up, P,
measured shock arrival time at the aluminum/sapphire interand p;/po; the experiments were divided into groups with
face. commonUg, within ~2-3%. It should be noted that the

In addition to the reshock measurements, principal Hugovalues of pressure listed in Table | are relative to an initial
niot measurements and reverberating wave measurementsnsity of 0.17 g/crhin order to make consistent compari-
(for cells with sapphire anvilswere also made in the same sons with other published dat&:!°~*231-3%The actual pres-
experiment. To determine the appropriate thicknesses of theures achieved are nominally of ordgy0.17~0.982 lower
aluminum drive platel.D, sample, and anvil material, while due to the slightly lower initial density of-0.167 g/cr in
maximizing the transit times across the cell, and thus théhe present studt?
accuracy of the Hugoniot and reverberating wave measure- The Ug-u, and P-p,/p, data obtained in the present
ments, hydrodynamic simulations were performed using a&tudy are plotted in Figs. 6 and 7. Also shown in Figs. 6 and
1D hydrocodecTH.®® These simulations were necessary due7 are data from Diclet al3* (explosively driven, van Thiel
to the numerous wave interactions at the various interfaceet al,>>*3and Nelliset al** (gas gun, Da Silvaet al! and
Reverberation of the shock between the drive plate and anviCollins et al? (laser driven, Belovet al.,'° Boriskovet al,**

A. Principal Hugoniot experiments
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8-60¢vv1

TABLE . Principal Hugoniot data fol.D,. u, is the measured flyer plate velocity at impaaf,is the measured jump-off velocityy;, and T are the estimated density and
temperature states of the flyer plate at impéktis the measured shock velocity in th®, sampleu, is the inferred particle velocity in theD, sample as determined by impedance
matching,P is the inferred pressure, and /pq is the inferred density compression of th®, sample in the shocked state. The final four columns display weighted averages of t
individual data points fotJs, u,, P, andp;/pg.

Weighted averages

2
C
s
z
I
=
Expt. Flyer u, uj Po To U up P U Up P p1/po 8
No. plate (km/9 (km/s)  (g/cnt) (K) (km/9) (km/9) (GPa p1/po (km/9) (km/9) (GPa z
vs)
Z904N Ti 9.48+0.07 0 4.417 300 1350.24 9.68-0.24 22.2-0.6 3.53-0.28 13.550.18 9.68-0.17 22.30.5 3.5G-0.20 ':‘=>
Z904S Ti 9.49-0.07 0 4.417 300 13.610.27 9.69-0.24 22.4-0.7 3.470.28 Q
Z590 Ti 11.48-0.34 0 4.417 300 15.260.28 11.7%0.52 30.4t1.4 4.32:0.70 15.6%0.11 11.7720.14 31.4-0.4 3.98:0.18 %
Z895N Ti 11.58-0.12 0 4.417 300 15.410.39 11.84-0.32 31.0:1.1 4.3 0.56 P
Z895S Ti 11.480.11 0 4.417 300 15.720.39 11.69%0.31 31.31.1 3.90-0.43 5
2698 Al 12.870.13 0 2.699 300 15.780.15 11.69%0.21 31.4£0.6 3.86-0.23 5
7592 Ti 12.23-0.37 0 4.417 300 15.990.31 12.47%0.55 33.9:1.6 4.55+0.80 >
Z792S Al 15.1:-0.15 4 2.638 587 17.990.39 13.5¢0.24 41.%*+1.1 4.06:0.37 18.1&0.05 13.720.13 42.3-0.5 4.210.16 %
7824S Ti 13.7%0.10 2.2 4.407 408 17.970.11 13.930.33 42.6:1.0 4.45-0.38 %
Z792N Al 15.15+0.15 2.3 2.685 381 17.980.40 13.64-0.24 41.7#11 4.14+0.40 E
Z824N Ti 13.55-0.10 2.2 4.407 408 18.020.10 13.74-0.33 42.1-1.0 4,21 0.34 Q
Z1108 Ti 13.86:-0.14 3 4.389 530 18.340.10 13.930.37 43.4-1.2 4.16-0.36
Z593 Ti 14.06£0.42 0 4.417 300 18.680.15 14.26-0.62 45.2-2.0 4.270.62
2634 Al 19.770.20 6.1 2.498 913 22.480.19 17.080.30 65.3:1.2 4.16:0.26 22.480.19 17.080.30 65.3-1.2 4.160.26
Z711 Al 20.43t0.31 5 2.585 738 23.280.19 17.85-0.39 70.5-1.6 4.32:0.34 23.3%0.10 17.7¢0.14 70.3:0.6 4.12+0.12
Z710 Al 20.18t0.20 5 2.585 738 23.250.19 17.64-0.31 69.741.3 4.14+0.26

Z1109S Ti 17.9%0.13 4.5 4.327 879  23.300.36 17.720.42 70.2-1.9 4.18-0.39
Z1109N Ti 17.910.13 4.5 4.327 879  23.430.38 17.8:0.42 70.9-2.0 4.16-0.39

Z712 Al 20.30:0.15 54 2.557 801  23.450.22 17.65:0.27 70.4-1.2 4.05-0.23
Z791S Al 20.36:0.41 5.4 2.425 1022 23.490.41 17.65046 70.5:2.1 4.02:0.40
Z791N Al 20.30:0.41 5.4 2.425 1022 23.53M0.50 17.64-0.46 70.7#2.3 3.98:0.42
7894 Ti 18.56-0.09 4.7 4.316 937 24.#00.22 18.4%0.40 75517 4.25-0.33 24.280.17 18.420.28 76.221.3 4.11%0.22
7893 Ti 18.6G-0.09 4.5 4.327 879 24.560.27 1842040 76.9-1.8 4.06:0.30

Z1111IN Ti 19.23+0.10
Z1111S Ti 19.23+0.10

4.417 300 24.940.44 19.1%#042 81.3:2.2 433043 25.1%*0.32 19.150.30 81.81.3 4.210.28
4.417 300 25.300.46 19.14-042 82.3:2.2 4.110.38

0
0
Z1110N Ti 20.22:0.10 0 4.417 300 26.110.47 20.120.44 89.3x24 4.36:0.44 26.26:0.34 20.1%*0.31 89.8:1.7 4.26:0.29
Z1110S Ti 20.220.10 0 4.417 300 26.440.50 20.090.44 90.3:24 4.16:0.40

7946 Ti 22.38-0.69 8.7 3.8 2200 28.000.57 21.22-0.93 101.0-4.8 4.13:0.64 28.0:0.57 21.22-0.93 101.a:4.8 4.13-0.64
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30 well as the lowest pressure laser experiments. However, at
higher pressures, particularly in the 70—100 GPa range, there
is a distinct deviation between the present results and those
reported from the laser-driven experiments. Contrary to the
4 laser-driven experiments and the Ross model, the present
20 A ) results indicate that the Hugoniot stiffens at pressures near
~40-50 GPa, in good agreement with all of thk initio
models, and the Sesame 72 and Kerley 03 models.

The results from Beloet al, Boriskovet al,, and Trunin
et al, shown as weighted average points in Figs. 6 and 7,
10 1 agree with the stiffer response observed in the present ex-
periments. Given the fact that these experiments used com-
pletely independent experimental configurations, the agree-
ment of the inferred density compression makes a strong
case for a~4.3- to ~4.5-fold limiting compression for the

Particle Velocity (km/s) equilibrium response of D, along the principal Hugoniot.

FIG. 6. LD, U.-u, Hugoniots. Theoretical models: Kerley 03 However, a caveat is that both experiments utilize the imped-
[solid black line(Ref. 39]; Sesame 72dot-dashed lingRef. 3]; ance matching me_thod, and thus rely on accurate re_lease
TB [dotted line(Ref. 19]; GGA-MD [solid gray line(Ref. 20]; |sentropes f(_)r aluminum. Neverthgless, this agreement is en-
Desjarlais[dashed lingRef. 23]; PIMC [open circles(Ref. 16];  couraging given the release studies performed on aluminum
Ross [dot-dot-dashed lingRef. 28]. Experiments: Nellisetal. DY Russian investigatof$. For completeness, it should be
[black circles(Ref. 34]; van Thiel et al. [gray triangles(Refs. ~ noted that the results at60 and~120 GPa were obtained
32, 33]; Dick et al. [inverted gray trianglesRef. 31]; Laser- for deuterium initially in the solid state, with a density of

25 ~

15

Shock Velocity (km/s)

5 T T T T
5 10 15 20 25

driven[open squarefRefs. 1,3]; Convergent geometigray circle  ~0.199 g/cmi. Due to this elevated initial density one would
initially liquid sample (Ref. 12, dark gray circles initially solid expect~5% lower density compression compared to an ini-
samplegRefs. 10,1]]; this work (gray diamonds tially liquid state with density~0.17 g/cni.%*

and Truninet al? (convergent geometyy Several theoreti-
cal model predictions are also plotted: Sesamé R®ss2® B. Reverberating wave experiments

; ; 19 16
and Kerley 03(Ref. 37 (chemical picturg TB,™ PIMC, A total of 19 reverberating wave experiments were per-

. formed onLD, over a pressure range 6f20—80 GPa. The

luded to ab | latively slight diff S‘ﬁertinent parameters for these experiments are listed in Table
as afluded fo above, only relatively sig erences arg U, denotes the measured shock velocity in L2, and

pbserved between the directly mea;utdsgup observables. . t;/t, denotes the measured reverberation rétidgial transit
in all of these experiments. These differences are magnlflegme divided by the reverberation tifeThe final two col-

Whgnt;[]helresultf are projected into lﬁtep;/;{[% plane. Setc-t mns list weighted average values fdg andt;/t,, again
ond, the Iowest pressure experiments in the present s uci&ith experiments divided into groups with commas,

were found to be in good agreement with results reporte ithin ~2—3%
from earlier explosively driven and gas gun experiments, as Results of reverberating wave measurements at several

initial pressure states are plotted in Fig. 8. We chose to plot
the initial shock velocity in theeD, Ug; (increase inUg
correlates to an increase ) as a function of the reverbera-
tion ratiot; /t, (increase irt;/t, correlates to an increase in
p1 and thusp,/pg) to allow for a clearer comparison with
theP-p,/pg principal Hugoniot shown in Fig. 7. Also shown
in Fig. 8 are several predictions for variol®, models:
Sesame 72,Young® and Kerley 03(Ref. 37 (chemical
picture; TB,'° GGA-MD,?° and Desjarlais (ab initio). We
note that the PIMGRef. 16 predictions are not plotted; the
PIMC results, in its region of applicability(above
~50 GPa), are very similar to the Kerley 03 predictions. We
also note that the Ro€smodel predictiongnot shown are
. : ; . very similar to the Young model predictions over the entire
3 4 5 6 region of interest. All model predictions were obtained using
the Sesame 370@Ref. 54 and 7411(Ref. 65 EOS models
for aluminum and sapphire, respectively. The uncertainties in
FIG. 7. LD, pressure-density compression Hugoniots. Lines andhe model predictions due to the particular EOS models used
symbols as in Fig. 6. will be discussed in Sec. V.

150

100

Pressure (GPa)

50 1

Density Compression
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TABLE II. Reverberating wave data fdrD,. Ug is the mea- 28 100
sured shock velocity in theD, sample and;/t, is the measured
reverberation ratio. The final two columns display weighted aver-
o . - 80
ages of the individual data points. o 24 1
Weighted averages > F 60 %
3 20 o
Expt. Ug Ug o 5
No. (km/9) t/t, (km/s) t /t, % 2
g - 40 o
Z904N  13.5¢-0.24 2.790.19 13.5¢:0.24 2.79-0.19 % 16 |
78955 15.720.39 3.15-0.30 15.8%*+0.13 3.29:0.13
7698  15.780.15 3.35:0.17 - - 20
7592  15.990.31 3.240.32 25 3.0 35 4.0
7792S  17.9:0.39 3.48-0.18 18.18:0.08 3.3%:0.07 Reverberation Ratio
Z792N  17.98-0.40 3.48-0.18 FIG. 8. Measured reverberation ratio compared with theoretical
Z762N  18.00:0.36 3.370.17 predictions. Lines and symbols as in Fig. 6, with one exception; in
Z824N  18.02-0.10 3.44-0.18 this figure the dot-dot-dashed line is the Young mogeéf. 30,
7762S 18.1% 054 3.32-0.17 which is very similar in behavior to the Ross modREf. 28. Black
7593 1863015 3.32-0.14 diamonds indicate individual calculations of DesjarléRef. 23.

2634 2248019 3.03027 2248019 3.03027 to stiffen at pressures above45 GPa. Furthermore, the

Z711  23.230.19 3.0t-0.26 23.3%30.10 3.08:0.09 maximum int; /t, observed at-45 GPa implies that a maxi-

Z710  23.25-0.19 2.94-0.26 mum in the density compression along the Hugoniot occurs
Z1109N 23.43-0.38 3.14-0.25 at ~45 GPa, which is also consistent with the principal
7712  23.45:0.22 3.06:0.27 Hugoniot determined from impedance matching. Using the
7791S 2349041 3.13-0.18 arguments outlined in the previous sectjdiscussion of Eq.
7791N 2357050 3.15-0.18 (2)], this maximum in compression is approximately 4.5- to

4.7-fold, in good agreement with the 4.3-fold maximum
7894 24.16:0.22 3.06:0.23 24.1:0.22 3.06:0.23 inferred from impedance matching.
These reverberating wave measurements also provide data
to discriminate, to a first approximation, between some of the
stiffer EOS models in the pressure range of 25-50 GPa. The

. . _ impedance matching Hugoniot measurements over this pres-
Several points are apparent from these comparisons. Firs{re range are unable to distinguish between the various

the measured reverberation ratio at the lowest pressurgiffer EOS models, all of which fall within the scatter and
(~20 GPa) is in good agreement with the predictions ofyncertainty of the measurements. However, the differences in
nearly all of the model¢TB and GGA-MD being possible model predictions for the reverberation ratio in this pressure
exceptiong This is expected since all of the models, exceptrange are significantly larger and exceed the measurement
for the TB and GGA-MD models where little attention was scatter and uncertainty. In particular, our data exhibit the best
paid to low pressures, agree well with the gas gun Hugoniohgreement with the Kerley 03 and Desjarlais models. The
results?®~%*Second, the measured ratios indicate an increasgesame 72 model is clearly too stiff betwee80—60 GPa.

in shock compression over the predictions of the Sesame 7he GGA-MD model is too soft throughout most of the re-
model between—30-60 GPa. Third, the measured ratios gion of interest. The TB model, while exhibiting good agree-
above~40-50 GPa suggest a definite stiffening of the prin-ment throughout most of the pressure range of interest, is

cipal Hugoniot above-40-50 GPa, in accordance with the sjightly too soft at pressures just above the gas gun limit
principal Hugoniot measurements. In particular, the data ag~20 GPa).

the highest shock velocities, corresponding-t@0—80 GPa,

are in excellent agreement with all of thb initio models, as

well as the Sesame 72 and Kerley 03 models. This agreement
corroborates the principal Hugoniot results obtained through A total of 15 mechanical reshock experiments were per-
the impedance matching experiments. If the density comformed on LD, over an initial shock pressure range of
pression was-sixfold along the Hugoniot, as indicated by ~20-100 GPdfinal reshock pressures of 70—400 GPa).

the laser-driven experiments,t;/t, would continue to in- The pertinent parameters for these experiments are listed in
crease with increasing pressure, commensurate with the pr&able Ill. Columns two through five list the measured shock
dictions of the Young model. The fact thigt't, is observed velocity Ug of the LD, sample, the aluminuni6061-T6

to decrease slightly from+ 45 to ~75 GPa is strong support- anvil, thez-cut sapphire anvil, and the-cut a-quartz anvil,

ing evidence that-4.5-fold compression is not exceeded respectively. The final two columns list the inferred pressure
along the principal Hugoniot, and that the Hugoniot beginsP, and densityp, for the reshocked deuterium.

Z1111IN 24.94-0.44 3.20-0.26 24.94-0.44 3.20:-0.26

C. Reshock experiments
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TABLE lll. Reshock data folLD, using several different anvils. Columns two through five display the measured shock velocity in the
singly shocked_D,, aluminum, sapphire, armcut a-quartz samples, respectively. The final two columns display the inferred prd3sure
and densityp, for the reshocked deuterium.

Expt. LD, Ug Al Ug SapphireUg a-quartzUg P, P2
No. (km/9) (km/9 (km/9) (km/9) (GPa (g/co
Z904N 13.56:0.24 10.580.15 82.16.3 1.42+0.37
7904S 13.61*0.27 9.2%:0.21 66.2:5.9 1.69+0.65
7824S 17.9%0.11 13.120.20 210.@¢11.7 1.3%0.22
Z824N 18.02:0.10 12.22:0.24 167.6:9.8 1.23:0.20
71108 18.34:0.10 11.56¢-0.36 183.2213.2 1.0x0.14
Z1109S 23.380.36 13.62-0.41 269.318.2 1.16:0.18
Z1109N 23.430.38 14.56:0.44 297.129.7 1.36-0.32
7894 24.10:0.22 14.86-0.22 321.815.4 1.37-0.24
7893 24.56:0.27 14.580.36 276.@18.5 1.19-0.20
Z1111N 24.94+0.44 15.55-0.46 371.6:34.2 1.270.26
Z1111S 25.30+0.46 14.66:0.44 314.521.1 1.0#0.17
Z1110N 26.11*+0.47 15.7&¢0.47 382.835.4 1.4%0.33
Z1110S 26.440.50 15.230.46 310.5:25.0 1.39:0.34
Z946N 28.06:0.57 15.95-0.45 401.%34.6 1.39:0.50
7946S 28.06:0.57 16.45-0.49 380.129.3 1.15-0.33

The reshock data for sapphire anvils are plotted in Fig. 9, The lowest pressure experiment, which corresponds to
as shock velocity in the sapphire versus initial shock velocity~22 GPa, is in good agreement with all of the models. As in
in the LD,. Also shown in Fig. 9 are predictions from vari- the reverberating wave experiments, this is expected since all
ous LD, models: Sesame 72Ross>® and Kerley 03(Ref.  of the models are in relatively good agreement with the gas
37) (chemical picturg TB'® and Desjarlaf®’ (ab initio).  gun Hugoniot datd2~3*As the pressure increases, particu-
Again, the PIMC(Ref. 16 predictions are not plotted since larly above~40—45 GPa | ;~18-20 km/s), the predicted
they are very similar to the Kerley 03 predictions for shockshock velocities in the sapphire, and thus the reshock pres-
velocities above 20 km/s. All model predictions were 0b-g a5 in the.D,, diverge. If we consider the Sesame 72 and

tained using the Sesame 74 ef. 65 EOS model for sap- Ross models as the extrem&esame 72 exhibits the stiffest

phire. The uncertainties in the model predictions due to th?esponse while Ross exhibits the softest resporiise other

gzrglc\ljlar EOS model used for sapphire will be discussed hodels shown tend to follow the Ross model to initidd,
T shock velocities of~18 km/s. However above-18 km/s
these models shift over to a response that is more indicative

Deuterium Pressure (GPa) .
of the Sesame 72 model. The experimental data also appear

20 40 60 80 100

17 L L L to follow this trend. Similar to the principal Hugoniot and
reverberating wave results, this trend is indicative of an en-
16 hanced shock compression relative to the Sesame 72 model

in the ~20—40 GPa pressure range, followed by stiffening of
the principal Hugoniot above-40—50 GPa.

Similar trends are observed in the reshock response from
aluminum andz-cut a-quartz anvils. These results are plotted
in Figs. 10 and 11, along with the Sesame 72, Kerley 03, and
Ross models. Predictions from the TB and Desjarlais models
are not plotted. However, we note that GGA-MD and PIMC
calculations performed for an aluminum afi%i&nd a single
point from the Desjarlais model for@quartz anvii’ exhibit
the same general behavior as that seen for the sapphire anvil.
. i . . All model predictions were obtained using the Sesame 3700
10 15 20 25 30 (Ref. 54 and 7360(Ref. 68 EOS models for aluminum and
a quartz, respectively. The uncertainties in the model predic-
tions due to the particular EOS models used for aluminum

FIG. 9. Measured shock velocity in sapphire updd, reshock ~ anda quartz will be discussed in Sec. V.
as a function of initial shock velocity ibD,. Lines and symbols as ~ We note that the results obtained in the aluminum experi-
in Fig. 6. Black diamonds indicate individual calculations of Des- ments differ from that reported by Mostovyeht al®” (not
jarlais (Ref. 67). shown, although the rather significant error bars and scatter

15 1

14 1

13 A

12

Sapphire Shock Velocity (km/s)

11

10

Deuterium Shock Velocity (km/s)
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Deuterium Pressure (GPa) followed by a stiff reshock response; alternatively it could
20 40 60 80 100 also be obtained from a soft response along the principal
18 ' } _ Hugoniot followed by a soft reshock response. Nevertheless,
/ ./ the general behavior observed for all three sets of experi-
16 . ments(principal Hugoniot, reverberating wave, and reshock
/' further strengthens the conclusion ef4.3- to ~4.5-fold

limiting compression for the equilibrium response lob,
14 - along the principal Hugoniot.

Note that sinceP; and p, are inferred from the imped-
ance matching experiments, the measured shock velocity in
the anvil material can also be used to infer the reshock pres-
sureP, and the reshock densify,. These values are listed
10 - / in the final two columns of Table Ill. The uncertainty g is
rather large, due to the propagation of the uncertainty;in
and the anvil shock velocitW,. However, even with the
significant uncertainty irp,, the inferred reshock densities
further support the stiff Principal Hugoniot response.

12 1

Aluminum Shock Velocity (km/s)

8 T T T T
10 15 20 25 30

Deuterium Shock Velocity (km/s)

FIG. 10. Measured shock velocity in aluminum upbB, re- IV. DISCUSSION
shock as a function of initial shock velocity inD,. Lines and

- From the three sets of measurements made in this study
symbols as in Fig. 6.

(Hugoniot, reverberating wave, and reshpcit consistent
picture emerges for the high-pressure response of deuterium.

of the data make the comparison difficult. Finally, we men_First all three measurements are consistent with the gas gun
tion that the present results for the experiments veutit Hugoniot result$2-34 This is significant in that due to the

a-quartz anvils are in good agreement with similar measure;

s recetly made a e Omega lserfacgyer the 0 1 S2E5 o1 o e of conean pesae
pressure range of overldpelow ~80 GPa). gas g P ’

For completeness, we emphasize that the reshock meg_red highly accurate. Second, the present results between

surement is inherently an integrated experiment, since the 20—40 GPa are consistent with a somewhat higher density

: . : compression than that predicted by the earlier chemical pic-
interpretation depends not only on the behaviok Bf, along L .
the principal Hugoniot, but also on the behaviolLdd, upon f[ure models, such as the Sesame 72 modéiis 1S evident

n the reverberating wave and reshock experiments by the

reshock. Thus, conclusions regarding the principal Hugonio#

are model dependent and cannot be unambiguously detafrger observed r_everberatlo_n ratio gnd the higher observed
anvil shock velocity, respectively. Third, there appears to be

mined. For example, an observed reshock pressure could be "~ ; X A .
obtained from a stiff response along the principal Hugoniota maximum in compression along the pnncpal Hugoniotata
pressure of ~40-50 GPa, consistent with~4.3- to
~4.5-fold compression. This is evident in the reverberating
wave experiments as a maximum in the observed reverbera-
tion ratio at ~40—50 GPa. Finally, above-50 GPa there
appears to be a definite stiffening of the principal Hugoniot,
with the compression approaching fourfold. This is apparent
in the reverberating wave experiments as a decrease in the
observed reverberation ratio with increasing pressure, and in
the reshock experiments as a transition from a behavior in-
dicative of the Ross mod@&lto that indicative of the Sesame
72 model. Given these correlations, these three sets of mea-
surements are self-consistent.

We can also show explicitly the self-consistency of these
measurements through a model-independent analysis. Con-
sider the reshock pressure and thHg, initial shock velocity,
two experimental observables, as fixed quantities. These pa-
: . i rameters provide stringent constraints on the possible range
15 20 25 30 of measurable reverberation ratios, based upon simple wave
propagation arguments. For the following discussion refer to
the P-u, diagram shown in Fig. 12, which corresponds to

FIG. 11. Measured shock velocity mcut a quartz uporLD,  the observables from shot Z824. The measured shock veloc-
reshock as a function of initial shock velocity irD,. Lines and ity Ug; requires the initial Hugoniot point to lie on a chord
symbols as in Fig. 6. Black diamond indicates individual calcula-With slope given bypgUg;. The density in the first shock
tion of Desjarlais(Ref. 67). statep, (which in this exercise is treated as an independent

Deuterium Pressure (GPa)
40 60 80 100

18

Quartz Shock Velocity (km/s)

Deuterium Shock Velocity (km/s)
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FIG. 12. Determination of densities and shock velocities from  FIG. 13. Predicted reverberation ratio as a function of density
the pressure-particle velocity diagram. Shown are chords obtainegompression for an initial D, shock velocity of 23.3 km/s and a
for a first shock density compression ofdashed lingand 6(dot- reshock pressure of 297 GPa 9%) (solid black line bounded by
dashed ling In this case the initial D, shock velocity is 24.1 km/s  dashed black lings The measured reverberation ratio and density
and the reshock pressure is 321 GPa. compression are indicated by the horizontal and vertical gray bands,

respectively. The experimental data are bounded by the sides of the
gray solid box. The predicted reverberation ratio for a reshock pres-
variable, will determine the particle velocity such that sure corresponding to the Ross modRef. 28 is also shown for
(p1/po)=Us1/(Usy—Up1), i.e., Ups=Ug(1—po/p1). The comparison(gray line.
measured reshock pressure then determines the chord con-
necting the first shock and second shock state. From this
chord one can determirds, (i.e., the slope of the chord is present data set is best seen in comparison with weighted
p1Ug) andp; [ie., (p2/p1)=Ug/(Up—Ug,)]. Thus, the average representation of the individual data points. Groups
only unknown quantity necessary to determine the reverberesf data with shock velocities withir-2—3% of each other
tion ratio isU; [see Eq.(1)]. If one makes the assumption were averaged with the weights being the inverse squares of
that Ui =U,, (a good assumption, based on the argumentéhe uncertaintie3! The resulting weighted average data
presented in Secs. Il andMhent; /t, can be calculated as a points are listed in Tables | and Il and shown graphically in
function of p;, independent of any particular model for Figs. 14 and 15, along with the predictions of the Kerley 03
LD,. and Desjarlais models.

Figure 13 shows such an analysis for a measured initial Both models show good agreement with gas gun data and
LD, shock velocity of 23.30.1 km/s and a measured re- €nhanced compression betwee20—-40 GPa, evidently due
shock pressure of 29727 GPa(corresponds to weighted av- to the onset of dissociation. This enhanced compression is
erage values for experiments at70 GPa). The solid black quite apparent in the Desjarlais model, with a sudden in-
line and dashed black lines indicate the possible reverber&rease in density reminiscent of a phase transformation. In-
tion ratios for the measured reshock state of 297 GPa and the
bounds at 270 and 324 GPa, respectively. Also shown on the 150 T
plot are the measured density compression bounds obtained ‘
from the impedance matching Hugoniot measuremerds
tical gray band between 4.0 and 4)24nd the measured \
reverberation ratio boundéhorizontal gray band between 100 1 :
2.99 and 3.1} We see that the possible reverberation ratios
from the model-independent analysis is in good agreement
with the experimental results, thus establishing the internal
self-consistency of these three measurements. In contrast, the 50
possible reverberation ratios for a reshock pressure of )
~400 GPa(Ross model prediction for an initidlD, shock -
velocity of 23.3 km/§, shown as the solid gray curve in Fig.

13, is clearly outside of the acceptable experimental bounds. 0 . . .
Similar consistency was observed for all of the initial pres- 3.0 35 4.0 45 5.0
sure states at which we have all three sets of measurements.

The overall behavior observed in the present study is cap-
tured quite well by the recent models of Kerféyand FIG. 14. LD, pressure-density compression Hugoniots,
Desjarlais?® The agreement of these two models with theweighted average. Lines and symbols as in Fig. 6.

Pressure (GPa)

Density Compression
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|20

28 100 models” However, several improvements over the previous
\ GGA-MD treatment were made; of most importance was the
use of higher energy cutoffs to ensure convergence of not
only the energy, but also the electronic pressure. Also impor-
tant, but less so than the higher energy cutoffs, was the in-
\ - 60 clusion of the zero-point energy in the reference state. These
improvements resulted in an overall stiffening of the Hugo-
niot response relative to the GGA-MD model. Notably, un-
[ 40 like the GGA-MD model, the Desjarlais model exhibits ex-

._’?-_. . cellent agreement with the highest pressure gas gun data, a
- criticism of the priorab initio treatment$® Being anab ini-
tio based model, the Desjarlais model provides physical in-

I 80

N
N
Pressure (GPa)

Shock Velocity (km/s)
N
o

_
(o]
s

L 20 i . >
12 13 . . sight into the nature of the fluid and allows for estimation of
2.5 3.0 - 35 optical and electrical properties in addition to the mechanical

Reverberation Ratio properties. However, since calculations have only been per-

FIG. 15. Reverberation ratio, weighted average. Lines and symtormej‘d for Comparis_on with principal Hugoni_ot and rever-
bols as in Fig. 6. Black diamonds indicate individual calculations ofb€rating wave experimentdthe current model is only valid

Desjarlais(Ref. 23. in a relatively narrow pressure, temperature, and density
range.

deed, estimations of dissociation along the principal Hugo- V. COMMENTS REGARDING UNCERTAINTY

niot in the Desjarlais model show an abrupt drop in the AND POTENTIAL SYSTEMATIC ERRORS

bound fraction at pressures abov&®0 GPa, commensurate
with the abrupt increase in densfyThe density increase is

I(fj\e;(s) a?ené?cttsfoéitziif;r::egisgicr;;%%il'algoweg\éeé’;gg EOdellar, the inferred density compression along the Hugoniot and
P 9 : the reshock pressure obtained in experiments using alumi-

T%%e_rggzssgre:hgﬁg mgdrﬁfxﬁgi;eﬁ]n Stﬁoscfl'(ﬁigrﬁb:ggg% ﬁhm anvil materials suggest a stiffer Hugoniot than that de-
' 9 P Rermined from the laser-driven experiments. Since both sets

followed by a decrease in compression as the pressure ins : : : :
. of data(i.e., laser-driven and magnetically-driven flyer p)ate
creases. We note that abovel00 GPa both models are in cannot be correct, at least one of the two experimental data

;XCS"ﬁQt ahg?ritlament \rN'tth btr;r?itipr?rdlcttxnit Oft ttr?e P”\I/Icsets must be in error. This assertion is not inconceivable,
Oted’ ¢ anhg %/ accu %a 0 elaf et (Ij} ftehse e_d onsidering that both of these experimental techniques are
evated temperatures and pressures. In 1act, ail of the mo latively new and have not been established over a wide

that show reasonable agreement with our results belovlvange of experimental conditions. Therefore, we have taken

~100GPa tend towards fourfold compression at hlgherspecial care to rule out the existence of systematic errors in

pressures, which is the limiting compression expected for Bur work. In this section we discuss each set of experiments

hmonat((j)mlc ideal gas. 'Lhe T(I)I())/ énpodels V\iE'Ch et);]h'tb'tlen'separately and comment on the potential sources of system-
anced compression above a are those that aiso g4 errors, the possible magnitude of these potential errors,

predict enhanced compression at lower pressures. We nofe | 1o+ has been done to mitigate and/or determine that

that this general behavior is in good agreement with recent ., systematic errors are likely not present
arguments presented by Neft. '

A few comments regarding the Kerley 03 and Desjarlais
models are appropriate. As mentioned above, the Kerley 03
model is a complete revision of the Sesame 72 model. It The most significant source of potential systematic error
retains the basic concepts and structure of the Sesame 2 the impedance matching experiments is the accuracy of
model, but incorporates major improvements, particularly inthe aluminum EOS, the standard used in the present principal
the treatment of the liquid perturbation theory, the treatmentHugoniot experiments, under both compression and release.
of molecular vibrations and rotations, and the ionizationAluminum is one of the most widely studied metals under
equilibrium and mixture models. In addition, new experi- compression, thus a significant data base exists to define the
mental data and theoretical calculations were available télugoniot of aluminum over the pressure range of interest in
calibrate certain model parameters; in particular the zerothis study (~200—700 GPa). In particular, the magnetically
Kelvin isotherms for the molecular and atomic solids, anddriven flyer technique was used to obtain near-symmetric
the quantum corrections to the liquid phdsélhis model impact experiments on aluminum to stresses up to
provides excellent agreement with the measured dynamicat 500 GPa*! in part to validate this technique for perform-
response obtained in the present study, and possibly moieg high-pressure EOS experiments. More recently these
importantly, provides a good global EOS valid over a widemeasurements have been extended to initial shock stresses
range of pressure, temperature, and density. over 700 GPa in truly symmetric impact experiments. The

The Desjarlais model is a FT-DFT basal initio model,  results of these experiments suggest that the Sesame 3700
in the same spirit of the previously published GGA-MD modeP* for aluminum provides a good description of the

The present experimental results disagree with previous
results obtained in laser-driven experimehts$:’In particu-

A. Principal Hugoniot experiments
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Other potential sources of error in the principal Hugoniot
500 experiments could include steadiness and planarity of the
pressure generated by the magnetically driven flyer plate im-
400 - pact. The constancy of both the VISAR and self-emission
= profiles from the shock fror{see Fig. 2 over the duration of
% 3004 the experiment indicates that the pressure remains constant
B to better than~1-2 % over the full time duration of the
Ej Hugoniot experiment; the intensity of the self-emission is
200 proportional to the pressure of theD, to the ~1.75
power’! Further, the planarity of impact in the magnetically
100 driven flyer experiments has been studied, both through ex-
periment and simulatiofsee Refs. 41,43 Results of these
0 . . . . . . studies indicate that the flyer plate is planar to within

6 8 10 12 14 16 18 ~30 um over roughly 3 mm width at impag¢torresponding

to an effective tilt of~10 mrad), and withir~5-10um at

~2 mm width (~2-5 mrad). This is typical of the impact
FIG. 16. Release measurements in aluminum. Solid lines arfilt in conventional gas gun experiments, which often quote

calculated release paths from Sesame 3. 54, symbols are  uncertainties of less than 1%.

experimental measurements using 200 md/sitica aerogel. Inset

included for more detail. B. Reverberating wave experiments

Particle Velocity (km/s)

Unlike the Hugoniot experiments, the reverberating wave

. experiment is only weakly influenced by the accuracy of the
response of aluminum under compresdieee Ref. 4. Thus aluminum EOS. In mapping the varioi, model predic-

the remaining question relates to the accuracy to which th?ons onto Fig. 8, an uncertainty in the aluminum EOS would

. . ) |
zletjt?rlrr;l{lrzg drelease isentrope from high-stress states can t?gsult in very slight shifts of the predicted curves. The alu-

. . minum EOS influences the predicted reverberation ratio
To determine the accuracy of the calculated release iserlz Jah the determination of the third shock velodi

trope of aluminum, release experiments were performed fO}{1 gr o S ays .
) . . nalysis of Eq.(1) indicates that the variation in the sensi-
initial shock stresses ranging from250-500 GPa, using a tivity of the reverberation ratio to uncertaintiesthy goes as
low density (200 mg/c) silica aerogel. This technique is y 9

similar to that used by Holmes to measure the aluminum t | 16Ug
release from~80 GPa, to an accuracy of 1% in uj,." t—' / t—'>~§ ¥ = 2
Direct impact experiments were performed to generate r r s3

Hugoniot data for aerogel in the range-eB0—75 GPa. EX- Thus, the reverberation ratio is quite insensitive to the alu-
periments were then performed in which a shock was transminum EOS. In particular, a 2—3 % variation lihg, which
mitted from the aluminum drive plate into the silica aerogel,is g reasonable estimate of the variationUg; that would
which simulates unloading to theD, state. The measured result from using various aluminum EOS mod&s’>would

U, for the aerogel in the release experiment, along with theesult in only~ 1% variation in the predicted reverberation
measured aerogel Hugoniot, determines a pointPhu,  ratio. Furthermore, if one considered-al0—15% softer
space through which the aluminum release isentrope musglease response for aluminum, the magnitude required for
pass. A total of ten release experiments were performed, ithe present impedance matching method to produce results in
which release points in aluminum were measured from initialagreemem with the density compression inferred in the laser-
shock states in the range 6f250—500 GPa. The results of driven experiments, the resulting change in the predicted re-
these experiments are plotted in Fig. 16, along with alumiverberation ratios would only be 3%. In contrast, the mea-
num release calculations from the Sesame 3700 model fajired reverberation ratios at70—80 GPa are of order 25%
aluminum® The agreement between experiment and calcurower than the predictions of the Youilpr Ros® models.
lation is within experimental uncertainty over this entire  The reverberating wave experiment is somewhat more
range. Thus, these measurements validate the Sesame 3dsitive to uncertainties in the sapphire EOS, which deter-

release behavior over the pressure range of interest in thigines both the second shock velocltl, and the second
statistical analysis of the ten experiments indicate no evi-
t £
)/ %
locity for the release state is accurate to withirl %. This ' '
with the scatter observed in the data groupings listed idimited Hugoniot data for sapphire in the pressure range of

study, and indicate that no significant errors in the inferrecspock densityp,. Again, analysis of Eq(1) indicates that

dence of a systematic soft or stiff response in the release B SUpa
level of agreement translates to an accuracy in the inferredhere su,a/up, is the uncertainty in sapphire anvil particle
Table I. 200-400 GPa, this uncertainty should only be of order

, ©)

LD, density are a result of the aluminum EOS. In particular,the variation in the reverberation ratio goes as
behavior of Sesame 3700, and that the predicted particle ve- Upn
density compression of 3—3.5 %, which agrees very well velocity for a given sapphire shock velocity. While there is
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1-2%. In particular, the sapphire EOS used to obtain thdhese experimental results provide a more convincing argu-
predicted reverberation ratios is likely adequate, based upoment that the present reverberating wave experiments are
the similarities in the observed reshock behaviot B, in-  either unaffected, or only slightly influenced, by attenuation
ferred from sapphire, aluminum, ardquartz anvil materi-  effects.

als. This point will be discussed further below. Again, this

uncertainty would manifest itself as slight shifts, of order C. Reshock experiments

1-2%, in the predicted curves for the various models that
appear in Fig. 8.

A final potential source of systematic error in the rever-
berating wave experiment is the steadiness of the shock ov
the full timescale of the experiment. The position-time plot
shown in Fig. 4 demonstrates the need for constant pressugﬁ

at the LD,/sapphire interface for times on order of . . L L
~30-40 ns in these experiments. The constancy of the sel oredicted ;hpck.velocny of the anvil is only weakly sensitive
' o uncertainties in the anvil EOS. It can be shown that varia-

emission signal shown in Fig. 4 during the initial transit time _. o th dicted il shock veloci
and the reverberation time suggests that the pressure do@"S In the predicted anvil shock velocitys, go as

remain constant over the timescale necessary, at least for that

experiment(experiment Z821 However, due to opacity ef- 5USA 1 dupa

fects in the sapphire window at higher reshock pressures, it Us =5 T )
was not always possible to evaluate the constancy of pres- "

sure during the reverberation time from self-emission meawhere SupalUpa is the uncertainty in the anvil particle ve-
surements. locity for a given anvil shock velocity.

To determine the effect of constant pressure dwell time on  As mentioned above, the aluminum EOS under compres-
the expected reverberation ratio, a series of hydrodynamisjon is very well known. Likewise, the EOS pfcut a quartz
simulations were performed for an initial pressure state in thinder compression is well known; quartz has commonly
LD, of ~70 GPa, using both the Youtftand the Kerley 03 pheen used as a standard in several high-pressure
(Ref. 37 models. In these simulations the initial flyer plate experiments® Sapphire is the least well known of these an-
thickness was varied from 175 to 5@@n, which effectively  vil materials, at least in the pressure range of interest in this
varied the constant pressure dwell time in the simulationsstudy (~85—400 GPa). However, considering the relatively
The results of the simulations indicate that for effective flyerjow impedance oL.D, compared to aluminum, quartz, and
thicknesses greater than225—-250um, the resulting rever-  sapphire, the similarity in the reshock behaviorldd, in-
beration ratio was unchanged. For thicknesses less thgarred from the present experiments using these three anvil
~225um, the release wave emanating from the rear of thenaterials indicates that Sesame 7411 model for sapfhire,
flyer plate causes the aluminubi, interface to slow down ysed in the present comparisons, is likely an accurate EOS in
prior to interaction with the oncoming reflected wave from this high pressure regime. Furthermore, recent sapphire
the LD,/sapphire interface, resulting in a longer reverberaHugoniot experiments between1000—2000 GP#Ref. 77
tion time. It was found that in order to reproduce the meashow reasonable agreement with Sesame 7411, albeit these
sured reverberation ratio using a soft EOSIf@,, such as  measurements are at significantly higher pressures than those
the Young model, an effective flyer thicknessofL75um achieved in the present work-(400 GPa).
was required.

Magnetohydrodynami¢MHD) simulations indicate that
at least~300um of the original flyer thickness remains
unaffected by magnetic diffusion upon impact of the flyer at Using a magnetically driven flyer plate technique, the
the target® Thus, these simulations suggest there are no efhigh-pressure response bob, has been studied to pressures
fects of attenuation in the present reverberating wave experf ~400 GPa and densities ef1.5 g/cni. Using an imped-
ments. However, more pragmatic bounds can be placed aince matching method, Hugoniot measurements were ob-
the flyer thickness from experiments performed loD,, tained in the pressure range of20—100 GPa. Results of
silica aerogel, and aluminum. In thieD, hydrodynamic these experiments suggest a stiff respondelf shocked to
simulations, a flyer of at least 200 um thickness was re- pressures up to 100 GPa, with a peak density compression
quired to ensure that the release from the rear of the flyer didlong the Hugoniot of approximately 4.3. The stiff Hugoniot
not overtake the initial shock wave in theD, prior to the  response observed in the impedance matching experiments
shock reaching thé D, /sapphire interface. Given that no was confirmed in simultaneous, independent measurements
drop in the self-emission signal was observed during the iniof the relative transit times of shock waves reverberating
tial transit time in any of the present experiments, the flyeiwith the sample cell. Results from the reverberating wave
thickness must have been at leas?0O0m. Similarly, the  experiments suggest a peak compression along the principal
experiments performed on silica aerogel require flyer platédugoniot of ~4.5, in good agreement with the impedance
thicknesses of at least225um. Finally, previously re- matching result of~4.3. Finally, reshock measurements of
ported symmetric impact experiments performed onLD, using sapphire, aluminum, angquartz anvils further
aluminunf! require at least~250um of flyer thickness. corroborate this stiff response.

The most significant source of potential systematic error
in the reshock experiments is the uncertainty in the EOS of
élpe anvil material under compression. In mapping the various
model predictions onto Figs. 9—11, any uncertainty in the
vil EOS would result in slight shifts of the predicted anvil

ock velocity curves for the various models. However, the

VI. CONCLUSIONS
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These measurements, principal Hugoniot, reverberatingccuracy of the calculated aluminum release response; it was
wave, and mechanical reshock, were shown to be internallghown that the Sesame 37®ef. 549 model adequately rep-
self-consistent through a model-independent analysis. Theesented the release response of aluminigee Sec. Y.
individual results, taken as a whole, provide a consistent picSince the result of a systematic error in the release response
ture for the high-pressure responseld),. Slightly above  would be slight shifts, of order a few percent, in the inferred
the upper end of the gas gun resiftss* between density compression, and since these shifts would be nomi-
~20-40 GPa, an increase in shock compression is observedally the same amount for each data point, it was deemed
which is somewhat larger than that predicted by the earlieappropriate to treat the potential error in the density infer-
chemical picture modef§;® such as the Sesame ¥Zhere  ence due to the accuracy of the calculated release response
appears to be a maximum in compression along the principaleparately, as discussed in Sec. V. The discussion presented
Hugoniot at a pressure of 40—50 GPa. This maximum is here relates to the uncertaintiesup, P, andp,/p, result-
consistent with~4.3- to ~4.5-fold compression. Finally, ing from uncertainties itJs andupy .
above~50 GPa there appears to be a definite stiffening of Ug was a measured quantity in the experiment, and thus
the principal Hugoniot. These trends in the experimental rethe uncertainty inUg was determined by the accuracy in
sults are in excellent agreement with the Kerley 03 mdflel, which the shock velocity could be inferred from the experi-

a recent complete revision of the Sesame 72 chemical pictur@ental records, which was typically 0.5-2%. ups was
model, and the recent FT-DFT basat) initio model by inferred from the measured flyer velocity and an impedance
Desjarlais?® This general behavior also supports recent argumatching method, using the known Hugoniot response of
ments presented by Nellis concerning the high-pressure reduminum and titanium. Thus, the uncertainty g, had
sponse of hydrogen and deuteritfn. contributions from both the uncertainty in the measured flyer

We note that the results of the present work are also foundelocity (typically ~0.5—1%) and the uncertainty associ-
to be in good agreement with recent experimental results upted with the impedance matching process.
to ~100GPa obtained using convergent geometry For experiments using aluminum flyer plates, the impacts
techniques®~!2 However, our results are in disagreementwere nearly symmetri¢slightly different densities due to
with  previously reported results from laser-driven shock formation in the flyer plate, and due to cryogenic tem-
experiments:>®/This disagreement prompted a careful con-perature of the drive plateln these cases the particle veloc-
sideration of potential systematic errors associated with eadity could be determined to withir-0.5—1%, from the mea-
of the three experiments performed in this study. In particusured flyer plate velocities and slight corrections to the
lar, we assessed the constancy of the pressure drive througikpressionugys =u, /2 expected for purely symmetric im-
the VISAR and self-emission measurements, the effects gbacts(see Ref. 41 for details For purposes of uncertainty
uncertainty in the EOS of the anvil materials, and the accuanalysis, a value of 1%, which represents an upper bound,
racy of the impedance matching technique through silicavas taken to be the contribution to the uncertainty due to the
aerogel experiments. The results of all of these studies indimpedance matching process for experiments using alumi-
cate that the conclusions drawn from the measurements deum flyer plates. To be conservativé,, /Uy, for the alu-
scribed here are internally self-consistent, and are likely notninum flyer plate experiments was taken as the linear sum of
significantly influenced by systematic errors. the uncertainty in the measured flyer velocityypically

~0.5-1%) and the 1% uncertainty due to impedance

matching, as opposed to the square root of the quadratic sum.
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cerning the high-pressure responsd.&f,. Sandia is a mul- Hugoniot conservation equatiofisthe stress state of the tar-
tiprogram laboratory operated by Sandia Corporation aet material and flyer plate material can be written as
Lockheed Martin Company, for the U.S. DOE under Con-
tract No. DE-AC04-94AL8500.

0= pa(Cat Suu pAl ) Upal

APPENDIX: HUGONIOT UNCERTAINTY ANALYSIS = pil i+ Si(U, — Upan) }(U, ~ Upar), (AD)

The uncertainties in théD, particle velocityu,, pres-
sure P, and density compressiopy /pg, listed in Table |  wherep, and p; are the initial densities of the aluminum
correspond to the uncertainties resulting from random errordrive plate and titanium flyer plate, respectively, afg,
in the determination of th& D, shock velocityUs and the S, Cy, andS; are the coefficients of the lineatg-uy, re-
aluminum drive plate particle velocity,, . The uncertain- lations for aluminum and titanium. Equatidil) can be
ties listed in Table | do not include contributions due to thesolved foru,y :
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2
Pal Pal Pal
\/(—a,ca|+cn+2sﬁuu +4uv(—a,sa|—su)<cu+snuv)—(—?ca|+cn+zsnuu
P Pii P
Upal = al (A2)
2| &g )
(Pti ™ S
|
Following standard techniques for uncertainty analysis)- p1 Us(poUs—9)
certainties inup, due to uncertainties i,, Sy, Cy, and p—0= U(poUs—S)— (P1—Stpy)” (AB)

S; would be determined by evaluating partial derivatives of

Eq. (A2) with respect to these variables. However, these par- gquations(A4)—(A6) depend on the quantitie®,, Uy,

tial derivatives are quite involved and are omitted here. In,44 S which relate to the release isentrope. As me‘;ltioned
stead, variations inups were evaluated for reasonable ghoye, in this analysis we treat the release response of alu-
changes in each iy, Sy, Gy, andSy, within the bounds  minym as being known. However, there remains an uncer-
of the experimental data for aluminum and titanitii> ™ 3ty in the location of the release isentrope due to the un-
For reasonable uncertainties i8,, Sy, Cy, and S certainty in the shock state of the aluminum drive plate. It is
(~2-3% and~5% for the aluminum and titanium Ccoeffi- eypected that variations i are small for slightly different
cients, respectively the resulting variations i, obtained jnitial shock states in the drive plate, and thus are neglected.
from Eq. (A2) were of order+0.2-1%, with the largest The remaining uncertainty in the location of the release isen-
yariation due to the_uncertainty B . The total uncertainty  trope is effectively an uncertainty in the POINP{,Uyy).

in ups due to the impedance matching process was theRince the release isentrope is being treated as a straight line
taken to be the square root of the quadratic sum of thesg siopes, the uncertainty in botf; andu,, can be reduced
variations inup, . For purposes of uncertainty analysis, atg an effective uncertainty in one of the two variables; the
value of 2%, which corresponds to a 1% variation resultingncertainty inP, can be accounted for by an equivalent,
from variations in eaciCq, Sy, Cy, andS;, was taken 10 aqditional uncertainty im,, .5 Comparison of release isen-
be the contribution to the uncertainty due to the impedancgopes spanning the initial shock states in the drive plate
matching process for experiments using titanium flyer platesgjyen py Upal* dUpar, Where dup, was determined as de-

To be conservativedup, /up, for the titanium flyer plate  scribed above, indicates that for a giveq the variation in
experiments was taken as the linear sum of the uncertainty 0, is such that

the measured flyer velocititypically ~0.5-1%) and the

2% uncertainty due to impedance matching, as opposed to Su Su
i pl pAl
the square root of the quadratic sum. ST (A7)
Given Ug and up,, the following procedure was fol- Pl PAl

lowed to determinei,, P, p1/po, and the associated uncer- at least in the pressure range of interest for this study. There-
tainties. The Sesame 3700 EOS mdtelas used to calcu- fore the fractional uncertainty ia,, was taken to be equal to
late the release isentrope from the shock state of thehe fractional uncertainty iy .

aluminum drive plate defined hy,, . Two pressure-particle Following standard techniques for uncertainty analysis,
velocity points 1,up;) and (P,,up) were chosen along uncertainties iru,, P, andp;/p, due to uncertainties it

the release isentrope in the vicinity of theD, Hugoniot andu,; were then determined through the following rela-
point; one point a few GPa above and one point a few GP&ons:

below the chord defined by,U. These points were used to

determine the approximate slofef the release isentrope in Uy 2 au, 2
the vicinity of theL D, Hugoniot point, i.e., SUp="\/| 55 - OUp| +{ 75 9Ys| (A8)
pl s
P,—P
s=—+ 2, (A3) P N
Up1— Up2 oP= W&upl + W(‘)‘US , (A9)
1
Uy, P, andp,/po could then be determined from the inter- P °
section of the straight line through the poirR4(,up;) with and
slopeS and the chord defined by Uq: , ,
p1 dp1lpo dp1lpo
_ 5—=\/( Su ) + —5U) , (A10)
b=l (A%) po V1 aup TEI L AU T
Po¥s where u,, P, and pi/p, are given by Eqs(A4)—(A6).
P1— Sy, These are the values of the uncertainties listed in Table I.
P=poUs (A5) We reiterate that the above discussion is concerned with
poUs—S . .
the random errors associated with measurement of the
and shocked state of the drive plate and thi2, shock velocity,
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assuming that the release response of aluminum is adec. V), we feel that this potential systematic error, if
equately described by the Sesame 3700 model. We acknowpresent, must be small. The effect of the systematic error
edge that there is the possibility of a systematic error assowvould be slight shifts in the inferred density compression, of
ciated with the aluminum release response. However, baseaitder a few percent. Since the shift would be nominally the
on the aluminum release measurements using silica aerogedme amount for each data point we deem it appropriate to
(described in Sec. Mand the internal self-consistency of the treat this potential source of error separately from the discus-
three measurements performed in this stidgscribed in  sion of the random errors given above.

*Present address: Institute for Shock Physics and Department 8fS. Bagnier, P. Blottiau, and J. Clerouin, Phys. Rev.68
Physics, Washington State University, Pullman, Washington 015301R) (200J.
99164-2816. 23M.P. Desjarlais, Phys. Rev. 83, 064204(2003.
1L.B. Da Silva, P. Celliers, G.W. Collins, K.S. Budil, N.C. ?*F. Gygi and G. Galli, Phys. Rev. B5, 220102R) (2002.
Holmes, T.W. Barbee, Jr., B.A. Hammel, J.D. Kilkenny, R.J. 2°M. Ross, Phys. Rev. B4, R9589(1996.
Wallace, M. Ross, R. Cauble, A. Ng, and G. Chiu, Phys. Rev2%D. Saumon, W.B. Hubbard, A. Burrows, T. Guillot, J.I. Lunine,

Lett. 78, 483(1997. and G. Chabrier, Astrophys. 460, 993 (1996.
2G.W. Collins, L.B. Da Silva, P. Celliers, D.M. Gold, M.E. Foord, 2F.J. Rogers and D.A. Young, Phys. Rev56, 5876(1997.

R.J. Wallace, A. Ng, S.V. Weber, K.S. Budil, and R. Cauble,?®M. Ross, Phys. Rev. B8, 669 (1998.

Science281, 1178(1998. M. Ross and L.H. Yang, Phys. Rev. @}, 134210(2001).
3G.I. Kerley, Phys. Earth Planet. Inte§, 78 (1972; G.l. Kerley 30p A. Young, High Press. Red6, 389(2000; (private communi-
(unpublished cation.
“M. Ross, F.H. Ree, and D.A. Young, J. Chem. PH§@. 1487  >'R.D. Dick and G.I. Kerley, J. Chem. Phya3, 5264(1980.
(1983. 32M. van Thiel, M. Ross, B.L. Hord, A.C. Mitchell, W.H. Gust,
5D.A. Young and E.M. Corey, J. Appl. Phyg8, 3748(1995. M.J. D’Addario, and R.N. Keeler, Phys. Rev. Le8l, 979
5A.N. Mostovych, Y. Chan, T. Lehecha, A. Schmitt, and J.D. Set- (1973.
hian, Phys. Rev. Let85, 3870(2000. 3M. van Thiel, L.B. Hord, W.H. Gust, A.C. Mitchell, M.
AN, Mostovych, Y. Chan, T. Lehecha, L. Phillips, A. Schmitt, D’Addario, K. Boutwell, E. Wilbarger, and B. Barrett, Phys.
and J.D. Sethian, Phys. Plasn@2281(200. Earth Planet. Intei9, 57 (1974).

3W.J. Nellis, A.C. Mitchell, M. van Thiel, G.J. Devine, R.J.
Trainor, and N. Brown, J. Chem. Phy&9, 1480(1983.

35We acknowledge that others have used reshock and reverberating
shock techniquetsee, for example, Refs. 31-34)36lowever,

105 | Belov, G.V. Boriskov, Al Bykov, R.. I'kaev, N.B in this context, these studies represent the use of these tech-
o o A oo niques to attempt to discern the limiting shock compression in
Luk’yanov, A.Ya. Matveey, O.L. Mikhailova, V.D. Selemir, G.V. this high pressure regime.

Simakov, R.F. Trunin, I.P. Trusov, V.D. Urlin, V.E. Fortov, and 36\\.J. Nellis, S.T. Weir, and A.C. Mitchell, Phys. Rev.58, 3434

8M.D. Knudson, D.L. Hanson, J.E. Bailey, C.A. Hall, J.R. Asay,
and W.W. Anderson, Phys. Rev. Le&7, 225501(2001).

9M.D. Knudson, D.L. Hanson, J.E. Bailey, C.A. Hall, and J.R.
Asay, Phys. Rev. Let90, 035505(2003.

A.N. Shuikin, Pis'ma Zh. Eksp. Teor. FiZ6, 508(2002 [JETP (1999.
. Lett. 76, 433 (2002]. _ _ 37G.1. Kerley (unpublishedl
G.V. Boriskov, A.l. BkaV, R.l. I'kaev, V.D. Selemir, G.V. Sima- 38|n previous pub“ca’[ionSRefs_ 8’9 we Compared our experimen_
kov, R.F. Trunin, V.D. Urlin, V.E. Fortov, and A.N. Shuikin, tal results with an earlier, incomplete revision of the Sesame 72
Dokl. Akad. Nauk392, 755(2003 [Dokl. Phys.48, 553(2003]. model, referred therein as the Sesame méalsb known as the
2R F. Trunin and W.J. Nelligunpublishegl Sesame 98 or Kerley 98 modeThe current revision, referred to

3T.R. Boehly, D.G. Hicks, P.M. Celliers, T.J.B. Collins, J.H. Egg-  as the Kerley 03 model, consists of several improvements over
ert, S.J. Moon, E. Vianello, D.D. Meyerhofer, and G.W. Collins  the earlier revision. At the request of the author of these models

(private communication (G.1. Kerley), we have done away with the earlier revision of the
4W.J. Nellis, Phys. Rev. LetB9, 165502(2002. Sesame 72 model in favor of the more recent revision.
BWR. Magro, D.M. Ceperley, C. Pierleoni, and B. Bernu, Phys.39M.K. Matzen, Phys. Plasmas 1519(1996.

Rev. Lett.76, 1240(1996. 4OM.D. Knudson, D.L. Hanson, J.E. Bailey, C.A. Hall, J.R. Asay,
6B, Militzer and D.M. Ceperley, Phys. Rev. Le&5, 1890(2000. and C. Deeneyunpublishedl
17|, Kwon, J.D. Kress, and L.A. Collins, Phys. Rev. 3, 9118  “'M.D. Knudson, R.W. Lemke, D.B. Hayes, C.A. Hall, C. Deeney,

(1994. and J.R. Asay, J. Appl. Phy84, 4420(2003.

18 Collins, I. Kwon, J. Kress, N. Troullier, and D. Lynch, Phys. 42R.W. Lemke, M.D. Knudson, C.A. Hall, T.A. Haill, P.M. Desjar-

Rev. E52, 6202(1995. lais, J.R. Asay, and T.A. Mehlhorn, Phys. Plasnids 1092
197.J. Lenosky, J.D. Kress, and L.A. Collins, Phys. Re%@5164 (2003.

(1997. “3R.W. Lemke, M.D. Knudson, A.C. Robinson, T.A. Haill, K.W.
207.J. Lenosky, S.R. Bickham, J.D. Kress, and L.A. Collins, Phys. ~ Struve, J.R. Asay, and T.A. Mehlhorn, Phys. Plasmh@s1867

Rev. B61, 1 (2000. (2003.

2'G. Galli, R.Q. Hood, A.U. Hazi, and F. Gygi, Phys. Rev6®,  “‘D.L. Hanson, J.R. Asay, C.A. Hall, M.D. Knudson, J.E. Bailey,

909 (2000. K.J. Fleming, R.R. Johnston, B.F. Clark, M.A. Bernard, W.W.

144209-19



KNUDSON, HANSON, BAILEY, HALL, ASAY, AND DEENEY PHYSICAL REVIEW B 69, 144209 (2004

Anderson, G. Hassall, and S.D. RothmanSimck Compression flected laser light. A portion of this self-emission signal was
of Condensed Matter-1999dited by M.D. Furnish, L.C. transmitted through the band-pass filter used in the FOSBO di-
Chhabildas, and R.S. HixsoAIP Press, New York, 2000 agnostic, thus providing a measure of the self-emission in accor-

p.1175; D.L. Hanson, R.R. Johnston, M.D. Knudson, J.R. Asay, dance with that obtained by the spectroscopy diagnostic.
C.A. Hall, J.E. Bailey, and R.J. Hickman, 8hock Compression °The emission observed after the shock reflected from the

of Condensed Matter-2001edited by M.D. Furnish, N.N. LD, /sapphire interface is in good agreement with the expected
Thadani, and Y. HoriAIP Press, New York, 2002p. 1141. reshock temperature &D, (~1-2eV), and much greater than
4%Y.S. Touloukian, R.K. Kirby, R.E. Taylor, P.D. Desaihermal the shocked sapphire temperattiw tenths of an ey

603.M. McGlaun, S.L. Thompson, and M.G. Elrick, Int. J. Impact
Eng. 10, 351(1990.

1The first and second shock in the an(apphire ora-quarts
were at pressure levels 6f300—400 GPa and 600—800 GPa,
respectively, corresponding the shock temperatures of
~0.5-0.75eV and~1-2 eV, respectively. The observed in-
crease in emission corresponded to the resulting temperature in-

Expansion—Metallic Elements and Allpyol. 12 of Thermo-
physical Properties of MattefIFI/Plenum, New York, 197%
pp. 2, 77.

46y S. Touloukian, R.K. Kirby, R.E. Taylor, and T.Y.R. Le&her-
mal ExpansiorNonmetallic Solids\Vol. 13 of Thermophysical
Properties of Matter(IFI/Plenum, New York, 197} pp. 176,

47 350. . . ) crease as the second shock overtook the first shock.

For example, the linear correctiohZ-L1)/L1 for Cu at 20 Kis  62pe Kerley 03 model was used to look at the effect of the slightly
—0.324 (0.010)% or—2.6 (+0.1) um for an 800um thick different initial density in the present study. Hugoniots for initial
reference spacer. The largest thermal expansion correction for Jensities of 0.17 and 0.167 gl@were computed and plotted as
any material was that for aluminunt,0.415 (+0.01)% at 20 K. pressure vs density compression. The Hugoniot for 0.167%/cm

“*8The initial flyer thickness was nominally 8Qém. The~300m was found to be about 0.7% higher in compression, i.e., softer,
thickness refers to portion of the flyer at impact that remained than that for 0.17 g/cfh
unaffected by magnetic diffusion. 638 L. Glushak, A.P. Zharkov, M.V. Zhernokletov, V.Ya. Ternovoi,
491.M Barker and R.E. Hollenbach, J. Appl. Phy8, 4669(1972. A.S. Filimonov, and V.E. Fortov, Zh. Eksp. Teor. F&6, 1301

50The VISAR, FOSBO, and self-emission records shown in Fig. 2, (1989 [Sov. Phys. JETB9, 739 (1989].
which have been time shifted to align the shock break out off*Based on the Kerley 03 EOS model, the density compressions at

each diagnostic at the aluminubid, interface, appear to ex- 60 and 120 GPa are 4.01 and 3.99, respectively, for initially
hibit dissimilar rise times. This is a result of the different ime  solid samples (0.199 g/cin This compares to 4.26 and 4.15,
resolutions for each of the diagnostics. In this cé&&249, the respectively, for initially liquid samples (0.17 g/ém

time resolutions of the diagnostics werel—2, ~1, and  ®5S.P. Lyon and J.D. Johnsdanpublisheal
~0.5ns for the VISAR, FOSBO, and self-emission, respec-%®B. Militzer, D.M. Ceperley, J.D. Kress, J.D. Johnson, L.A. Col-

tively. lins, and S. Mazevet, Phys. Rev. Led7, 275502(2002.
513.R. Taylor,An Introduction to Error Analysis2nd ed.(Univer- 57M.P. Desjarlaigprivate communication

sity Science Books, California, 1982. 184. 8G.1. Kerley (unpublishedl
52Greg Dunham, J.E. Bailey, A. Carlson, P. Lake, and M.D. Knud-8°M. Ross and L.H. Yang, Phys. Rev. &, 174102(2001).

son, Rev. Sci. Instruniz5, 928 (2004. "ON.C. Holmes, inHigh-Pressure Science and Technology-1993
53G.E. Duvall and R.A. Graham, Rev. Mod. Phyi®, 523(1977). edited by S.C. Schmidt, J.W. Shaner, G.A. Samara, and M. Ross
Gl Kerley, Int. J. Impact Eng5, 441 (1987; G.l. Kerley (un- (AIP Press, New York, 1994 p. 153.

published. "The power varies as a function of wavelength; at 400 and 600 nm
55G.1. Kerley (unpublishegl the power is approximately 1.9 and 1.5, respectively.

6The flyer plate experiences further quasi-isentropic compressiof?K.S. Holian (unpublishedl
and release, but since that process is reversible we only neédS.P. Lyon and J.D. Johnsdnnpublishedl
consider the release from the shocked state. Also, the density*S.L. Thompsor(unpublishel
temperature, and particle velocity of the flyer at impact are not’°K.S. Trainor(unpublishel
constants. Since the shock forms at the foot of the pulse anéR.F. Trunin, inShock Compression of Condensed Materiblsi-
grows with distance, the density is lower and the temperature is versity Press, Cambridge, 1998
higher towards the impact side of the flyer plate. However, given’’D.M. Hicks, P.M. Celliers, G.W. Collins, J.H. Eggert, and S.J.
that we are only concerned with approximately 200—300 of Moon, Phys. Rev. Lett91, 035502(2003.
the impact side of the flyer and the low rate of shock growth, the’®N.A. Winfree, L.C. Chhabildas, W.D. Reinhart, D.E. Carroll, and
magnitude of the gradients are not significant, and can be ig- G.I. Kerley, in Shock Compression of Condensed Matter-2001
nored. edited by M.D. Furnish, N.N. Thadhani, and Y. HoralP
5"The assertion thap,~1.9; is also supported by the reshock Press, New York, 2002p. 75.
experiments described in Sec. Il B. The data listed in Tables II”°L.V. Al'tshuler, A.A. Bakanova, |.P. Dudoladov, E.A. Dynin, R.F.
and lIl indicate that for sapphire anvifs, was experimentally Trunin, and B.S. Chekin, zh. Prikl. Mekh. Tekhn. Fi2, 3

observed to be-1.96p;, on average. (1981 [J. Appl. Mech. Tech. Phy®2, 145(1981)].
%8The collection fiber used in the FOSBO measurement collected°R.F. Trunin, N.V. Panov, and A.B. Medvedev, Pis'ma Zh. Eksp.
self-emission from the shock-heate®, in addition to the re- Teor. Fiz.62, 572(1995 [JETP Lett.62, 591 (1995)].

144209-20



