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Different methods were compared for constructing models of the behavior of a prototype intermetallic
compound, nickel aluminide, for use in radiation hydrodynamics simulations of shock wave generation by
ablation induced by laser energy. The models included the equation of state, ionization, and radiation opacity.
The methods of construction were evaluated by comparing the results of simulations of an ablatively generated
shock wave in a sample of the alloy. The most accurate simulations were obtained using the “constant number
density” mixture model to calculate the equation of state and opacity, and Thomas-Fermi ionization. This
model is consistent with that found to be most accurate for simulations of ablatively shocked elements.
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[. INTRODUCTION material models must be valid for the solid material in the

stress and time range explored, and also for the expanding
)})Iasma produced by the ablation process. Although consid-
erable research has been performed on models for simulating
he laser ablation of elements, very little has been published

The intermetallic compound nickel alumini@dsiAl) is of
interest as a prototype material exhibiting elastic anisotrop
for studies of the effect of a grain boundary on the propagas

tion of a shock wav¢l]. In the past, the response of material on the ablation of compounds. We have previously devel-

to dylrllamic Ioadinghwas interpreteql Ufing_ engpir:icql mov?/il.lsthed models for the response of solid NiAl and tested them
usually assuming NOMOGENeous 1Sotropic benhavior. '%gainst shock waves induced by the impact of flyer plates

these simple models have been found adequate to descr - - :
. . . . Here wi ribe model licabl he plasma region
many bulk properties, they have contributed little to under- ere we describe models applicable to the plasma regio

standing of the underlying physics of processes which ar%ag}ﬁ pg())(bl:rrinrﬁezzr:d compare them with a typical ablative
highly nonlinear in the material state, such as fracture, g exp '
chemical reactions, and shear bands. These phenomena are

affected by heterogeneities in the material including aniso- Il. ABLATIVE LOADING EXPERIMENTS
tropy in response between grains of different crystal orienta- . . .
tion, and by the presence of the grain boundaries themselves. To set the mat'enal models in contgxt, we discuss the de-
We have performed experiments in which spatially and tem S9N of th_e laser-induced shock experiments and the method
porally resolved measurements were made of the velocityl/JseOI to simulate them.

and displacement at the surface of NiAl samples as a shock

wave arrived[2]. In order to capture the shock arrival with A. Experimental configuration

adequate time resolution, the TRIDENT laser was used to

ingluce the shock wave by ab'a!“"e !oading of _the Sa”_‘P'?? ir};\t Los Alamos, a neodymium-glass laser with a fundamental
this way, the uncertainty in arrival time associated with M- ejength of 1054 nm. The master oscillator was operated

pact events was greatly reduced. However, in order to inters anosecond mode, in which the pulse delivered to the

pret the dynamic data and in particular the microstructurqarget was composed of up to 13 elements of 180 ps dura-

Lneasured 'E YTCO(\j/'eI'Edh'NIA| specmens,dlt IS nechessa_lry .tﬂon. The intensity of each element is controlled indepen-
etermine the loading history experienced at each point Iy - allowing considerable flexibility in controlling the ir-

the sample. radiance history. The infrared pulse was frequency doubled

A logical approaph Is to.simulate each experime_ntz usmglo 527 nm(green to improve the coupling efficiency to mat-
the measured irradiance history of the laser in radiation hyfer At this wavelength, the two main beams could each de-

drodynamics simulations of the response of the sample. Thﬁ‘ver up to ~250 J, and the third beam up 650 J. One of

the main beams was used to drive the samples. The total

energy and irradiance history were measured on each shot by
*Electronic address: dswift@lanl.gov: URL: http://public.lanl. extracting a small fraction of the laser drive by reflection
gov/dswift from an uncoated window. The magnitude and time history

Experiments were performed using the TRIDENT facility
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sample imaging interferometer of the VISAR tydd]. Spatially dis-
critical tributed interference fringes were set up, and their motion
surface recorded using two optical streak cameras. A pulsed 660 nm
laser provided illumination for the VISAR. For the experi-
ment reported here, the magnification through the VISAR
. compressed system gave a field of view of 1.6 mm over 600 pixels on the
state charge-coupled device recording camera. The sweep period
< of the streak cameras was set to 16 and 37 ns, measured
using a series of timing fiducials 2 ns apart. The velocity
laser Doppler sensitivity of the VISAR was 800 m/s per fringe. The fringe
velocimetry pattern was converted to velocity by following the extrema
as a function of time; velocity changes were thus multiplexed
plasma with position. Velocities were inferred at constant positions
(collisional absorption, on the surface by interpolating between extrema. Typical ve-
expands and cools) locity uncertainties were~5% for an individual fringe,

) _ _ ) dominated by camera noise and diffraction rings in the opti-
Sarz'jésl'wif:e%gzgg’js t;iﬁ'o?oco; 'E’;Slgt dvr\;‘;z esx‘;jenrq'miimscal path, which limited the accuracy of the fringe-following
diameter ’ algonthm. The accuracy was |.mproved by _smoothmg over

' adjacent fringes or temporal slices. Smoothing functions al-

were recorded using a calorimeter and a fast photodiodd®Wed linear variation in space or time, so the temporal reso-
respectively. The fractional energy measurement was caliution Was_not red_uped significantly by this process._The time
brated to give the total energy by performing a series ofdelay for light arriving through the slow leg of the mterfer-
experiments in which the energy reaching the center of th@meter was 0.4 ns, so care was taken when attempting to
target chamber was measured with a second calorimeter. fRt€rpret sub-nanosecond features with this étalon.

this way, the total pulse energy was usually determined to
+1 J.

The raw beam from the amplifier chain had significant
spatial variation. A Fresnel zone plate was used to distribute Microstructural changes such as dislocation populations
the laser energy more uniformly across the focal spot. Asind cracking were investigated by analysis of the recovered
designed, this diffractive optical element would convert asamples; the results of this analysis will be described sepa-
perfectly focused spot to a disk of 4 mm diameter containingately. In order to interpret microstructural features in terms
85% of the laser lightwith the remaining energy contained of the loading history experienced by the sample, the mea-
in higher-order rings further from the center of the disk sured irradiance history was used in simulations of the laser
However, undiffracted light produced a hot spot at the centedrive process. The calculated free surface velocity history
of the disk. The final focusing lens was shifted 6 mm fromwas compared with the experimental measurement to check
best focus to eliminate the hot spot; this produced a diskhe accuracy of the material models used in the simulations.
5 mm in diameter. The defocusing process introduced a The simulations required radiation hydrodynamics and
slight spatial variation of order 1% in irradiance, but this wasplasma properties to treat the ablation process, and detailed
not found to introduce any measurable variation in shockcontinuum mechanics incorporating single-crystal plasticity
pressure. to treat shock propagation in the solid sample. These differ-

In each experiment, the planar sample was irradiated ornt regimes are rarely implemented in the same computer
one side over a region 5 mm in diameter, and the velocityrogram. We used the radiation hydrocaog@Des [5] with
history was measured on the opposite sifi@. 1). Each  no strength model to simulate the ablation process, and ex-
sample was an oriented crystal of NiAl, and in some experitracted the pressure history a small Lagrangian distéince
ments pairs of crystals of different orientation were exposedially 1 um) from the ablation surface. The pressure history
simultaneously to the laser drive. Samples were typically avas used as an applied stress boundary condition in con-
few hundred microns thick and were wide enough to fill thetinuum mechanics simulations using the hydrocedec
region irradiated by the laser, with a marginel—2 mm by  [6]. The sample thickness was much less than the diameter of
which they were held in a reusable clamp. Except at théhe laser spot, so these simulations were justifiably per-
highest drive energies, the samples remained in the clamformed in one spatial dimension: resolving the direction
and were recovered for postshot metallography. The use of through the thickness of the sample. This approach has been
clamp meant that the samples were decelerated by theirsed previously for simulations of ablatively loaded elements
edges, resulting in some bending of recovered specimeng(].

The bending was quantified during the postshot analysis by In the simulations, the response of the material was rep-
orientation-imaging electron microscopy, and was reduced imesented by models for thermomechanical and transport
some experiments by mounting the sample against a releapeoperties. On time scales long enough that nonequilibrium
window to make the deceleration closer to planar. effects can be ignored, these properties depend on the mass

The velocity history of the surface opposite the irradiateddensity p and temperatur& (or specific internal energg),

side was measured by laser Doppler velocimetry, using aand composition. Both computer programs used material

\

+ shock wave

incident light

B. Simulations
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properties tabulated in the SESAME fornj8t, though with  compression. This was the case for NiAl, whereadninitio
different units. The thermo-mechanical response was deEOS was predicted and tested against shock wave experi-
scribed by pressure and energy equations of statments[3]. In contrast, accurate measurements of the EOS
{p.€}(p,T) and their derivatives; the transport properties in-and transport properties of material in states relevant to the
cluded electrical and thermal conductivitige, or}(p,T) ablation plume are less readily available.
and radiation opacitiegPlanck and Rosseland means ) )
{op, ard(p,T). A. Continuum mixture models
The physical considerations required in constructing a A commonly used approach for predicting the properties
material model accurate for condensed matter and for thef the vapor and plasm@nd indeed the soljds to average
plume of ablation plasma are different, and it is frequentlythe properties of the constituent elements: as elements are
difficult to construct a model valid in both regions because offinite in number, their properties have often been established
the added complication of linking regions of different as-at least approximately and are available in various forms
sumptions and approximations smoothly. In the radiation hy{8,9]. With two independent variablgsandT, the averaging
drodynamics simulations, the computational domain wa®f element properties for a compound or alloy can be accom-
split into a region lum thick at the ablation surface in plished in many different ways, i.e., through many possible
which the material models were chosen with a reasonablmixture models. For compounds, the component atoms are
expectation of accuracy in the plasma regime, and a regioimtimately mixed on the scale of the simulations, so the mod-
comprising the rest of the sample in which the model of theels should represent homogeneous mixing of the species. For
equation of stat«dEOS was chosen to be accurate in the homogeneous mixing, the composition is specified naturally
condensed regime. In the relatively thin “ablation region,” itas the set of mass fractiofm} or atom fractions{N;} of
was also desirable for the EOS to be reasonably accurate felach specid. A standard procedure used in constructing
condensed material, though greater inaccuracy could be toSESAME equations of state for mixtures involves models
erated than for the bulk of the sample. developed for heterogeneous mixtures; these models were
The size of the ablation region was chosen to includealso investigated as they were considered likely to be more
more material than was actually ablated by the laser pulseaccurate for condensed matter. For heterogeneous mixtures,
but to be thin compared with the sample itself. The amountt is meaningful to consider the composition in terms of the
of material ablated depends on the laser energy, the irradget of species volume fractiods;}, though mass fractions
ance, and the nature of the materigs composition and can be used instead. There is no particular reason why any of
porosity. For the regime explored here, simulations havethese models should be accurate for compounds, where the
shown that less than Am of the sample is ablated; such electronic structure of each component may be altered sig-
predictions have been confirmed experimentally from thenificantly from that occurring in the element. A manifestation
thickness or radial profile of recovered samples. Most shoclf the electronic structure is the crystal type of the com-
wave samples used at TRIDENT have been tens to hundregi®und: NiAl adopts the CsCl structuf&0], whereas pure Ni
of microns thick, so Jum was chosen as a standard thick- and Al are both face-centered cubic.
ness for the ablation region in the simulations. Calculation- The heterogeneous mixture models assumed either that
ally, the loading induced by ablation was thus applied first tathe compression applied to the alloy was applied equally to
the residual solid material in the ablation region, before beregions of each pure element, or that the volume fractions
ing transmitted to the bulk material modeled with the more{y;} were adjusted for pressure equilibrium. The “equal pres-
accurate solid EOS. If the plasma EOS is less accurate fafyre” model is physically more plausible, at least for a het-
the solid, there is likely to be an impedance mismatch beerogeneous mixture. A homogeneous mixture model com-
tween these two solid regions. As long as the transit time ofnonly used for low pressure gases is “partial pressureg’
waves in the residual ablation region is short compared withhere extended to apply to all EOS and transport properties as
the important temporal structures in the laser pulse, pressuigell as pressure, as has been applied previously to mixed-
equilibration can occur and the states transmitted to the bulgpecies astrophysical plasmg<]. In the partial pressures
solid should be accurate. The sensitivity to the size of thenodel, each specie is considered in turn and its mass density
ablation region was investigated by performing simulationsysed to calculate a contribution to the material properties; the
for thicknesses of 0.5, 1.0, and 2n. Oscillations were contribution from each component is added to predict the
observed in the pressure history within the ablation region agroperties of the mixture. This model is reasonable when the
equilibration occurred; as long as these oscillations were filmean free path of the atoms is comparable with or larger
tered out, the applied pressure history was the same in ahan the size of the sample; it is very inaccurate for dense
cases. samples. For plasmas of around 1% of solid density or
greater, more accurate predictions were obtained by consid-
Ill. MODELS OF ALLOY PROPERTIES ering _each specie in turn, assuming _that all atoms in the
material were of that type, and calculating the properties; the
For alloys, particularly near-stoichiometric compositions, properties of the mixture were obtained from a weighted av-
it is often the case that the EOS and elasticity can be preerage using the atom fractidy, of each specig14]. This
dicted theoretically, using techniques sucteasnitio quan-  model is referred to as “constant number dens{fféble .
tum mechanics to calculate the ground state energy of the Each model was used to calculate an EOS in SESAME
electrons and hence the relationship between pressure atabular format. The homogeneous models were used to cal-
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TABLE |. Models used for constructing NiAl properties from those of constituent eleménts. the
atomic mass of specie The opacity has dimensioifength?/(mass, so the weighting used in the constant
number density model is the mass fraction rather than the atom fraction.

Model Component state EOS Transport
Heterogeneous

Equal pressure pi:pi(pi,T) equal p=p; Oi o=2moi(p;,T)
Equal compression pi=ppoil po p=2vipi(p;,T) o=2moi(p;,T)
Homogeneous

Partial pressures pi=mip p=Zpi(p;i, T) o=20(p;,T)
Constant number density pi=Ain p=2N;pi(p;, T) o=2moi(p;,T)

N=pEm/A

culate opacities, again in SESAME format. A simple mea-shock wave data from ambient to the limit of the shock data,
sure of the accuracy of each model is to calculate the masand average atom Lennard-Jones for the vapor region, with
density at standard temperature and presgif®). This was  Grlneisen’s approximation and a Debye treatment of the
done using SESAME EOS for Ntable 310} and Al (table  thermal contribution. This prescription was applied to NiAl,
3719 [8] (Table Il). The equal compression model was rea-using the shock Hugoniot predicted from thie initio quan-
sonably accurate and the partial pressures model poor. Atum mechanical EOS and the observed melting temperature.
except for the partial pressures model were applied in th&@he computer program used to calculate the EOS had a nu-
ablation layer of the radiation hydrodynamics simulations. merical instability in the algorithm used to make Maxwell
constructions through the liquid/vapor region, normally re-
B. Constructions for specific composition quiring significant manual intervention to correct, so Max-

In princiol hvsically iustifiabl dh well constructions were omitted to leave van der Waals loops
n principle a more physically justifiable and hence poten-; 4 o EOS[11].

tially more accurate way to proceed is to calculate properties The “QEOS”

g ; o - . prescriptiorf13] was also used. QEOS in-
as rigorously as possible for the specific composition of iNludes a set of general rules for the form of the EOS in

Ferest. This approagh may be too computation_ally dgmandingiﬁerent regimes, constructed by comparing the observed or
if the local composition changes during the simulation, €.9.,5\0jated behavior of many different materials. QEOS was

if species diffuse at significantly different rates, requiring goneqded within theivabes program, so it was not used to
calculations to be performed of the instantaneous m'Xtur%enerate a separate EOS for evaluation

properties at each location in the simulation. Differential dif-
fusion may occur at some level in the ablation plume, but

was ignored in the present work. o IV. COMPARISON OF PERFORMANCE
The EOS of solid NiAl was predicted usingb initio . _ _ _
quantum mechanics of the CsCl structi8 which is the The different methods of calculating properties for NiAl

structure observed to occur at STP. This is an example olere evaluated by comparing their performance when ap-
composition-specific construction, but as the quantum meplied to problems exploring different aspects of their behav-
chanical method predicted accurate electron ground states ff. The EOS were compared first against shock wave data,
a periodic lattice, it was not suitable for the low density Which involves only the mechanical response with no contri-
plasma regime where the material was a tenuous, ionizeution from transport properties in the regime considered.
fluid. The combined mechanical and transport behavior was com-
A prescription has been used to generate SESAME EOgared through simulations of the material pressure induced
for mixtures [8], comprising Thomas-Fermi-Dirac calcula- near the drive surface by laser ablation. The combined prop-
tions with additive volume mixing at high compressions, erties were also investigated by comparing against free sur-
face velocity data from laser ablation experiments on rela-

TABLE II. Comparison of STP mass density predicted from tively thick samples in which the shock wave decayed before

continuum mixture models. reaching the free surface.

Model Mass densityg/cn) A. Principal shock Hugoniot

Equal compression 5.997 The EOS were used to calculate the principal shock

Equal pressures 4.143 Hugoniot — the locus of states reached from the STP state

Partial pressures 10.347 by the passage of a shock wave of a given strength — by

Constant number density 5.182 solving the Rankine-Hugoniot relations for the conservation

Experiment 5.912 of mass, momentum, and energy across a steady shock wave
[15]:
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FIG. 2. Comparison between principal shock Hugoniot pre- FIG. 3. Comparison between principal shock Hugoniot pre-
dicted using different continuum mixture models and flyer impactdicted usingab initio quantum mechanics, SESAME procedure in-

data. corporatingab initio Hugoniot, and flyer impact data.

5 P=Po stant shock pressure, but it was found previously for nano-
Us = Uom’ 1 second duration pulses on elements that a region of relatively

0 slowly varying pressure was produced behind an initial pres-

_ sure spikg7]. The experiments on NiAl used samples which

Up = V[(p = Po)(vo—v)], ) were too thick to allow this pressure to be determined di-

rectly, e.g., from the free surface velocity, but radiation hy-
e=egy+ %(p +Po)(vg—v), (3)  drodynamics simulations of the pressure-irradiance relation

. . . are a useful way to compare different sets of models.
where ug is the shock speed ang, the piston or particle y b

. . . The initial spatial mesh imYADES was set up to increase
speed of mater_|al behind the_ ShOCk.W'th respect to the ur'g']eometrically, to allow adequate resolution of the material to
shocked material, and=1/p is specific volume. Bilinear

be ablated. The cell closest to the surface was 5 nm wide;

interpolation was used to interpret the tabular EOS. The Parg ccessive cells were expanded by 5% moving away from

. s . A& surface. This resolution was found previouslyto give
STP was |ns.uff|C|entIy accurate. The Sh(.)Ck Hugoniots V\.'erehumerically converged shock profiles in the condensed
compared .W'th experimental data, obtained from flyer Im'sample. The flux limiter was set to 0.03 of the free stream
pact experiment§3]. value — a common choice for simulations of this tyfi6].

f'?" ?:] thetr::ontmuu_m m|txt|u[je mpdels _\I/_vrfre S|gn||f|cantly The irradiance was ramped up and down over 0.1 ns to
softer than the experimental dat@ig. 2). The equal com- maintain stability in the simulations.

pression model was the best and the equal pressure the WOrSt.the EOS in the ablation region was modeled by each of

AS (rjepl)orted pJeV.'t%l.JSI&g]’ th?.ab 'tn'go quanttqrr][ me;chlanlcr:ll the mixture EOS described above; the EOS in the bulk solid
model passed within the estimated uncertainty ot almost €Va, 0 491 was thab initio guantum mechanical construction.
ery experimental point, and notable within all the points of

; Opacities for radiation diffusion were again modeled usin
smallest error. The EOS constructed according to th P 9 9

o o . e mixture models. Conductivities for laser deposition and
SESAME pregcnpnon mgtched thep initio EOS. to high heat conduction were calculated using several different ion-
accuracy, as it should since the shock Hugoniot from th

§zation models: Saha, Thomas-Fermi, and average atom
latter was used in the construction of the EQG%. 3). ' ' g

. : . [5,8,18.

The comparison of shock Hugoniots demonstrates the im™ gjjj computational studies on ablative loading of ele-
portance of an accura'ge trgatment of the electronic structur ents indicated that radiation transport could be omitted for
ar]d the degree to wh|c_h I ch.anges betyveen heterogengogﬁemems of atomic number up to that of Fe at least, giving
mixtures and the formation of intermetallic compounds. It is

. : : simulations with the same temperature for ions, electrons,
also interesting to note that, of the heterogeneous continuur, 4 radiation{17]. To reduce the number of alternative ma-

mixture models, the m(?de! apparently containing more physf rial models to evaluate at once, the base line model chosen
ics was less accurate: th!s demonstrates the importance r sensitivity studies comprised QEOS for the EOS and
including the correct physics. Thomas-Fermi ionization. The sensitivity to EOS was then
investigated by comparing pressure-irradiance relations with
the mixture model EOS substituted in the ablation region.
A simple measure of the response of a material to irradiaProblems were encountered with the mixture EOS con-
tion by a laser is to calculate relations between the lasestructed according to the SESAME prescription, the van der
irradiance and the pressure induced in the material. A laséNaals loops causing imaginary sound speeds which halted
pulse of constant irradiance does not generally induce a corthe simulation. The pressure-irradiance relations for NiAl

B. Pressure-irradiance relation for laser ablation
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FIG. 4. Comparison between irradiance-pressure relations pre- FIG. 5. Comparison between irradiance-pressure relations pre-
dicted for NiAl using Thomas-Fermi ionization, no radiation trans- dicted for NiAl using the constant number density mixture equation
port, and different equations of state. of state and no radiation transport, for different ionization models.

were compared with the relations calculated for elemental Ni ) .
and Al. One would expect the relation for NiAl to differ number density model allows both the EOS and opacity to be

somewhat from that of its constituent elements, but not tgalculated self-consistently. This model is also computation-
deviate very far. The relation for Al was validated previously &lly efficient, which may be important for future studies in
by comparing radiation hydrodynamics simulations with theWhich species are permitted to diffuse at different rates.
velocity history measured at the free surface of {{@& um)
foils. The relation for Ni was not tested experimentally, but C. TRIDENT shot 15405
was similar to that for Fe, which was tested in the same way
as for Al. All of the alloy simulations gave relations which A more direct test of the accuracy of the models is to
were significantly lower in pressure than that for Ni and Al simulate the velocity history at the free surface of a sample
over most of the irradiance range considered, though the reéf NiAl subjected to ablative loading. TRIDENT shot 15405
lations converged for high irradiance. The relation from thewas chosen; the target comprised two crystals of NiAl
equal compression EOS was significantly lower than thathounted side by side: one cut with its surface parallel to
from the other two EOS, which were reasonably consistent100 and the other parallel t6110). The crystals were 267
with each otheFig. 4). and 266um thick, respectively. The field of view of the

Simulations were then made using the constant numbeYISAR and streak camera were set to record the arrival of
density EOS and no radiation transport, changing the ionizathe shock wave in both samplésig. 7).
tion model used to calculate conductivities. The pressure- These samples were hydrodynamically thick, in the sense
irradiance relations were fairly similar with Thomas-Fermi, that the transit time of the shock wave through the sample
Saha, or average atom ionizations. Again, all were signifiwas long compared with the duration of the laser pulse. After
cantly lower than the relations calculated for elemental Ni
and Al over most of the irradiance range but converged at 1000
high irradianceg(Fig. 5).

Finally, simulations were performed using the constant

number density EOS and Thomas-Fermi ionization, and g 100

opacity calculated using the partial pressures or constant®

number density model. Incorporating radiation transport by % Ni e

the inclusion of either opacity model brought the pressure- ¢ 10 Al - ,—-""'H;‘opacity
irradiance relation predicted for NiAl much closer to that for 3 prlooZe™ o

Ni and Al (Fig. 6). é -------

Based on this sensitivity study, the most plausible repre-
sentation for the properties of NiAl in the ablation region of
radiation hydrodynamics simulations was Thomas-Fermi partial pressures -
P . . . constant number density - -
ionization, and EOS and opacity calculated using the con- 0.1 : :
stant number density model. The pressure-irradiance relation 01 o 120 100

L. e laser irradiance (PW/m®)
was not very sensitive to the substitution of Saha or average
atom calculations of the ionization, nor to the use of QEOS  FiG. 6. Comparison between irradiance-pressure relations pre-
or the equal pressures mixture model for the EOS. Howevedicted for NiAl using the constant number density mixture equation
Thomas-Fermi ionization was found to be accurate over a&f state and Thomas-Fermi ionization, for different opacity models.
wider range of atomic numbers and states than the otherhe curves for partial pressures and constant number density opac-
ionization models when applied to elements, and the constaiity models are close to one another.
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pressure (GPa)

FIG. 7. Line VISAR record from TRIDENT shot 15405, show-
ing fringe displacemen(torresponding to velocity changas shock
waves reached the surface in NiAl crystals of different orientation.
One complete fringe displacement equates to an acceleration of £ 9. Pressure history predicted to occupth from the ab-
800 m/s. The field of view was-1.6 mm wide. lation surface in TRIDENT shot 15405, simplified for use as bound-

ary condition in continuum mechanics simulation.
the end of the laser pulse, the plasma plume expands and . ) .
dissipates, and a rarefaction propagates from the ablatiﬁeater than a few microns. With samples as thick as the

surface, relieving the stress induced by the ablative loadin Al crystals, the effect on the free surface velocity history

and usually traveling faster than the shock. In thick Sample%(?r?sn?ﬁggIps)rlgésirr%mhit:t%r;a?/:/aaltlsoqu?ﬁg;?ginr;rqlnctz stlhrr;ula-

the rarefacnon can overtake the ShO.Ck before it reaches thseample. At these relatively low irradiances, the simulated
opposite surface of the sample, causing the shock to decay essure history exhibited some spikes and high frequency
amplitude as it _propagates further th.rou.gh the Sa”_‘p'e- For cillations, probably caused by the sequential ablation of
weak or decaying shock, the constitutive properties of the,qiviqual computational zones. Again, unphysical features
material should be included in simulations, as well as th§yere smoothed out of the history before using it as a bound-
ECS. The flyer impact experiments performed to test theyry condition for subsequent calculatiofi&g. 9).
EOS also allowed the pIaStiC flow properties to be estimated The calculated pressure history was used as a time-
for crystals cut in the(100) orientation[3]. Thus only the  dependent applied pressure boundary condition for con-
(100 sample from shot 15405 was selected for detailedinuum mechanics simulations of the sample, incorporating
simulations. an elastic-plastic model for the constitutive response of NiAl
The irradiance history delivered to the sample was in4n the (100) direction. Because the shock was decaying, the
ferred from beam measurements to be around 0.1 PAW/mstructure around the shock peak was sensitive to mesh reso-
(Fig. 8. The irradiance history was simplified slightly to |ution, particularly on the rising edge of the shock. A zone
remove small-scale oscillations which can sometimes causgize of 0.5um was found to give a converged peak velocity
numerical problems, and was applied in the radiation hydroand a reasonably short shock rise time. These simulations
dynamics simulation. We have found previously that filteringwere used to predict the free surface velocity history. Using
out features shorter than 200 ps or so in the irradiance highe set of models deduced above to be appropriate for abla-
tory has little effect on the state in the sample at depthsive loading of a compound, the velocity history agreed well
with the peak velocity and duration of the velocity excursion

6 8 10 12
time (ns)

0.14 - ; - measured using the line VISAR on shot 154@5g. 10).
measured . . N .
012 | simplified ~——— | There was some uncertainty in the absolute timing calibra-
' \ tion on these thick samples because the train of fiducial
NE 01 | ANy i pulses had decayed to a level too low to be visible before the
3 e arrival of the shock wave, so for purposes of comparison the
a 008 | 1 experimental record was shifted in time to match the arrival
8 time in the simulation. The experimental record exhibited
c 006 r . S . . .
g small-amplitude oscillations in velocity which were artefacts
S 004 | of the particular streak camera used. The experimental record
- also exhibited a decrease in deceleration at the end of the
0.02 1 1 shock event, resulting in a higher velocity at late times than
ol . . . . . in the simulation. This difference is probably caused by spall
0 05 1 15 2 925 3 35 4 or tensile damage in the sample; spall was neglected in these
fime (ns) simulations.

FIG. 8. Irradiance history applied to NiALOO) sample in TRI- V. CONCLUSIONS

DENT shot 15405, and simplified irradiance history used in radia- A method was devised for simulating ablative laser load-
tion hydrodynamics simulations. ing experiments on alloys and compounds, for which the
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0.16 T . T : r

gion. All were somewhat too soft when used to predict the

e>'<perir'nent' . . . . .

014} simulation ———— 4 equation of state of solid NiAl, underscoring the need to split
‘\é’ 012 | the computational domain into “mainly ablated” and “never
=3 ' ablated” regions. The best simulations were obtained using
.g 01 the constant number density mixture model for the equation
S o008 of state and radiation opacity. Significant variation was found
s 006 i when using different mixture models, or when neglecting
§ 0.04 | gﬁrgfgrg \ / spall or damage | radiation transport.
= : ] Detailed simulations of the ablative loading of a NiAl
g 002r \ crystal were performed. Using the radiation hydrodynamics
= s I "\'f) . model developed above, the predicted velocity history at the

0.02 free surface of the sample was in good agreement with ex-

30 35 40 45 50 55 60 65 70 75 80 perimental data.
time after start of laser drive (ns)

FIG. 10. Comparison between predicted and measured free sur- ACKNOWLEDGMENTS
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