PHYSICAL REVIEW E 69, 036406 (2004
Shock pressures induced in condensed matter by laser ablation
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The Trident laser was used to induce shock waves in samples of solid elements, with atomic numbers
ranging from Be to Au, using pulses of 527 nm light around 1 ns long with irradiances of the order of 0.1 to
10 PW/n?. States induced by the resulting ablation process were investigated using laser Doppler velocimetry
to measure the velocity history of the opposite surface. By varying the energy in the laser pulse, relations were
inferred between the irradiance and the induced pressure. For sampgegiq an irradiance constant in time
does not produce a constant pressure. Radiation hydrodynamics simulations were used to investigate the
relationship between the precise pulse shape and the pressure history. In this regime of time and irradiance, it
was possible to reproduce the experimental data to within their uncertainty by including conductivity-
dependent deposition of laser energy, heat conduction, gray radiation diffusion, and three temperature hydro-
dynamics in the treatment of the plasma, with ionizations calculated using the Thomas-Fermi equation. States
induced in the solid sample were fairly insensitive to the details of modeling in the plasma, so Hugoniot points
may be estimated from experiments of this type given a reasonable model of the plasma. More useful appli-
cations include the generation of dynamic loading to investigate compressive strength and phase transitions,
and for sample recovery.
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I. INTRODUCTION laser energy is deposited. Reaction and plasma pressure ap-
ply loading to the remaining material in the sample. The
Investigation of the response of materials to dynamidoading experienced by the sample is often less simple than
loading—such as the equation of stéOS and strength— that induced by the impact of an initially cold flyer plate, so
relies on experiments in which a well-characterized load ighe technique is arguably less appropriate for high accuracy
applied and the response is measured. Most of these expemeasurements of EOS points. However, we have found laser-
ments have employed shock waves, induced by projectilenduced loading to be perfectly adequate for studies of phe-
impact or the detonation of chemical explosiVés?]; these nomena which can be observed around the rising edge of the
experiments typically explore the response on microseconghock wave, including plasticity and phase changes. “Collat-
time scales at pressures betweed.1 and 100 GPa. Higher eral” momentum and energy in the loading system were in-
pressure experiments have been performed in which thsignificant in the experiments described here—in compari-
shock wave was generated using the x-ray radiation from 8on, for instance, with the sabot used in a gas gun or the
nuclear explosion3,4]; more recently, laser-driven hohl- detonation products and casing in explosively driven
raums have been used as a source of x-ray drive for concepystems—so sample recovery was relatively straightforward.
tually similar experiment§5—7]. In all these cases, the mo- Laser-driven shock waves have been used previously to
mentum and energy associated with the shock in the samplaeasure the EOS at high pressrel to 10 TPa[5,7]. In
are far less than the overall quantities in each experiment. Asontrast, the work described here includes a systematic study
a result, it is at best difficult to recover the sample for sub-of the relationship between the laser irradiance and the pres-
sequent investigation of the microstructure, and there are okure of the resulting shock wave, for elements ranging from
ten serious concerns about artifacts introduced by compliBe to Au, and pressures up to a few tens of gigapascals. This
cated loading paths as the sample is brought to rest. pressure range is better suited to investigations of constitu-
In the experiments described here, laser energy was usede behavior and solid-solid phase transitions. Radiation hy-
to induce a shock wave in solid samples by irradiating thedrodynamics simulations are also discussed, and a calcula-
sample surface directly. At the start of the laser pulse, energgional method reported which reproduces the experimental
is deposited in the skin depth at the surface of the samplegsults to within their uncertainty and can thus be used to
material at the surface ablates as plasma in which subsequgmiedict the loading history experienced at each point in the
sample, for arbitrary irradiance profiles in the regime ex-
plored by the experiments.
*Electronic address: dswift@lanl.gov The present paper covers systematic trends in ablation-
URL: http://public.lanl.gov/dswift induced pressures for different materials and irradiances. De-
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FIG. 1. Schematic cross section of laser drive experiments. The
sample is typically a few tens of microns thick; focal spot is 5 mm
in diameter.

tailed interpretation of the loading induced in each experi-
ment is given by outline and example only; more complete
descriptions of the loading and response applied in indi-
vidual experiments will be published separately by material.

<—— Attachment to
TR TRIDENT
RN target positionel
Il. DIRECT DRIVE EXPERIMENTS
FIG. 2. Photograph of sample holder assembly.
Experiments were performed using the Trident facility at

Los Alamos, operating in nanosecond mode at 527 nm Waveschieved with the laser and diagnostic configurations avail-
length (green. Trident is a neodymium-glass laser with a gpje at Trident.

fundamental wavelength of 1054 nm. In each experiment, a|| of the materials were nominally pure, and unless oth-

the planar sample was irradiated on one side over a region gise stated were obtained from Goodfellow Corp. and of
mm in diameter, and the velocity history was measured of,e highest purity offered. The Be crystals were cut from a

the opposite sideFig. 1). single crystal boule grown at Los Alamos. Some of the Be,
Al, and Fe foils were obtained from Research Metals, Inc.
A. Sample configuration

Samples were in the form of foils or crystals, typically a B. Laser drive

few tens of microns thick and 5 to 10 mm across. In most The Trident master oscillator was operated in nanosecond
cases both surfaces were free, though experiments were alsmde, in which the pulse delivered to the target was com-
performed with release windows made of sapphire, LiF, oposed of up to thirteen elements of 180 ps duration. The
PMMA; experiments included combinations in which the intensity of each element is controlled independently, allow-
shock impedance of the window was both higher and loweing considerable flexibility in controlling the irradiance his-
than that of the sample. Samples were mounted in a reusabiery. In some experiments, the composite pulse was split and
clamp, attached to the Trident target positioning systeim.  recombined as two consecutive pulses with different relative
2). amplitudes, allowing the maximum pulse length to be
Materials investigated included Be, Al, Si, Fe, Ga, Sn, Tadoubled. For dynamic loading experiments, the infrared
and Au; results are presented here for Be, Fe, Sn, and Au. Aflulse was frequency doubled to 527 rigreen to improve
samples were in the form of rolled foils, except for[8iys-  the coupling efficiency to matter. At this wavelength, the two
tals in the(100) orientatior] and Ga(crystals of unknown main beams could each deliver upt®50 J, and the third
orientatior). Be samples included foils and crystals cut alongbeam up to~50 J. One of the main beams was used to drive
(0001 planes. Some of the experiments were performed irthe samples.
support of other projects rather than as dedicated studies of The raw drive beam from Trident had significant spatial
the irradiance-pressure relation, so the temporal profile of theariation across the beam. A Fresnel zone plate was used to
laser pulse and the quality of the velocimetry records werdlistribute the laser energy more uniformly across the sample.
not necessarily optimized for the measurements consideretls designed, this diffractive optical element would convert a
here; thus some of the uncertainties are larger than can herfectly focused spot to a disc of 4 mm diameter containing
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85% of the laser lighfwith the remaining energy contained 14 - - - .
in higher-order rings further from the center of the disc structure in peak release
However, undiffracted light produced a hotspot at the center g 127
of the disc. The final focusing lens was shifted 6 mm from < 4 [
best focus to eliminate the hotspot; this produced a disc 5 %‘
mm in diameter. The defocusing process introduced a very 2 0.8 ¢ _ .
slight spatial variation in irradiance, but this was not found to g, 06 L plastic shock spall and ringing
introduce any measurable variation in shock pressure. 5:‘6 '

The total energy and irradiance history were measured on 3 0.4
each shot by extracting 4% of the laser drive from transmis- 8
sion through an uncoated mirror, and recording with a calo- ™~ 0.2 1 elastic precursor
rimeter and a photodiode. The total pulse energy was usually 0 -
determined to=1 J. The conversion factor between the 0 2 4 6 8 10
nominal drive energy and the energy delivered to the sample time after start of laser pulse (ns)

has been calibrated from time to time; in effect it represented

a systematic uncertainty which remained constant usually for FIG. 3. Schematic velocity history for laser drive experiments.

the whole of a series of experiments. interpret subnanosecond features with thalan. The effec-
tive temporal resolution of the velocity record depended on
C. Surface velocimetry the nature of any given feature. The arrival time of the first

- . . . velocity disturbance could typically be identified to within 2
The velocity history of the surface opposite the |rrad|atedtO 3 p?/xels. The resolutiony?)f te?/nporal wave profiles de-

§|de was measured by laser Dpppler velomme_try, using aBended on the quality of the individual streak camera records
Imaging lmterferometer' of the Visar ty[é]. Spatlally dis- . (signal and noise levels, presence and size of any spatial
tributed mte_rference fringes were set up, and their motio peckles or interference patterns from the optical system,
recorded using one or two (_)ptl(_:al streak cameras. A pulse ne-dimensionality of the wayewhich affected the degree
660 nm laser provided illumination for the Visar. of smoothing introduced in the fringe analysis. In the results

Experiments were performed with various different mag- . Lo
nifications, the field of view varying between 500 and 4000presented here, the temporal resolution of velocity histories

. X : : was dominated by the inherent response time of the interfer-
w#m and the spatial resolution of the imaging system bEtweegmeter, and the temporal resolution of peak or average ve-

10 and 100u m. The streak camera sit was generally set ©ocities was incorporated as part of the quoted uncertainty.
300 um, qulvalent fo 10¢m on the 25 mm photocathode. Experiments WF()are perforrr?ed with a?/ariety of differer):t
Thg time wm_dow .Of the streqk cameras was 16 or 37. rlSmagnifications and spatial resolutions. The spatial resolution
g]v:ng ﬁ nomln;’;ll time res?flutlon of 50 orh 10d0_ps. ml PN of the complete optical system was measured directly in
ciple, the absolute time offset between the drive pulse an ome cases by capturing images of sharp edges and gratings.

cillator. In practice, from a combination of equipment jitter
and procedural difficulties, there were occasional uncon-
trolled timing changes of up to 1 ns during the earlier experi-
ments. In later series of shots, timing fiducial pulses 2 ns Schematic velocity histories consisted of an elastic pre-
apart were fed directly to the slit of streak camera; the firstursor, the main plastic shock wave, and release with spall
pulse was synchronized carefully with respect to the drivaeverberations. The main shock wave generally exhibited
pulse, providing absolute time calibration to better than 10Gemporal variations in velocity, the details depending on the
ps on each shot. precise laser irradiance history. For any given material, if the
The velocity sensitivity was varied between 800 m/sdrive pressure was high enough the elastic precursor was
fringe and 5 km/s fringe. The fringe pattern was converted tabsent. If the drive pressure was very low, the transmitted
velocity by following the extrema as a function of time; ve- wave was entirely elasti@-ig. 3.
locity changes were thus multiplexed with position. Veloci- In these experiments, elastic precursors were generally
ties were inferred at constant positions on the surface bgignificantly stronger than have been observed in the same
interpolating between extrema. Typical velocity uncertaintieamaterials on microsecond time scales, indicating higher flow
were ~5% for an individual fringe, dominated by camera stresse$9]. This difference reflects the combined effect of
noise and diffraction rings in the optical path, which limited time dependence in plastic flow and texture and initial plastic
the accuracy of the fringe-following algorithm. The accuracywork arising from the use of rolled foil samples. For almost
was improved by smoothing over adjacent fringes or tempoall shots, the arrival and magnitude of the shock wave were
ral slices. Smoothing functions allowed linear variation inone-dimensionallD) to the temporal and velocity accuracy
space or time, so the temporal resolution was not reducedf the Visar data. Departures from 1D shock arrival occurred
significantly by this process. At 800 m/s fringe, the time when the alignment of the Visar and drive beam had drifted
delay for light arriving through the slow leg of the interfer- with respect to each other. In some cases, particularly for
ometer was 0.4 ns, so care was taken when attempting tfagher energy experiments, the fringe contrast decreased af-

D. Velocity histories and data reduction
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FIG. 4. Example velocity histories for Sn foils 28m thick, as FIG. 6. Irradiance-pressure relations deduced from measured
a function of total laser drive energy. free surface velocity: Fe and Sn. The uncertainty shown for mean

irradiance includes the uncertainty in measured energy, and also the

ter the passage of the main shock. This probably indicate@riation of irradiance during the pulse. The uncertainty in pressure
spatial variations in velocity, which were likely caused by Was_calculated from the measurement uncertainty in velocity, as-
spall and breakup seeded by the microstructure of th&Uming the EOS was exact.

samples. ) ) . supported, i.e., until the rarefaction following the shock
Two forms of analysis and interpretation were used. Tocatches up with it and erodes the peak shock pressure before
provide a simple measure of the re_latlonsh|p between |rrad!fhe shock reaches the opposite surface of the sample. Some
ance and pressure, the mean irradiance was calculated Usigithese experiments included thick samples and hence de-
the measured pulse energy over the nominal pulse duratioggying shocks. The decrease in the peak pressure just inside
and was compared with a mean pressure calculated given thge free surface was-10% or less; experiments with thick
EOS of the material and relating the peak free surface velocsamples tended to fall below the locus of pressure-irradiance

ity (Fig. 4) to the shock pressure. For plastic shocks of a fewneasurements formed by experiments on thinner samples.
tens of gigapascals or less, the bulk particle velocity was

estimated by halving the free surface velocity; the pressure
was then calculated from the shock Hugoniot in pressure-
particle speed space. The points for each material defined a Laser-matter interaction is a nonlinear and time-
fairly clear locus; in log space the loci for different materials dependent process: a constant laser irradiance generally does
had similar slopes but different interceptsgs. 5 and & not induce a constant pressure in the sample. To interpret
For a given material and drive pressure, there is a maxilaser-driven experiments, radiation hydrodynamics simula-
mum sample thickness over which the shock wave is fullytions were used to simulate the pressure history experienced
as a function of position in the sample and of irradiance
100 : : history. Depending on the time scales and irradiance, many
) physical processes may need to be included to reproduce
e laser-matter interactions accurately. However, in the regime
- -h_ explored by these experimentpicosecond to nanosecond
— = time scales, laser irradiance0.1 to 10 PW/rA), previous
j experience using theasNex radiation hydrocod¢10] sug-
10 ¢ ] gested that laser ablation and dynamic loading could be
+ simulated accurately by assuming three temperature hydro-
dynamics(ions, electrons, and radiatipnallowing thermal
conduction and radiation diffusion, and calculating the ab-
sorption of the laser energy in the expanding plasma cloud
through the electrical conductivity. This model was needed
only for material ablated by the laser: a regiel um wide
of the solid sample, and the resulting plasma cloud. The re-
mainder of the condensed phase could be treated using non-

FIG. 5. Irradiance-pressure relations deduced from measuret@diative continuum mechanics, i.e., with an EOS plus a con-
free surface velocity: Be and Au. The uncertainty shown for mearstitutive model when elasticity and strength were significant.
irradiance includes the uncertainty in measured energy, and also tigome specific processes excluded in this plasma model in-
variation of irradiance during the pulse. The uncertainty in pressur€lude resonant absorption, transport of the resulting hot elec-
was calculated from the measurement uncertainty in velocity, astrons, and generation, transport, and deposition of Brems-
suming the EOS was exact. strahlung x rays.

Ill. RADIATION HYDRODYNAMICS

sustained pressure (GPa)

1

0.1 1 10 100
laser irradiance (PW/m?)
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FIG. 7. Temperature profiles in expanding plasma predicted by FIG. 8. Profiles of mass density predicted by radiation hydrody-
radiation hydrodynamics simulations during ablation of Fe by anamics simulations during ablation of Fe by a laser pulse of
laser pulse of 10 PW/fn lasting for 1 ns. Numbers are profile 10 PW/nt, lasting for 1 ns. Numbers are profile times after start of
times after start of laser pulse, in nanoseconds. laser pulse, in nanoseconds.

Simulations for all the materials tested were performeds0 2D effects from the lateral expansion of the plasma plume
using the HYADES radiation hydrocode, version 01.05.11 should be negligible. After the end of the laser pulse, the
[11]. This hydrocode used a 1D Lagrangian discretization oflasma close to the surface expanded and cooled rapidly
the material, and leapfrog time integration, and did not in-(Fig. 7). The pressure exerted on the cold material exhibited
clude material strength in the solid sample. Shock wave@n initial spike, followed by a stage of more constant pres-
were stabilized using artificial viscosity. The EOS were takerfure, corresponding to the steady profile in the plasma. The
from the sEsAME databas12]; these were tables covering a compression in the sample exhibited analogous featéigs
wide range of states from compressed condensed matter - The spike decayed as the shock wave crossed the sample;
plasma, though the accuracy was not necessarily high dhe spike was caused partly by the numerical representation
known. Opacities for radiation diffusion were also taken©f the shock in the expanding mesh.
from sesamE Conductivities for laser deposition and heat ~The constant irradiance simulations were reduced to
conduction were calculated using several different ionizatiodrradiance-pressure relations by selecting the pressure gener-
models: Saha, Thomas-Fermi, and average atbir-13. ated during the steady-state phase of the plasma expansion,
With the Saha ionization model, the irradiance-pressure reldmmediately following the initial pressure spikeig. 9). The
tion fell below the experimental data for elements of higherPressure in this region was not perfectly constant, so there
atomic numberZ, also becoming worse for higher irradi- Was an uncertainty associated with the data reduction. The
ances. With Thomas-Fermi ionization, the simulationsuncertainty was generally greater for materials of higher
matched the data for all elements and irradiances considereguggesting that the irradiance should generally be made to
The flux limiter was set to 0.03 of the free stream value—al@mp up more steeply with time in order to induce a constant
common choice for simulations of this typ&4]. pressure, to an extent increasing with

The initial spatial mesh was set up to be expanding, to Apart from Be and Al, the irradiance-pressure curves for
allow adequate resolution of the material to be ablated. Movthe different elements exhibited distinct steps and changes of
ing away from the sample surface, adjacent cells were ex-
panded by 5%. The cell closest to the surface was 5 nm wide.
Sensitivity studies were performed to determine the mesh
resolution necessary for converged calculations. Although
the states in the plasma were relatively sensitive to the reso-
lution, the states in the solid material had converged at a
lower resolution.

1000

100 ¢

A. Constant irradiance 10 b

Simulations were performed applying a constant irradi-
ance to the sample for 1 ns. The irradiance was ramped up
and down over 0.1 ns to maintain stability in the simulations. . .

The simulations showed the plasma layer expanding from 0.1 1 10 100
the surface. After the first-0.2 ns, the profile of the plasma
was close to a steady state. The critical surface was predicted
to lie approximately 0.5um from the sample surface. This FIG. 9. Irradiance-pressure relations deduced from radiation hy-
was very close compared with the diameter of the laser spotirodynamics simulations.

sustained pressure (GPa)

laser irradiance (PW/m?)
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FIG. 10. Example of measured irradiance history and simplified FIG. 11. Example of pressure history predictegh from the
history used for radiation hydrodynamics simulatigisdent shot  ablation surface using radiation hydrodynamics and simplified pres-
14962: 25um Sn. Measured history has not been corrected forsure used as boundary condition for continuum mechanics simula-
pulse to start at time zero. tion (Trident shot 14 962: 2&um Sn).

gradient in the regime considered. These appeared to corfgpndition for continuum mechanics simulations omitting ra-
spond to the ionization of deeper electron shells of atoms igjiation transport. The point used for extracting the pressure
the plasma, which became hotter at h|gher irradiance. S|m|h|story was Lagrangian_i'e_, fo"owing an element of mate-
larly, the flattening of the curves at higher irradiance andg| rather than a fixed position in space—and was chosen to
specifically above the ionization steps appeared to be causef close to the irradiated surface but sufficiently deep inside
by the higher specific heat capacity and conductivity of thengt to be ablated. An initial depth of zm was chosen for
plasma at higher ionization states: more power was needed ost simulations. The continuum mechanics program was
increase the pressure than at lower pressures. Irradiancgsgeip version 5.2, using a 1D Lagrangian discretization of
pressure relations are commonly assumed to follow a powahe material, predictor-correctésecond order Runge-Kuita
law: time integration, and artificial viscosity to stabilize shock
2 waves[15]. In some cases the pressure history predicted us-
ing radiation hydrodynamics exhibited numerical oscillations
wherep is the pressure anldthe irradiance. The simulations closg to the ablation S“ff‘?‘ce’ causeq by the ablation of suc-
cessive meshes of material more quickly than heat transport

indicate that, although this form is not valid in general over . )
9 9 as able to redistribute energy and thus smooth the solution.

multiple decades of irradiance and pressure, it is reasonab dout i | to the simoli
to represent the relation with an exponential over one deca ese weré averaged out In a way analogous 1o the Simpli-
jcation of the irradiance history when constructing the ap-

or so. By inspection, a representative value for the exponent .2 !
B was3 for all elements and irradiances considered. Locallypl'ed pressure bpundary condition to apply to the nonradia-
tion simulation(Fig. 11).

values closer to unity were found and also correspondingl;} As direct laser irradiation is a relatively novel loading

smaller values elsewhere. . : -
technique, and as these experiments explore shorter time
scales and use thinner samples prepared differently than are
usual for shock wave experiments, it is illustrative to com-
Some calculations were performed using the irradiancgare the experimental data with simulations as different parts
history measured on individual shots to simulate the precisef the material response are included. For shocks signifi-
loading history applied to each sample. The raw photodiodeantly stronger than the flow stress, the peak free surface
record was converted to irradiance by scaling so that theelocity was generally reproduced to within a few percent by
integral under the curve matched the measured pulse energgimulations which neglected the strength of the sample. If
and dividing by the area of the focal spot. The raw recordthe shock was strong enough to overdrive the elastic precur-
contained high frequency fluctuations, giving negative apparsor, the agreement was often better, as one would expect for
ent values of the irradiance when the signal was low. For theegimes in which the response is dominated by the scalar
simulations, the inferred irradiance history was reduced to &quation of state(pressurg over the elastic component
piecewise linear variation reproducing the principal featuregwhich is limited by the flow stre$sA treatment of spall was
to a few percent in irradiancé-ig. 10. needed to give a reasonable match to the release part of the
For experiments in which the strength of the material sig-velocity history, ensuring that the velocity did not decrease to
nificantly affected the shock propagation and hence the freelose to zero but remained larger as a layer of the sample was
surface velocity history, the pressure history was extracteeéjected from the bulkFig. 12.
from the radiation hydrodynamics simulation near the irradi- The inclusion of elasticity and flow stress generally made
ated surface and was used as an applied pressure boundé#mg agreement better. As a consequence of the texture of the

p=a|5,

B. Simulations using measured irradiance history
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FIG. 12. Example free surface velocity histories predicted using FIG. 14. Comparison between measured irradiance-pressure
EOS and spall models in the solid sample but no strength mode®oints and radiation hydrodynamics predictions: Be and Au.
(Trident shot 14 962: 2%um Sn. Omitting a strength model, the

peak veloc_ity _exhibits a spike._ Otherwise, the gradient around the,,ca and material. The predictions reproduced the magnitude
peak velocity s reproduced fairly well. and trend of the experimental data quite well, for variations

) ) ) in irradiance andZ. In many cases, the difference between
samples(rolled foil or single crystal and the short time c5icylation and experiment was within the nominal uncer-
scales compared with gas gun experiments, elastic precursQigny in the experimental measurement. In almost all cases,
tended to be significantly stronger than would be predicte(agfe difference was within twice the nominal uncertainty.

using strength models calibrated to data taken on microsec‘Given that the simulations were reduced by choosing a rep-

ond time scale$9]; strong precursors were observed in Beresentative ablation pressure for the quasisteady regime, this

and Fe[16-18. It was possible to reproduce the amplitude : . . . !
of the elastic precursor by increasing the flow stress, but irghfference is unlikely to represent inadequacy in the physical
' del used for the simulations. Considering the complete

some cases this made the agreement around the peak surf%%%a set, there was no evidence that the irradiance deduced

velocity significantly worse if applied in too simplistic a by calorimetry and photodiode measurements was in error b
strength model. The detailed constitutive behavior of materi- y y P Y

: . . more than a few percerfFigs. 14 and 1pb
laz‘llz olng;hese time scales will be discussed elsewh@es Some of the Be data fell significantly below the predicted

irradiance-pressure relatiofFig. 14). These experiments
used foils 50 and 12xm thick, and the rarefaction follow-
ing the end of the laser pulse was able to erode the peak

By reducing the results of radiation hydrodynamics simu-Shock pressure before it could be observed by velocimetry.
lations with a constant irradiance as described above, th@mitting radiation transport made the agreement substan-
predicted irradiance-pressure relation can be compared withiglly worse (Fig. 16); alternative ionization models such as

the experimental measurements over a wide range of irradS@ha and average atom made little difference to the simula-
tions.

IV. IRRADIANCE-PRESSURE RELATIONS

0.4 r
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FIG. 13. Example free surface velocity histories predicted using

different constitutive models for the solid samp(€rident shot FIG. 15. Comparison between measured irradiance-pressure
14 962: 25um Sn. points and radiation hydrodynamics predictions: Fe and Sn.
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1000

. - here for elements—then the stress history experienced at
experiments ——

no radiation transport - each position through the sample can be predicted by radia-
radiation diffusion

tion hydrodynamics and continuum mechanics~t@% in
stress. Thus the microstructure of recovered samples can be
related to the loading history in a meaningful way. Noncon-
stant shocks are also relevant to investigations of the perfor-
mance of materials when loaded by other methods, e.g., the
decaying waves induced by detonation waves in chemical
explosiveq 19].

A varying pressure drive can be used to generate a con-
stant pressure by using phase transitions with a negative vol-
. . ume change: if the varying drive lies above the phase tran-
0.1 1 10 100 sition pressure but does not overdrive it, the shock wave to
the maximum pressure in the starting phase travels faster
than the shock to the maximum pressure, so a region of

FIG. 16. Effect of omitting radiation transport from radiation constant pressure is produced. The varying drive makes itself
hydrodynamics predictions of irradiance-pressure relation for Be. felt later in time, so this method is not well suited to high

accuracy measurements of the release following the shock.
V. DISCUSSION The applicability is also limited by the need to select mate-
Jials with suitable phase transformations.

100 ¢

-
o
T

sustained pressure (GPa)

laser irradiance (PW/m?)

The irradiance-pressure relations developed here by e
periment and simulation are a convenient way to represent
the effectiveness of laser ablation for generating pressures on VI. CONCLUSIONS
nanosecond time scales in different materials. Ablation using _ )
a constant laser irradiance does not generally induce a con- Experiments were performed exploring the pressure gen-

stant pressure, so this representation of ablation has an inh&@tated in a variety of elements tens of microns thick, by laser
ent uncertainty. ablation at 527 nm with pulses around 1 ns long and of

Since it is necessary to tailor the irradiance history inifradiance around 0.1 to 10 PWfmThe pressure was de-

order to induce a constant pressure drive, a constant ablati¢hiced from the peak free surface velocity, measured at the
pressure can be produced by intention only to the accurac§ide opposite the ablation using laser Doppler velocimetry,
with which the irradiance history can be controlled. At Tri- @nd assuming the equation of state. Pressures ranged up to a
dent in its current configuration, this is equivalent to a fewféw tens of gigapascals. In this regime, no problems were
percent in pressure, if several shots can be fired to tune in tHebserved associated with the use of laser ablation to induce
laser gain. The pressure may fortuitously be constant to ¥ading: x-ray preheat, obscuration of optical diagnostics by
higher accuracy, in which case surface velocimetry can med1ot electrons or clouds of plasma, and conduction effects in
sure the constancy. the condensed sample were all negligible.

Even with a drive pressure varying on the order of 100%, Radiation hydrodynamics sir_nulat_ions were able to repro-
ablative loading nonetheless seems useful for investigatinguce the overall trend of the irradiance-pressure relations,
the response of materials to dynamic loading. For solid!Sing three temperature hydrodynamics for the plasma re-
samples tens to hundreds of microns thick, loaded for a feWion, heat conduction, radiation diffusion, and Thomas-
nanoseconds at pressures up to tens of gigapascals, the de&gymi ionization. Using the measured irradiance-time history
of the shock caused by the rarefaction following the end offom each experiment, the detailed velocity history at the
the laser pulse typically eroded the peak pressure by a fe\f\yee_ surface was reproduced_ to within _the uncertainty in ir-
tens of percent or less, and had little or no effect on elasti¢adiance, velocity, and material properties. The velocity his-
waves, in the materials investigated. The speed and amplfories were sensitive to the equation of state, elasticity, flow
tude of the elastic precursor were measured, as was the shapess, spall strength, and phase transitions; these phenomena
of the velocity history between the precursor and the plasti€@n thus be investigated at least in principle using laser ab-
shock. These data provide a large amount of information of@tion to induce dynamic loading.
the flow stress under dynamic loading, to similar accuracy as
can t_’? achieved .from impact. gxperiments. Similarly, phase ACKNOWLEDGMENTS
transitions occurring on the rising edge of the shock wave
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