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ABSTRACT

An integrated technique of diamond-anwkll, laser-heatingand synchrotron x-ray
diffraction technologies is capable of structural investigationondensed matter in an extended
region of highpressuresand temperatures abou®0 GPaand 3000 K.The feasibility of this
technique to obtain reliable datapwever, strongly depends on several experimeistles,
including optical and x-ray setups, thermal gradients, pressure homogeneity, p@ientdion,
and chemical reaction. In this paper, discussabout these experimentaisuestogether with
future perspectives of this technique for obtaining accurate data.

INTRODUCTION

Recent advances in-situ x-ray diffraction studies of laser-heated materials isanond-
anvil cell provide new information regardirte phase diagram of solids at high pressures and
temperatures above 100 GRa. 1GPa=10 atmospheres) and 3000 K, far beydhe reach of
other static high pressure technologies [1-4]. The concept of this x-ray/laser-heating experiment is
relatively simple asillustrated inFig 1. A smallpiece of thiniron foil is typically loaded in a
diamond-anvil cell of the Mao-Bell type, together with a pressure medium such as Ar, 4085, Al
MgO, and Ruby crystals. Because of the relatively large absorption coefficient of metal in infrared,
a Nd:Yag laser lasing at 1.0 is typically used to heat the sample. A white (or monochromatic)
x-ray beam from the synchrotron is coaxialigned to the center of laser-heatsmpt andthen,
the x-ray diffraction from the sample is recorded as a function of energy at a @xadgke(or as
a function of ® using an area detectsuch as an imagelate). The temperature of tkample is
determined by measuring thermal emission fitben laser heated arsanultaneously withthe x-
ray measurement3he pressure othe sample is determinegitherfrom the equation of state of
the sample or by Ruby luminescence method.

This diamond-anvil cell x-ray/laser- pressure inhomogeneity, (iv) preferred
heating techniguehas demonstrated its orientation, andv) chemical reactivity of the
feasibility for studies of melting, phase sample at high pressures and temperatures.
transition, phase diagram and materials
characterizations in an extended region of
pressuresand temperatures. However, the
technology is still in its infancy, evidefitom
controversies existing irthe experimental
results [3-5], andhe accuracy of the data is
rather poor due toseveralissuesassociated
with the experimentsThe issuesinclude (i)
the opticaland x-ray setups and alignment,

(i) temperature gradients in the x-rayed
sample,(iii) pressure medium, sample, and
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In this paper, we willdiscussabout thesessuesand present a fevieasible solutions to
improve the accuracy of data, some of which have already been under development [6].

EXPERIMENTAL ISSUES

Optical Setupfor DAC X-ray/Laser-heatingexperiments

The optical setup for thBAC x-ray laser-heating experiment shown in Fig 2. It consists
of threecomponents: (1) a Nd:Yalgser-heatingsystem toheat thesample in a DAC, (2) a
microscope system to measueeperature and viethe sample for alignment and observation,
and (3) synchrotron X-ray and an energy dispersive X-ray diffraction system.
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Figure 2. An optical setup used for the DAC X-ray, laser-heating experiments

at the beamlineX17C ofthe NSLS. The system consistshoée parts including a
Nd:Yag based laser-heating system, BBDXD systemwith partially focused
synchrotron x-ray, and a microscope system foewing and temperature
measurements.



TheNd:Yag laser delivers the CVpower to 19 W at TEl mode at 1.0gim. The laser
beam is first expanded by a 4x beam expander aateisuated by an attenuatdmwo types of
attenuators have been used, either a polarizing element consisting of a polarizer beamsplitter with a
half-wave plate or abroad bandattenuatorconsisting of two pairs o€ounter-rotating wedged
reflectors [7]. However, in many cases the laser power is also adjusted by altering the laser current.
The laser beam is focused to the sample with an objective lens at approximately 30 fdegrees
direction parallel to theX-ray beam. In this configuratiothe laserfocus can be adjusted
independently from the collecting optics to reduce thermal gradients within the laser spot. The laser
light and thepump light are spatially filteredrom the collectingoptics. Notethat no dichroic
mirror, which would limit the spectral window to less than 700ismeeded to separate the laser
light from the thermal emission. Only an infrared edge filter with a cutoff wavelength at 900 nm is
used to separate the scattered laser light. A He-Ne laser is used for aligntherNdiyag laser.
In this experiment we used high power laser mirrors, each of whichdmeleetric high reflection
coating for two wavelength at 1064 nm for the Nd:Yag laser and at 632 nm for the He-Ne laser.
Thermal emissiorirom the sample iscollimated by an objectiveens (12x,Leitz) and then
splits intotwo parts: 30 % to £CD camera for sample viewing and 70 % to aptical fiber
through a 10Qum pinholefor temperaturaneasurementsihe latter is obtained bglispersing
thermal emission by a spectrograph (0.32 m, SPEX Ind.) and recorded in a two-dimensional CCD
detector (LN-CCD, Princeton Instrument) with 1156 channels by 396 pixels. Because of the use of
a refracting objective, there could be large chromatic aberration, particularly if the laser $gaiting
is smaller than a few to sevepah. However, in the most of experimeméported here, the laser
heatingspot based on 90 % dhe maximum temperature is near 30m or larger, and the
chromatic aberration is not significant. Assuming a spectrograph slit openinguof d0less, the
spatial resolution of this microscopic system is limited by the spatial resolution of CCD pixels; that
is, 22um which corresponds to 1 at thesample. The spectral resolution of they/stem is
about 0.5 A.
Because of significant thermal gradients across the laser heated area and a relatively large size
of x-ray beam which will be discussed below, temperature hadaéso spatially resolvealcross
the heated area for the latter part of this work. This was done by replacing the pinholeairig¢he
setup by a multiple-core imaging fiber. In this setup an infieaga the fiber istransferred onto a
slit of the spectrograph by using sphericalmirror. In this wayone can adjust an effective f-
number of the spectrograph to match wvitik fiber, and further correct stigmatic distortion of the
spectrograph, particularly in\ertical direction, by rotating thenirror. The magnification of this
imaging spectrograph was measured to be approximately one. Thermal emission is measured in
every 27um-pixels within the laser heating area, representingraa ofapproximately 2.3im at
the sample. Howeverhecause the diffraction limit of the objective is aboyin® in the spectral
region of interest, temperaturese calculated agvery pixel by averaging over three pixels
including two adjacent ones. Therefore, this system measures the temperature represargag an
of 6.9um in diameter with a spatial resolution of RI8.
This study is based otne experiments performed dhe beamlineX17C atthe NSLS,
which produces white radiation from a wiggler insertion device. For the early part of this work we
used unfocused x-ray beam. The size of the x-ray beam was typically reducgehiob8020um
(or 10um by 10um for heavy Z elementg)sing two pairs of/ertical and horizontal slits. The
beamsizewas required to get a reasonal3éN ratio of 10-100 within gpractical exposure time
period of 5 to 10 minutes. For the later part of this study we focused the x-ray besdude the
beam size without loss of x-ray photons. This was done by usingrauRitayer x-rayreflector
which focuses the 70m beam to Jum in the vertical direction. Theeam was unfocused in the
horizontal direction remaining 30m as set by a pair of micro-slit§he vertical divergence of the
beam onthe beamlinavas about0.5 mrad,and the size of thbeam athe center of thesample



was measured to lefisan 20um by 7um by a knife-edge technique. Therefore, with this setup
the horizontal beam size whichrislatively large, could cause a large temperature gradient within
the volume of the sample being x-rayed. This will be discuss#einextsubsectionThe use of
an additionalmirror in the horizontal directioshouldreduce the temperature gradient in a great
deal;however, it has ndbeenused due tahe space limitation between the slit aDAC in the
current setup at the X17C hutch.

The diffraction is typicallyneasured at@ = 19 or 2. In thesetup shown in Fig 2 an
angle smaller than 1% not feasible because of the physical interference with the objémtivef
the microscope. However, smaller angles can be accessibieebyf amadditional turningmirror
and mountinghe microscope system in\grtical position. The energydispersive x-raysystem
used here has previously been described in details [8].

The most tedious but crucial step in this work is to align the x-ray beam onto the center of the
laser-heated@pot and tdhe microscope. This is done the following manner. (1)The center of
the sample isaligned with respect tthe 2 rotational axis ofthe diffractometer(2) The x-ray
beam is scanned across the sample to find its center and is mdkeccémter by traveling the x-
ray slits. (3) The microscope with a pinhole is then aligned to the center sdirtide. (4)Finally,
the laser-heatingpot is moved tdhe samplecenter. Thepositions forlaserspot, sample, and
pinhole can be reproduced within a fam using a CCDOcamera and a high resolution television
monitor. The position of the direct x-ray beam can be reproduced well witinm 5Therefore, in
this setup the X-ray beam and laser-heating spot are coincident to withimn.5-8

Temperaturésradients

One of the most critical issues inthe X-ray laser-heating experiment is large thermal
gradients occurring in both radial and vertical directions of the laser heated sample. Those gradients
arise from the factthat the laser-heated area is relativatyall compared tthe size of thex-ray
beam and that the temperaturenieasured from thin layer of thesample surfaceyet thex-ray
diffraction is obtainedrom the entiresample thicknessThe temperature gradient in tinadial
direction can be reduced by minimizitige size of theX-ray beam and maximizinthe diameter
of the laser-heated area. The temperature gradient wetheal direction caralso be reduced by
minimizing the thickness ofthe sample. However, ipracticethis is often not feasible imany
materials with low x-ray absorptiooross section including iron, because both tbhe above
methods also reduce the intensity of x-ray diffraction. On the other hand, the sample heated
from both front andback; however, this wasot attempted in the presestudy because of
relatively low intensity of laser and physical constraint of a diamond-anvil cell.

The temperature gradient can feeasured ocalculated.Figure 3 showshe temperature
gradient in the radial direction of laser-heated iron at various degrees of heatingmddtélines
are thefits to the temperaturerofiles. The error bars irthe figure represent the precision of the
fitting procedure, but the actual uncertainty in the sample temperature could be substantially larger.
For example, considerintpe uncertainty in thdbeam positioning and alignment 5g8n, the
temperature measured at a given position couldfbbby 100 K atthe maximumtemperature of
2900 K in Fig 3. Furthermore, based tre size of thex-ray beam 20um by 20 um, the
temperature gradient within the X-ray illuminated portion of the sample could be as large as 250 K
at 2900 K.
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Figure 3. The temperature gradients measured alinegadial direction of
the laser heatediron sample athe designatetemperatures at 96 GPa. Tleror
bars representhe uncertainty in the fittingrocedure andhe smoothlines are the
fits to the data using a Lorentzian band shape.

We have estimated the temperature gradient irvétcal direction bysolving the thermal
conduction equation [9]

k ®T/d@ = (LpC) dT/dt + Q 1)

wherek, p and C are the thermal conductivity, density and heat capacity, respecivepresents
the heat flux introduced from the laser. In this calculation we hasemed an 1-dimensiortaat
flow with a configuration that thin, 1m, iron foil is sandwiched between two slabach 20um
thick, of AlL,O, in a diamond-anvitcell. Thethermal parameters used in tlualculation were
estimated for values appropridta 100 GPa [10].The thermal conductivity ankeat capacity of
materials were, respectively, 100 W/m-K and 447 J/Kg-K for iron, 1300 W/m-K and/KgoK

for diamond and 38V/m-K and 500J/Kg-K for AlLO,. The effect of laser-heating is then
introduced by a constaheatflux onto the central 2Qum in diameter area of theon foil. For
example, inthe case of about 5 W of the lagawerbeingused and a 70 % conversion of the
radiation to thermal energy, the heat flux would be the order of ' /@,
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Figure 4. The temperature changesth time calculatedacross the iron
sample atthe center of thdaser-heating spot at &eat flux of2*10'° W/nt and
4*10"° W/nt.

Figure 4 showshe temperature changesiain atthe front and backsurfaces during the
heating at the rate of 2*10W/n? (10 W) and 4*13° W/m? (20 W). The temperature of the iron
foil is rapidly increased during the first 106 heating and is then equilibratédring the next few
100us. The temperature of the directly heated, front surface of iron is approximately 10 % higher
than that of the back, implying there could be a significant temperature gradient across the iron foil.
Therefore, oneshould considethe temperature reported here to dmnewhathigher than the
actualone, andhe diffraction pattermnmight exhibit some complication, particularly at thphase
boundaries. However, we should note that the temperature difference calculated in Fig 5 represents
an upper limit due to a highly polycrystallized nature ofo@l which will cause a lower thermal
conductivity and a non-ideal thermal contact at the F&,And Al O,/diamond interfaces, both of
which result in an additional insulating effect on iron.

SampleandPressuréedium

The powder samples of irohave not beenised in this studpecause of the possibility of
formation ofthin iron oxidefilms and/or of adsorption of water, on an extremiage surface
area. While the oxide film of powder samples migddtuce the chemical reactivity of tkample
with pressure medium at high pressuaes temperatures, it could result in a large uncertainty in
determining the transition temperatures. Therefore, in this study we use the foil samples. However,
one should note that the faamplegypically exhibit the preferred orientatiawhich could cause
uncertainty in determining the crystal structure.

The idealpressure medium should be a gdbdrmal insulator and a low x-rescatterer,
provide a quasi-hydrostatic condition with a minimum pressure gradient, and be chemically inert at
high temperatures argressures. Ipractice, it is often difficult tdind a pressurenedium that
satisfiesall of these criteriaFor exampleLiF is a low Z-material providing reasonably quasi-
hydrostatic conditions, but its high thermal conductivity lintite laser-heatingxperiments at



high pressures. Argon chemically inert and alsprovidesnearly hydrostatic conditions, but its
high compressibility limits the laser-heating experiments above 40 GRahak relatively low x-
ray crosssection, but it often causes highly non-hydrostatessuresparticularly in the case of
large grain ruby particles being used. Transition metal oxide$dd® are not chemically inert to
an open shell transition metal like iron at high pressures and temperatures, asstviliMoein the

subsequent section.

In this study we have used Ar at low pressures below 40 GPa fare grain (1um) Al,0,

powder at higher pressures. A significant pressure drop was often observed; the pressure drops by

as much as 50 % during a feycles of the heating occughenthe iron sample idoaded with
large grain single crystals, 10 to a few tang of ruby. We consider this to be a streslsxation
effectduring lasetheating of thesample andhe pressure medium. loontrast, fine Jum grain
polycrystals of AJO, provide a relatively small pressure drop. It should also be mentibatthe
extra layers of unconfined Al, between the gasket andiamond-anvils often cause a significant
pressure drop after several cycles of laser-heating and, therefore, should be avoided.

PreferredOrientations

The orientation of theample strongly depends on various stress conditidreduced by
non-hydrostatic pressureand high temperature gradient. good example of stress-induced
preferred orientation undarniaxial compression haveen demonstrated in vergcentx-ray

experiments [11].

In this paper, we considéne preferred
orientation induced by thermatress of the
laser-heated area at 8Pa as shown in Fig
5. Theiron sample, ~8Qum by 50 um in
size, was loaded together with fine A0,
powder in a 10@um gasket holenounted on
a 300pum diamondculet. Each spectra were
obtainedacrossthe sample inevery 10pum
increment after several cycles of heatings of
the sample.Clearly, the heated area at the
center of thesample can be immediately
recognized by the preferred orientation along
the 100 direction; whereasthe surrounding
area shows the orientation along the 101
direction. The heated area a@pproximately
20-30um representing thapproximatesize
of laser-heatingspot. The peakpositions of
the diffraction patternsremain unchanged
across the sample, representinghat the
pressuralifferenceacrossthe sample is not
significant. Based othe equation of state of
e-Fe [12], the pressure acrosthe sample
differs by lessthan 5GPa, which isnearly
the same asthe pressuregradient in the
sample beforéneating. Therefore, it is not
apparent that therbas been any additional
pressure change during heating.
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Figure 5. The X-raydiffraction pattern
obtained from the sample after the laser-
heating experimentshowing the pressure
distribution and preferred orientatioacross
the sample at 59 GPa. Spectra were obtained
for every 1Qum step.



Chemicalreaction

The chemical reactivity of materials can substantially increasdigit pressures and
temperatures, particularlifor those containing transition metals with an opetectronic shell
structure [13].Moreover, reactivity is typically enhanced for tmolten phase of materials due to
increase of solubility. Therefore, it is not unusual to observe chemical reactions of the sample with
the pressure medium, gasket, or even diamond anvils during the laser-heating experiments.

= = :
* g S Fe/MgO
4000 - o o i e/vg
oz 7 £ gg
\:.'_, ! ! =2 s
F 2 ‘\ ‘1 | : g &
3000 - = | N S g
. ‘ ‘ L = g
> : | | N 3 .
(é) :1380(8F}><a ! ‘ : : ‘ ‘ :
2 2000 - ] | o | .
£ i L : = ! i
ugre A e IR
| S o 1 : ! w it
1000 b L sllIME ; R B
j S | e g
Bk ‘ ‘ \ S !
r17GPa | ! ! \ e ;
| 300K . ! i :
0 T N B N SR B .
10 15 20 25 30 35 40
E (KeV)
Figure 6. The X-ray diffraction patterns obtained frtime laser heatediron

in MgO, showingthat iron reacts with MgO vyielding (Mg sFep5)O at high
temperatures. The predicted crystal structures are found in Table I.

Figure 6 shows aypical example of iron reacting wittMgO, a widely used pressure
medium, yielding (Mg Fe)O magnesiowustiteThe diffraction before heating (thbottom
spectrum) can easily be indexed in terms of fcc-MgO HAde-Fe at 17 GPa as shown Tiable
|. During heating (the center), the diffraction lines ©fe rapidly disappear as several new
diffraction lines appear. After severakating cycles, the intensities néw reflections become
larger than those dfigO, which can be quenched &w temperatures (sethe top). The new
diffraction lines show the same systematic pattern as fcc-MgO, but always appear at slightly lower
energies than those @fc-MgO. The new featuresire easily indexed a@bose of dcc lattice, as
shown in Table I. The best fit of this new material tie@structure yields the uniell a =4.156
A, somewhatarger than that oMgO, a = 4.079 A. Irfact, thelattice of this newmaterial is
slightly larger than that of magnesiowustite M§ep.4)O at 17 GPa, a = 4.136 A, or samith
that of (M@ .6Fep.4)O at 14 GPa [15]. Thus, iitdicates thatron atomshavediffusedinto MgO
during the heating. Assuming dinear expansion othe latticewith the number density ofron
atoms substituted fomagnesium, thismaterial would represent a magnesiowustite of
(Mgo.5Fep.5)O. Therefore, weconclude thatiron reacts withMgO at high temperatures, and



emphasizahat one should becareful for choosing achemically inertpressure medium dtigh
pressures and temperatures.

Table I. X-ray diffraction pattern of iron in MgO before and after the laser heating experiments
at 17 GPa showing that Fe reacts with MgO yielding {Mg-x)O at high temperatures.

(@ Before heating
2376 2400 0.024 MFO

dobs (A) dcar (A Ad (A) M (hkl (111)
obs (A) dcal (A) (A) (hkl) 2 355 0021 MgO
2353 2357  0.004  MgO (111)
(111) 2093 2093  0.000 MFO
2121 2120  0.001 & Fe (100) (200)
2.158  2.159  0.001  MgO 2.046 2039 0005  MgO
(200) (200)
1.965 1983  0.018 & Fe (002) 1.883 e- Fe (101)
1.871  1.869  0.002 - Fe (101) 1.819
1.448  1.448  0.000 &- Fe (102) 1.759

1443  0.005 MgO 1.456 1469  0.013  MFO
(220) (220)
1.227 1.231 0.004 MgO 1.444 1.442 0.002 MgO
(220) (220)

1.224  0.007 & Fe (110) 1.279
1178  1.178  0.000  MgO 1.244 1253  0.009  MFO
(220) (311)

1.114 1122  0.008 ¢- Fe (103) 1.228 ~ 1.230  0.002  MgO
1.062  1.060  0.002 & Fe (220) (311)

1.024 1.021 0.003 MgO 1.186 1.200 0.014 MFO
(400) (222)
0.984 0991  0.007 e- Fe (004) 1.1v6 1177 0001  MgO
0.935 0.937 0.002 MgO (222)
(331) 1.048  1.039  0.009 MFO
0.914 0913  0.001 MgO (400)
(420) 1.027  1.020  0.007  MgO

0.833  0.827  0.006 - Fe (203) (400)
0.946 0953  0.007 MFO

e-Fe: a=24503A c=309383A (331)

cla=1.607 V= 6.166 cHmol ‘()4%)1 0912 0001 ~ MgO
MgO: a=4.0819A V=10.239

crm/mol MgO: a=4.0788A V =10.216
(b)  After heating cm3/mol

MgFeO: a=4.1562 A
V =10.809 cm3/mol

dobs(A) dcal (R)  Ad (A) M (hkl)

FUTURE PERSPECTIVES



It is apparent to obtain reliable data thae shouldcarefully perform the diamond-anvilcell

x-ray/laser-heating experiments and exantlmeesystematics andeproducibility of theresults.

One of the mostharacteristic change in the diffractidaring heating is ashift of the diffraction

line, which could beaken as aneasure of thermal expansivity. However, it is dise that the

shift also strongly depends on the experimental variables sugydasstaticity, inhomogeniety of
pressure and temperature, stress relaxation, chemical reaction, mechanical stabilifyGyfand

so on. Therefore, a typical strategy for performing a better characterized laser-heating measurement
is to minimize the latter contributions, whitypically occur irreversiblyThis is illustrated in Fig

7, showingthe diffraction patterns afon in Al,0, obtained during laseneating at 96GPa by

using the system described earlier. EHeée phase igvidentfrom its characteristidriplet of 100,

101 and weak 002 reflections located in this pattern between 15 d&€elM20rhe featurdrom the
pressure medium, 4Q,, is weak but evidenfor the 113 line at15.5 KeV [16]. Notethat the

thermal shift is nearly reversible during the heating cycle. The broadening of the diffizantids

is nearly negligible; the preferred orientation along X066 direction is noted after the heating,
consistent with the observation in Fig 5. The use of a 2D-x-ray detector such as an image-plate or a
CCD should beencouraged to investigate the diffraction changes restrioed the preferred
orientation, thermal stress, and non-hydrostatic stress induced strain of the sample in details.
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Figure 7. Typical X-ray diffraction patterns obtainddom the laser heated

iron at 96 GPa, showing totally reversible thermal shifts during laser heating cycles.

The presenDAC x-ray/laser-heating technique is limited in a great deal by temperature
gradients in thesamplebeing x-rayed. Thigan be reduced in the radial direction Ibgs tightly
focusing the laser beam at higher power antthénaxial direction by heatinjom both front and
back of thesample.Recent advances in theLF laser technology provide extremely higbwer
lasers above 100 W with high beam stability and nupgdsities[6]. Therefore, it isnow possible
to obtain a very homogenous large laser-heating spot withhianum temperature gradient at the
center. The added intensity of the laser makes also possible to heat thefsamjbleth front and
back sides, removing the axial temperature gradients. The dual-side heatveger, requires the
modification of thecell and typically result impractical difficulty of theexperiments (i.e.more
optics and sophisticated alignment). Other solutions for the problem are to reduce (i) the size of x-

10



ray beam, preferably to less thamf in diameter, (ii) thesample thickness lessan 5um, and

(i) an x-ray exposure time; all of which require the substantial increase in x-ray intensity. Having
100-1000 times ofhe x-ray flux used in this study, it would lbeasible to reduce thexposure

time to an order of 10 seconds for a fgm-thick iron sample. In suchaase, thermal gradients

can be reduced within the uncertainty of temperateasurements 50 K arime-dependent
temperature changes during x-ray measurements can be negligible. This caraditioe achieved

by use of intense x-ray beam fratre 3 generatiorsynchrotron source and focusitige highly
collimatedbeam from arundulator to lesshan 5um by 5um without losing much ofhe flux.
Combining the intens€“3eneraltion synchrotron x-ray, high power laser, and 2D-detetok-
ray/laser-heating technology should provide highly accurate PVT data within 1-2 %.

ACKNOWLEDGMENT

This study hadeen benefitedrom the use of synchrotron x-ragvailable atNSLS. We
thank Mao and Hemley at GL-CI for numeroteduablediscussions. Weappreciate LWiley, B.
Goodwin and C. Mailhiot at the LLNL for their supporttbé work. The LLNL part ofthis work
hasbeensupported bythe LDRD 94-SR-042and a Defens@rogramand performed under the

auspices othe U.S. Department of Energy dyawrence Livermore National Laboratory under
contract number W-7405-ENG-48.

REFERENCES

1. R.Boehler, N. von Bargen, and A. Chopelas, J. Geophys.98e281731 (1990)

2. K. Brister and W. Bassett, Rev. Sci. Instrum. 66, 2698 (1995)

3. C.S.Yoo, J. Akella, A. Campbell, R. Hemley, and D. Mao, Sci2itel473 (1995)

4. D. Andrault, G. Fiquet, M. Kunz, F. Visocekas, D. Hausermann, Scatg&31 (1997).

5. S.K.Saxena, L.S. Dubrovinsky; C.S. Yoo, Akella, A.J. Campbell, H.K. Maoand R.J.
Hemley, Scienc@75 94 (1997)

6. G. Shen, T.S. Suffy, H.K. Mao, R. Hemley, M.L. Rivers, submitted (1997)
7. C.S.Yoo, C.S., J. Akella, and J.A. Moriarty, Phys. Revi@15529 (1993)
8. J. Hu, H.-K. Mao, J. Shu, and R.J. HemleyHigh pressurescienceandtechnology-1993

edited by S.C. Schmidt, J.W. Shaner, G.A. Samara, and M. Ross, part 1, pp 441, (AIP press,
New York, 1994)

9. H.S. Carslaw and J.C. JaegerConductionof Heatin Solids (Clarendon, Oxford, 1959)

10. C.S. Yoo, N.C. Holmes, M. Ross, D.J. Webb, and C. Pike, Phys. Rev7Qe3931 (1993)

11



11.

12.

13.

14.

15.

16.

R.J. Hemley, H.K. Mao, G. Shen, J. BadroGHet, M. Hanfland, D.HasermannScience
276, 1242 (1997)

H.K. Mao, Y. Wu, L.C. Chen, antlF. ShuandA.P. Jephcoat, JGeophys. Re5, 21737
(1990)

A.F. Wells, inStructuralinorganicChemistry Ch 27, pp 939, (Clarendd®ress, Oxford,
1975)

T.S. Duffy, R.J. Hemley, and H.K. Mao, Phys. Rev. [&t1371 (1995)
Y. Fei, H.K. Mao, J. Shu, and J. Hu, Phys. Chem. Minek8|<i16 (1992)

A.P. Jephcoat, R.J. Hemley and H.K. Mao, Physi@¢&@@115 (1988)

12



Technicallnformation Departments Lawrence Livermore National Laboratory
University of California « Livermore, California 94551




