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Finite element simulations of the laser-heated diamond-anvil cell
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Axial and radial temperature gradients in the laser-heated diamond-anvil cell are examined using
finite element simulations. Calculations are carried out for an optically thin silicate or oxide sample
separated from the diamonds by an insulation medium and heated by g, TEdde from an
infrared laser. The peak temperature of the simulations was chosen to be a representative value
(2200 K) and sample dimensions are typical for experiments in the 20—50-GPa range. The distance
between the anvils is 3@m. The total temperature drop across the sample in the axial direction is
controlled by two parameters: the filling fractigimickness of sample/distance between amatsd

the ratio of thermal conductivity between the sample and insuldgik,). The results of the
numerical calculations agree well with a one-dimensional numerical model. For a sample filling
fraction of 0.5, the axial temperature drop will range from about 1000>5%) for a thermal
conductivity ratio of 1 to about 200 K<10%) for a conductivity ratio of 10. If the conductivity

ratio between sample and insulator is reduced to 1, then a sample filling fraction of less than 0.1 is
required to keep the axial temperature decrease to be less than 10%. The effects of asymmetric
samples and variations in absorption length are also examined. For a given gasket thickness and
conductivity ratio, we find that radial gradients are minimal at a filling fraction of about 50% and
then increase at higher and lower filling ratios. The anvil surface remains close to room temperature
in all calculations. Our results demonstrate that reduction of axial temperature variations in
optically thin laser-heated samples requires the use of thick, low thermal conductivity insulation
media. ©2005 American Institute of PhysidDOl: 10.1063/1.1906292

I. INTRODUCTION profile in LHDAC addressed the steady-state heat-flow prob-

. . lem under the assumption of constant thermal conductivity
The laser-heated diamond-anvil cllHDAC) has been ¢ components and no insulating medi@friThis work

a major tool for stud_ylng the stqtlc h|gh-prgs§ure and .hlgh'established that large temperature gradients are expected and
temperature properties of materials since its introduction in

19741 An important feature of this device is that it can reachmade quantitative estimates of their magnitude. Such calcu-

conditions exceeding even 100 GPa and 2500 K and thus Ilgtlons show that heat flow is controlled radially by the shape

the only static device capable of investigating deep planetar nd the dimension of the laser beam and axially by heat loss

interiors. In recent years, the LHDAC has been used to de' the diamonds. A series of later studies further developed
termine .phase boundariés in silicafedmelting curves of these results using semianalytical solutions to the heat-flow

metals and silicate®? melt structures at high-T 2 phase equatior”™>?*Finite elemerff and finite differenc® simula-
changes at uItrahigh’press&f‘é“element partition,indg’ and tions have also been used to investigate the temperature dis-

high-temperature equations of st&é” In addition to these tribution, thermal pressure, equilibration time scales, and
in situ experiments, laser heating is also widely used forduench rates in the LHDAC. _
high-pressure sample synthesis and relaxation of differential N recent years, a number of experimental developments
stress. in laser-heating methods and accompanying analytical tech-
In the laser-heating technique, the sample is heated by didues have been adopted. For the sample assemblage, this
infrared laser while under compression in a diamond-anviincludes the widespread use of insulation layers between the
cell (DAC). Temperatures are measured by Spectrosample and diamonds together with efforts to achieve
radiometry21The sample in a diamond-anvil cell is small, thicker sample¥ and the double-sided hot-plate technidlie.
with typical dimensions of-10x 50 um?. The small sample Improved heating techniques include the introduction of new
size together with the close proximity of the heat-absorbindaser types, temperature control systerfi§i>** double-
diamond anvils means that strong axial and radial temperzsided heating, and non-Gaussian laser mddekaser-
ture gradients can develop in this device. These variationbeating systems have now been developed at synchrotron
can create large uncertainty in measured temperatures.  x-ray facilities forin situ high P-T diffraction and spectros-
The numerical calculations to simulate the temperatureopy experiment3>’A more recent series of semianalytical
heat-flow calculations have examined some effects of

dAuthor to whom correspondence should be addressed; Electronic maift"har‘ges in sgmple configura_tion on temEOerature gradients
bkiefer@nmsu.edu and the resulting x-ray diffraction patter?%‘.
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In this paper, we examine the thermal structure of the ‘/DAC axis
laser-heated diamond-anvil cell by using finite elem() — Lasar
simulations. Previous FE simulatidfisave shown the use-
fulness of this technique but have examined only a narrow
range of parameters. Here we expand this to include system- )
atic study of the effect of variations in insulator thickness Diamond
and thermal conductivity of sample and insulator. Numerical -
simulations are well suited to cope with the growing com- Insulation
plexity of laser-heating experiments. More complex sample Sample Gasket
geometries can be readily incorporated in simulations, and
pressure and temperature effects on material properties can
be included, thereby reducing the number of approximations.
Time-dependent calculations could also be carried out to Diamond
gain insights into thermal evolution during laser-heated
diamond-anvil cell experiments.

1I. COMPUTATIONAL METHOD FIG. 1. Schematic illustration of showing(g,z) slice through the simula-
tion domain. The shaded region represents the radius of the laser beam.

Solutions to the heat-flow equation were obtained LISing‘fyplcal dimensions and material parameters are specified in Table I.

the finite element softwareLEx-PDE (3.03, PDE Solutions,

Inc.). This program solves three-dimensional time-dependeriortion of the diamond and the gasket lead to negligible
partial differential equations including nonlinear and coupledeffects on the calculated thermal structdess than 1 K
systems. A particular feature of this software is automatic ~ All calculations were performed for optically thin
grid adjustment during program execution in order to resolvésamples and the optical absoeron length was fixed at
large gradients. We assume cylindrical symmetry of the dia200 um, following Dewaeleet al?® This approximation is
mond cell assembly and planar material boundaries perpetistified by the measured optical absorption lengjhof di-
dicular to the DAC axis. We neglect the effect of radiative €lectrics that is found to be in the range of
heat transfer as this has been shown to be several orders H0—16 um?***** usually much larger than the sample
magnitude less efficient than diffusive heat transfer at peakhickness( hs)- Therefore, the power density of the heating
temperatures of 2200 K% We also neglect thermal equili- 1aser beam depends only on the radial distance from the
bration times which are expected to be on the order of théAC axis and is uniform along the axis of the sample. In this
thermal diffusion time scale, tens of milliseconds for typical case, the volumetric heating rate of the laser that describes
sample sizes in LHDAC experimerfts This time scale is the source term in the heat equatifiéq. (1)] can be de-
several orders of magnitude lower than the experimenta$cribed asA(r,z)=hgQ(r)/I. Q(r) is the integrated power
time scale. Thus it is the long tinsteady-statesolution of ~ density of the laset, is the optical absorption length, ahd

the heat equation that is relevant for the thermal structure if the sample thickness. The power densities of the heating
LHDAC experiments. The problem then reduces to thelaser were modeled as TElyl(gaussiahor TEMy,; (donuj

steady-state heat equation in cylindrical geometry laser modes with radial power densitfés:
19 _ T o, _dT IR 2
Lo an 2 =ac,2), @ AP @
ra gz oz
Q(r.2) = Qurle™ . (3)

wherer, z, T, and k(T) are the radial coordinate, vertical
coordinate, temperature, and thermal conductivity, resped=or the TEMy mode,R, the waist width of the laser beam is
tively, and A(r,2) is the volumetric heating term that de- related to the full width at half maximuniFWHM) as
scribes the interaction of the heating laser with the sampldfWHM=0.833X R. For TEM,,;, R, is the separation of the
Across all internal material boundaries the temperature anthaxima of the power density. The prefac@yis determined
heat flow are assumed to be continuous. In addition, the tentiteratively) such that the maximum temperature in each
perature on the outermost limits of the simulation domain

were set to ambient temperature. TABLE I. Typical model dimensions and input parameters.
The experimental geometry and computational grid are
shown in Fig. 1 and material dimensions and properties are i ik Tzem?ﬁ‘_'
given in Table I. The heat-flow equation is solved for fixed . adius lckness  conductivity®
Component Material (pm) (um) (W/m K)
volume. Depending on the detailed material parameters and
DAC geometry, up to 3000 nodes were used in the simula- Sample Silicate/oxide 30 3-30 2-20
tions. A sufficient portion of the diamond anvil85 um) Insulator ~ Argon, AJOs <50 0-27 0.8-2; 45
was included in the simulation domain in order to satisfy the Gasket Steel 58R=<150 30 20
Anvil Diamond 150 85 500

room-temperature boundary condition along the outer
boundary. We find that doubling the size of the included®Thermal conductivities at 300 Kfor explantion see text
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simulation is 2200 K. The FWHM20 um) for the TEM,y K(’):7.24f52 In contrast with oxides and silicates, the pre-
mode was adopted from Dewaadeal®® It is also assumed dicted thermal conductivity enhancement between 0 and
that the insulation medium is completely transparent to the80 GPa is much higher due to the larger compressibility of
laser beam. argon. We obtain a factor of 70, leading to values kof

A significant advantage of this finite element approach is=0.8—2 W/m K at 30 GPa and 300 K. A very recent theo-
that the temperature dependence of material parameters cegtical studf]3 shows that the thermal conductivity of argon
be readily incorporated. The temperature dependence of ttai ambient temperature may be as high as 18 W/mK at
thermal conductivityk, is explicitly included here. In gen- 30 GPa. Thus the thermal conductivity of argon may ap-
eral, we have assumed tHdT) =k(298)298/T. The effect of proach or even exceed the thermal conductivity of the
different models for the temperature dependence of thermaample.
conductivity is discussed below. We also neglect any aniso- The temperature dependence of the thermal conductivity
tropy in thermal conductivity. of the sample, the insulating medium, and the sample support

The anvil gap or gasket thickness was taken to beif present was modeled ak=k(300 K)300/T, appropriate
30 um. This is typical for laser-heating experiments atfor our simulations at constant volum&While a variety of
20-50 GPa, a range of relevance for the Earth mantle phaghfferent forms for the pressure and temperature dependence
boundary determination. The gasket hole diameter was a®f the thermal conductivity could be chosen, our results do
sumed to be 10@:m, also typical for laser-heating experi- not strongly depend on the particular model. At a given pres-
ments, but varying this parameter does not greatly affect thgure, it is the ratio of sample to insulator thermal conductiv-
calculations. The varied parameters include the ratio ofty that will turn out to be the important parameter. Thus, the
sample thickneséhg) to gasket thicknesghg) (“filling frac- form of the temperature dependence of the conductivity is
tion”) and the ratio of thermal conductivity of the sample to Not & major factor if both sample and insulator have similiar
insulator. The latter was varied over the ranges given ifemperature dependencies.
Table I. The high thermal conductivity of the diamonds and the

Our results below will demonstrate the importance ofgasket leads to comparatively low temperatures at their in-
thermal conductivities of sample and insulator for determin-erfaces with the insulating medium. Therefore we chose the
ing thermal gradients in the diamond cell. Here we summammeasured_thermal conductivity of diamond at ambient
rize the constraints on pressure and temperature dependerg@nditions;” k=500 W/m K and neglect any pressure effect.
of k that are used to justify the ranges we have adopted fof his assumption is justified posteriorifrom the modeling
these quantities at the-T range of interest. At ambient con- fesults. For the gasket we chdee20 W/m K and neglected
ditions, thermal conductivities generally range betweerfh® témperature dependence for the same reason. While the
1-10 W/m K for typical silicates and oxides, with some ex- phyS|ca_I properties of metals are yqnable, it is expectgd that
ceptions such as AD; (18—39 W/m K, Refs. 43-45and  the choice of the thermal conductivity of the gasket will not
MgO (33-55 W/m K, Refs. 43-46 These two exceptions affect our results. The large separation of the gaskeF from the
are notable since both materials have sometimes been usP@tspot(50 um) and the temperature across the insulator
as insulators in LHDAC experiment&*® At ambient tem- lead to comparatively low gasket temperatures. Therefore,
perature, the thermal conductivity was extrapolated tghe thermal cpnductivity of that gasket will be close to its
30 GPa using a linearized equation of st&@,300 K)  value at ambient temperature.
=k(0 GPa, 300 K[1+(Ky/Ko)P], where  k(P,300 K),
k(0 GPa,300 K, K{, Ko, P are the thermal condugt_ivity al ||| RESULTS AND DISCUSSION
pressure, thermal conductivity at ambient conditions, the
zero pressure bulk modulus, its pressure derivative, and the Figure 2 shows an example of a calculated temperature
pressure of interest, respectivéﬁ/The thermal conductivity distribution in the laser-heated diamond cell. The laser beam
of most oxides and silicates is in the range of 1-10 W/m Kprofile was Gaussian with a FWHM of 20m. The sample
at ambient condition&>** Using the linearized equation of geometry is the same as described previously except that the
state we estimate that the thermal conductivity increases bysulation medium below the sample is,®; whereas that
100%—-200% for most oxides and silicates between 0 andbove and on the side of the sample is argon. In this simu-
30 GPa. This suggests that their thermal conductivities dation, the sample thickne$45 um) is one-half of the gas-
30 GPa and room temperature may be in the range dfet thickness(30 um), corresponding to the 7.am-thick
2-20 W/m K and we chose 8 W/m K as a representativansulation layers on each side. The sample/argon and
value for the sample. Applying the same strategy tgQAl  sample/A}O; thermal conductivity ratios are 10 and 0.18,
leads to 27-59 W/m K at 30 GPa and 300 K and we choseespectively. Despite identical insulation thicknesses, the
45 W/m K as representative of a high thermal conductivityaxial thermal gradients on the top and bottom of the sample
layer. For solid argon, experimental data up to only 100 Kdiffer greatly due to the much higher thermal conductivity of
are availablé®*° Assuming that the thermal conductivitgt ~ the AlLO; insulation layer. The axial temperature drop within
constant pressuyenetween 10 and 100 K can be extrapo-the sample is 70 K on the argon side but reaches 1700 K on
lated to 300 K usindg~ 1/T*° (Refs. 49-51leads to a ther- the Al,O; side. However, the presence of the,®} support
mal conductivity of 0.015-0.027 W/m K at ambient condi- affects temperatures throughout the sample as shown by the
tions. The effect of compressions is estimated using thasymmetry of the radial and axial temperature cont¢iig.
equation of state at ambient temperatufg=3.03 GPa and 2). Laser-heated samples are often probed using x-ray dif-
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FIG. 3. Temperature distribution across the diamond culet interface for ho-

T mogeneous heating. The FWHM was 2t for TEMg, The peak separa-
0 1000 2000 tion of the TEMy; heating mode was 2aAm [see also Eq(2)]. TEMgy,
Temperature (K mode: dashed line, 50% sample filling; Solid line, 100% sample filling.
Smperasre (1%} TEM,; mode: dot-dashed line, 50% sample filling; Dotted line: 100%
sample filling. Inset: radial temperature distribution in the symmetry plane

FIG. 2. (Color) The thermal structure calculated for 50% sample fillifig of the DAC (z=0). The lines have the same meaning as in the main figure.

=0.5, see also Eq5)] when the sample rests on an,@®} support(below)
with argon as an insulator above and on the side. The heating mode was a
TEMg, with FWHM=10 um. The sample consisted of an optically thin f=hoh
dielectric with a diameter of 6@xm, the gasket height was 3@m, and the - 5/ G (5)
sample thickness was Jom.

and describes the fraction of the total thickness between the
fraction at synchrotron sources. The incident x-ray beam iainvils that is occupied by the sample. A filling fraction fof
typically about 10um in diameter and integrates along the =1 means that there is no insulation layer whereas a filling
sample thickness. In order to compare our results more diraction of f<0.5 means that the total thickness of the insu-
rectly with experiment, we calculated the average temperdation material equals or exceeds the thickness of the sample.
ture in a cylinder of diameter 1@m that is aligned with the For samples with appreciable amounts of insulatidn
DAC axis (and the laser beamand extends through the =0.5), the anvil surface temperature increases by only a few

length of the sample: degrees even directly above the central heating spot. These
o results justify our assumption that heat flow in the diamonds
T= 1/\/f T(r,2)dV, (4) can be neglected.
v In a previous numerical study using finite differenéés,

—. . . it was found that high anvil surface temperatures of
whereT is the volumetrically averaged temperatveis the  500_g0g K resulted from laser heating with a Gaussian

x-ray volume of the cylinder, andi(r,2) is the temperature oo of~25-4m waist and for gasket thicknesses between
field obtained from the FE calculatioriB.corresponds to the 15 and 45um. This finding is at variance with earlier nu-
average temperature in the regions sampled by a typicaherical calculations that have reported that the anvils remain
x-ray beam. For the above calculation, we fifid 1480 K,  near room temperatufé.Our calculations support the latter
~33% lower than the 2200-K peak temperature in the caltesults, and the large temperatures of the earlier §fud§1y
culation. These results highlight the importance of a lowbe due to the low resolution of their numerical grid.
thermal conductivity of the insulation medium for minimiz- Axial and radial temperature gradients were calculated
ing axial temperature gradients. Furthermore this shows thats a function of sample filling fraction for a case where the
significant differences may exist between the average tenratio of sample to insulator thermal conductivity at room
perature as sampled by x-rays compared with the radiometriemperature was fixed &t/k,=10. As the filling fraction is
cally determined peak temperature. decreased, the total axial temperature decrease across the
We also investigated the temperature increase that occussimple is reduceld=ig. 4(a)]. The axial temperature gradient
at the diamond/sample interface in simulations with andacross the anvil gap for this symmetric assemblage always
without an insulation mediunfargon in this case(Fig. 3. decreases from the maximum in the middle of the sample to
For a sample without any insulation, the anvil temperaturenear room temperature at the anvils. Thinner samples simply
increases slightly(to a maximum of 318 K for a peak result in more of this temperature drop being achieved in the
sample temperature of 2200 K. We also find that this result isnsulation layer.
unaffected by the heating mode of the laser. Using a §EM We also find a nonmonotonic behavior of the curvature
mode for heating results in almost the same temperaturesf the temperature at the center of the deit0): As the

(Fig. 3. sample thickness increases, initially a larger part of the
The filling ratio is defined as the ratio of sample thick- sample remains at higher temperature up to an optimum
ness to gasket thickness: thickness(f = 0.5, forkg/k;=10) and then the axial tempera-
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FIG. 4. The effect of sample filling ratio on the thermal structure in the LHDAC for a fixed thermal conductivity kgtlg=10. The sample was
symmetrically centered in the diamond-anvil cell and had a diameter pin60the gasket thickness was fixed at3®. The FWHM of the TEN, heating

was 20um. The labels next to the curves correspond to the filling fractions and to the actual sample thi@#esal temperature distribution. Solid lines:

FE simulations; dotted lines: 1d analytical mod#). Radial temperature distribution in the equatorial plane of the DAC. The inset shows the effect on sample
filling on the FWHM. The radial edge is outside the graptRat30 um.

p
ture gradient increases again. This behavior can be rational- To exd4sY(z+ hg/2)/hg]
ized by considering the radi&Qg) and the axialQ,) heat for —hg/2<z<-hg2
flow out of the hotspofradiusR;) and out of the sample, '

Tiax exp{_ S[Z/(hS/Z)]Z}

T@=Y for —hg2=2=hy2, @

(6) Toexd - 4sY(z- hg/2)/hg]
for hd2<z<hg/2.

Qe _ heATeTy
Q; RAT/T,

where ATy, AT,, Tg, T, are the radial temperature change .
across the hotspot, the axial temperature change, the teﬁ'%’-'th
perature on the radial edge of the hotspot, and the tempera-
ture at the sample/insulation boundary, respectively. The - IN(Tma/To) (8)
modeling shows that the radial temperature variatidp/ Tg 1+2Y(1/f-1)°
changes only little with sample filling. In contraafT,/T;
increases monotonically with increasing sample filling.whereY=kg(298 K)/k (298 K) is the ratio the thermal con-
Therefore, the optimum sample filling simply reflects theductivities of the sample and the insulator afvhg/hg is
relative importance of axial and radial heat flow. the sample filling ratioT, . To, hs, and hg are the peak
Radial temperature gradients as a function of filling frac-temperature, reference temperature on the culet, sample
tion are shown in Fig. @). Here we observe similar behav- thickness, and gasket thickness, respectively. In Fig. 5 the
ior as with the axial gradients. For larger sample filling frac-results of the analytical moddbolid lineg are compared
tions (f =50%, forkg/k,=10), the hotspot becomes narrower with the FE simulationgsolid symbol$. Figure 5 shows that
for thicker samples. For a peak temperature of 2200 K wehe axial temperature drop across the sample grows as the
find that the FWHM of the radial temperature profile be-filling fraction increases. For a small thermal conductivity
tween 50% and 90% sample filing decreases fromdifference between the sample and the insulation, the tem-
32.4 to 26.8um, a decrease 6£17%. perature drop increases sublinearly with filling fraction
To investigate this further, we developed a one-(filled squares in Fig. b For the case of a large thermal
dimensional analytical model. The basic components of theonductivity contrast, the temperature drop increases only
model are continuity of temperature and heat flow across thslowly up to sample fillings of =0.75% and then increases
sample/insulation medium interface, that the temperatureapidly (filled circles in Fig. 5. The differences between the
drops to a reference temperature at the culet surface and tHaE simulation and the one-dimensionélD) analytical
the peak temperature is reached in the center of the sampleodel at small sample fillings arise from the larger radial
The thermal conductivities in both sample and insulating metemperature gradients in this cadég. 5(b)] but never ex-
dium were assumed to have the folg=kg(298 K)298/T  ceed 80 K[Figs. 4a) and 5. The analytical model and FE
and k,=k;(298 K)298/T, respectively. The coefficients simulations show that the axial temperature drop across the
kg(298 K) andk(298 K) include the pressure effect on ther- sample depends strongly on both the conductivity ratio and
mal conductivity. With these parameters the solution to thehe sample filling fraction. The axial temperature drop be-
one-dimensional, steady-state heat-flow equation becomestween the center of the sample and the sample/insulating
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FIG. 5. Comparison of axial and radial temperature variations from FE
simulations with the one-dimensional analytical model. The circles and 0 500 1000 1500
squares refer to FE simulations with thermal conductivity ratjo's
=kg(298K)/k (298 K)] of Y=10 andY=1.1, respectively. The heating mode AT (K)

in the FE calculations was TEwith FWHM=10 um. The filled symbols

correspond to the axial temperature decrease between the center and #RKS. 6. (Color) The axial temperature drop across the sample as predicted
edge of the sample. The solid lines are the predictions from the oneby the one-dimensional analytical modAlT =T~ T(z=thg/2) and[Eq.
dimensional analytical model. The open symbols correspond to the volu(7)] and as a function of the thermal conductivity ratieks/k, and the
metrically averaged temperature decrease in a cylinder with am@iam- filling ratio f=hg/hg and uniform heating with TEl) mode. T, was fixed

eter based on the FE results. This simulates the volume that would bet 2200 K.

sampled by an x-ray beam. The dashed lines are guides to the eye.

. . . This assumption breaks down at high sample filling, result-
medium interface can be calculated from the analytlcakng in an interface temperature that is too low in the analyti-
model: cal model. The heating of the same interface also implies a

AT =Tl - exd-9)]. (9) thermal_ grad_ient at the d_iamond interface tha_t is nof[ been

constrained in the analytical model. A closer inspection of
A notable feature of Eq(9) is that the predicted axial tem- the thermal gradient shows that the differences across this
perature drop depends only on the sample filling rdfio interface can account for the remaining temperature differ-
=hg/hg) and thermal conductivity ratio [Y  ence.
=kg(298 K)/k (298 K)]. Accordingly, the axial gradient If the filling fraction isf=0.5, the axial temperature drop
should remain largely unaffected by changlkegvhile keep-  across the sample will range from about 1000 K for a ther-
ing the thermal conductivity ratio and sample geometrymal conductivity ratio of 1 to a value of 200 K for a conduc-
fixed. A contour plot showing how the axial temperature de-tivity ratio of 10. An axial temperature drop 6§10% can be
crease in the sample as a function of thermal conductivityachieved with a sample filling fraction of 0.5 ¥f= 10, but
ratio and filling fraction is shown in Fig. 6 based on the requires a filling fraction of 0.1 i¥=1. Thus, both the fill-

analytical model. ing fraction and the thermal conductivity ratio are critical for
The predictions of the model are consistent with our FEminimizing axial thermal gradients in the laser-heated DAC.
calculations. FixingYy=10 andf=0.5 (50% sample filling The analytical solution also reproduces the nonmono-

we obtain an axial temperature drop from the FE calculationsonic behavior of the axial temperature profile at the center of
of 216 and 207 K fokkg=0.1 W/m K andks=100 W/m K,  the sample as described abd¥ég. 4). The optimum sample
respectively. These results compare very favorably with thdilling (fy,) that minimizes temperature variations close to
analytical prediction of 200 KFigs. 5 and & Increasing the the center of the sample is reached fgy=Y/(2Y-1). For
sample filling to 0.75 leads to axial temperature drops bekgs>k (Y>1), it follows that the optimal sample filling i§
tween 493 and 459 K, again in good agreement with  =~0.5. AsY— 1 and differences between sample and insula-
=505 K as obtained from the analytical model. The comparition decreasef,; shifts towards 1. Fol¥ <1 no optimum is
son of the one-dimensional analytical model and the resultexpected and the curvature is always minimizedffed. It
from FE modeling shows good agreement up to sample fillis noted that the predicted minimum curvature for interme-
ings of at least 75% with differences increasing for higherdiate sample filling in the presence of an insulating medium
sample filling but they never exceed 3.680 K) of the peak has not been observed previously. Panero and Je@Rkfz
temperaturg€2200 K). For low sample filling, the radial heat 38) found a monotonous broadening of the radial tempera-
flow is expected to be dominafq. (6)], an effect not con- ture profile with sample filling using semianalytical model.
sidered in the analytical model. The differences at highOne possible explanation for the differences is thatay be
sample filling are primarily due to the boundary conditionless than 1 in their study, MgO has a very high thermal
that the temperature on the diamond culet is fixed at 298 Kconductivity of 55 W/m K even at ambient conditiofRef.
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43) and no reversal would be expected according to our Insulator on thinning side
anglysis: Therefore, the calculations may apply to different 50% 40% 30% 20% 10% 0%
regions in parameter space. 2000 T T T T

It can be shown that our analytical model reduces to the [
solution given by Manga and Jeanl@zef. 24 for a metallic
foil sandwiched between two dielectric layers in the limit
ks— < for finite k;. In this limit s—0 and the sample be-
comes isothermal witAi's=T,,,, In the dielectric layers we
have —4Y— -2 In(Ta/ To)hs/ (hg—hg), with the identifica-
tion of hg—hg=2L, whereL is the thickness of each dielec-
tric layer, the solution in Ref. 24 is recovered.

The effect of reducing the sample absorption length to
values as low ab=50 um was examined. For heating with a
TEMy, laser mode, the temperature distribution becomes
asymmetrical as expected due to variation in absorption
along the axial direction. However, temperature differences
between the top and the bottom of the sample remain small, Axial shift (um)
less than 100 K. A more detailed analysis shows that the

— _ FIG. 7. The effect of axial sample position on the temperature distribution
average  temperature  drop ATaye=(2Tmax Tiopsample for 50% sample filling and homogeneous heating with the FjEMser

~Thot,sampié/ 2 t_ra_CkS the temperature drop of _the Symmetri-mode. The gasket thickness is fixed ata Circles, (squares axial tem-
cal case to within 4 K. Therefore, the analytical model re-perature decrease on the thinnittickening insulation side. Diamonds:

mains valid even for short optical absorption length as |0ng/olumetrically averaged sample temperature within a cylindrical volume of
: . - 10.um diameter. Dot-dashed line: temperature from the symmetrical one-

a-S t,he average ax,lal tgmperature dr,Op .IS ConS|derEd_' Thg?mensional model. The solids lines are guides to the eye.

finding can be rationalized by considering the functional

; . ~1— 2
from of the absorption length: efe/l) ~1-2/1 +O((2/1)%) Nd:YAG or Nd:YLF layers to heat metallic samples or trans-

which is antisymmetric with respect to the equatorial plane . . .
of the DAC. The same conclusion is reached for the Volu_parent samples that have been mixed with a laser absorbing

metrically averaged temperature. Reducing the absorptiogzﬁd?omn(:Kfo'calgophtrﬂug‘r;nI;h;rl]atttﬁ rrT?:s?],oLtjr;forP i'%_ i
length from|=200 um to 50 um lowers the volumetrically - ughou P 9 y PRly. Mow

, ) i ever, the amount of laser absorbing medium used in different
averaged temperatuid) in a cylinder of diameter 1&m o, eriments is quite variable, and our simulations are likely
from 2033 to 2021 K, by only 0.3%.

. ) ) to remain relevant for many of these experiments which of-
Experimentally it is difficult to realize a perfectly Sym- oy \ise very small amounts of absorbing medium. In future
metrical arrangement of the sample with respect to the d'a\hork, examination of a wider range of sample geometries

mond culets n th_e axial direction, and some d_egree of ax'aﬁlncluding those relevant to several different methods of
displacement is likely to occur. The FE simulations allow usy4-yaG heating will be reported

to calculate the effect of an axially displaced sample_on the The above discussion also highlights the importance of
temperature field. As expected, a perfectly symmetrical arg,q thermal conductivity ratio between the sample and the
rangement leads to the lowest temperature gradients. An ifaq 1ator. However, highP-T values of thermal conductivi-

creased axial sample shift leads to a more asymmetrical ey are generally poorly constrained despite the recent ex-
perature field (Fig. 7) and the total temperature drop oimental and theoretical advanG&S® At very high pres-

increases(decreasgson the side of the sample where the g, o5 conductivity differences among silicates, oxides, and
insulation is thmnmg[_thlckemng. However! asinthe case of are gas solids may be greatly diminished, thereby increasing
the reduced absorption length, the effect is self-averaging. Adxial temperature gradients. Better understanding of thermal

a result, the average temperature as sampled by /anio_- conductivity is needed to better constrain diamond cell tem-
diameter x-ray is only weakly affected by the exact ax'alperature gradients.

positioning of the sample. For example, changing the insula-
tion thickness from 50%symmetrig¢ to 10% on one side IV. SUMMARY
(such that the sample is 1/6m from one of the diamond
culet9 while maintaining the total insulation thickness low- Finite element simulations of the temperature field in the
ers the average temperature from 2000 to 1825 K. Thereforéaser-heated diamond cell have been used to determine the
exact positioning of the sample in the center of DAC is of parameters that control the axial and radial temperature gra-
secondary importance and will contribute strongly to thedients. We have performed simulations for a typical experi-
axial temperature gradients only in the cases for which thenental geometry consisting of an optically thin sample sepa-
insulation is very thin<2 um). rated from the diamond anvils by an insulation medium of
The simulations reported here apply to optically thinvarying thickness and heated using the Gaus$idEiM)
samples. This is most directly applicable to the case of COmode from an infrared laser. Simulations were carried out for
laser heating of Fe-free oxides and silicates or Nd: Yttriuma peak sample temperature of 2200 K. Temperatures on the
aluminum garne{YAG) or Nd:YLF heating of Fe-bearing diamond culet remain close to ambient temperature indepen-
silicates and oxides. Other laser-heating experiments usdent of the laser-heating mode and the sample filling.

AT (K)
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