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Abstract. Applying external heating reduces tem-
perature gradients in the laser-heated diamond cell by
roughly a factor of two as the external temperature
is raised by 300 K. A heat conduction model is pre-
sented which can account for most of the reduction. In
addition, the temperature distribution measured in a
(Mgo.s6Feo.14)S103 perovskite sample at 56 GPa is com-
patible the expected inverse temperature-dependence of
thermal conductivity.

Introduction

The laser-heated diamond cell is an important tool for
experimentally reproducing the pressures and tempera-
tures of the Earth’s deep interior. The temperature dis-
tribution that is achieved in the diamond cell depends
both on the experimental conditions and on the physical
properties of the sample, however. In the present study,
we combine external heating with laser heating, and
measure the temperature distribution inside the laser-
heated diamond cell at different background tempera-
tures. Our primary objective is to develop techniques to
reduce temperature gradients within laser-heated sam-
ples. A thorough understanding of the temperatures
inside the laser-heated diamond cell can help improve
the use of this instrument, as well as yielding quan-
titative information about material properties at high
pressures and temperatures.

Experimental Methods

The diamond cell used in this study is of a lever-type
described by Ming et al. [1987]. The diamond anvils

Copyright 1996 by the American Geophysical Union.

Paper number 96GL03648.
0094-8534/96/96GL-03648$05.00

are glued with high-temperature epoxy onto WC rock-
ers which in turn are fixed onto a piston and inside a
cylinder. A resistance heater made of Pt wire is placed
around the anvils, hence is external to the sample, and
heats the diamonds, gasket and sample. The piston
and cylinder are made of a high-temperature alloy (In-
conel 718) in order to minimize temperature-induced
deformation of the cell during prolonged heating. In
addition, circulating water keeps the body of the cell
cool, hence further stabilizing the sample pressure. The
background temperature is monitored with a Pt/Pt-Rh
thermocouple attached to one of the diamond anvils.
This thermocouple is independently calibrated against
an internal thermocouple embedded inside the sample
chamber, as described by Ming et al. [1983] and Li and
Jeanloz [1987].

The laser-heating system consists of a 25 W continu-
ous-wave Nd:YAG laser operated in TEMyo mode, as
described by Heinz and Jeanloz [1987a]. The thermal
radiation of the sample is measured using a CCD de-
tector over the wavelength range of 400 - 900 nm, and
the radial temperature distribution is obtained using
an inverse Abel transform combined with a gray-body
fit to the thermal radiation [Heinz and Jeanloz, 1987a;
Jeanloz and Kavner, 1996].

The starting sample is a natural enstatite of compo-
sition (Mgg seFeq.14)SiO3 from Bamble, Norway. The
finely ground sample was contained in a spring-steel
gasket having a hole ~120 ym in diameter, along with
a thin layer of ruby powder placed on top of the sample
for pressure calibration. For the present experiments,
the sample pressure was 56(+£10) GPa. The starting en-
statite is first converted to the high-pressure perovskite
phase by laser heating, as described by Li and Jeanloz
[1990]. Then background temperatures are varied using
the external heater, and the sample is further heated
at different background temperatures by means of the
Nd:YAG laser.
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Results

We measured the temperature distribution within the
laser-heated sample at background temperatures, T,
ranging from 295 K (room temperature) to 605 K. At
higher temperatures we risked damaging the diamonds.
A selection of the measured thermal-radiation profiles
obtained at different background temperatures, Tg, is
shown in Fig. 1a. As is evident from the raw data, the
width of the thermal-radiation profiles increases rapidly
with increasing Tp. Assuming constant emissivity of the
sample, the corresponding temperature profiles also be-
come wider as Ty increases (Fig. 1b). The broadening
of the intensity and temperature distributions with in-
creasing Ty is relatively independent of the power of
the focussed laser beam. Thus, for fixed T, the width
of the hot spot also remains unchanged even when the
laser power is changed considerably: see the intensity
profiles at 590 and 597 K in Fig. la (changes in laser
power are reflected by changes in peak amplitude). In
contrast, when Ty is changed at constant laser power,
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Figure 1. (a) Measured intensity of the emitted
thermal-radiation across the laser-heated spot, I(A,z)
[see Jeanloz and Kavner, 1996]; background tempera-
ture achieved by external heating is indicated on the
right. For clarity measurements are shown only for the
wavelength with maximum intensity at the peak tem-
perature. All profiles are plotted at the same scale,
and offset from each other to avoid overlap. (b) Cor-
responding temperature distributions, T'(r), for back-
ground temperatures of 295 and 602 K. Temperatures
are obtained by inverse Abel transform of intensity
measurements [Heinz and Jeanloz, 1987a]. Curves in
(a) and (b) are Gaussian fits to the data.
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Figure 2. Maximum temperature gradient (see Fig.
1b) normalized by the peak sample temperature as a
function of background temperature. Dashed curve is
a least-squares fit to all the data. Solid curve is the
prediction of the heat conduction model with k¥ < 1/T'
(see text).

the width of the hot spot changes correspondingly (e.g.,
profiles at 510 and 590 K in Fig. 1a).

All the temperature profiles were fit with Gaussian
functions (e.g. Fig. 1b). In order to quantify the ef-
fect of external heating, we determine the maximum
temperature gradient (calculated from these Gaussian
functions and normalized by the peak sample tempera-
ture) as a function of Ty (Fig. 2), for profiles with peak
temperatures ranging from 2200 to 2800 K. Tempera-
ture gradients are reduced by nearly a factor of 2 as the
background temperature increases from 300 to 600 K.

Discussion

The temperature distribution within the laser-heated
sample can be modeled based on the thermal diffusion
equation [e.g., Bodea and Jeanloz, 1989],

pC’a—Tzv-kVT+A, (1)
ot

where T, p, C and k are temperature, density, spe-
cific heat and thermal conductivity of the sample. The
absorbed power density is described by A. Since the
laser-beam power in TEMgo mode is Gaussian, and di-
electric samples are typically optically thin, A can be
approximated as

A(r) = Age= /R, (2)

where R = 16(£1)pm is the radius of the focussed laser
beam [Williams et al., 1991].

Assuming a static solution with axial symmetry, (1)
becomes

or o0
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k ko = —A(), (3)

where r and z are the radial and axial directions, respec-
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tively. As the radial dimension of the sample is much .

greater than its thickness, the axial portion of equation
(3) can be separated out to yield a one-dimensional con-
duction equation:

o ,0T

—k——=- . 4

0z 0z Alr) 4)
Due to the high thermal conductivity of the diamonds,
the sample-diamond interface should be approximately
at the background temperature [Bodea and Jeanloz,
1989; Manga and Jeanloz, 1996], so that

T=T, at z==%L (5)

where L represents the half-thickness of the sample. For
hot spots with peak temperatures less than 4000 K,
the integrated measurement of temperature across the
thickness of the sample is within 10% of the maximum
temperature between the anvils, even if the emissivity
is strongly temperature-dependent [Manga and Jeanloz,
1996]. For simplicity, we assume the measured temper-
ature is exactly equal to the maximum value between
the anvils at z = 0.

We consider three models for the thermal conductiv-
ity of the perovskite sample: k¥ = constant, k o« T°
which corresponds to radiative heat transfer in the dif-
fusion limit [e.g., Zel’dovich and Raizer, 1967], and
k o« 1/T which describes heat transfer by phonons at
high temperatures [e.g., Berman, 1976]. For all three
models, analytical solutions can be obtained; for exam-
ple, if k o« 1/T, the temperature distribution is given
by

T exp[—(r/R)?]
T ) ©)

where Ty, is the peak temperature in the sample.

In Fig. 3 we compare model predictions and observa-
tions at a background temperature of 295 K. Contrast-
ing results from the three conductivity models, it is clear
that the data are best matched by assuming a ther-
mal conductivity varying inversely with temperature,
as expected in non-metals in which thermal conduc-
tion is due to phonon transport [Berman, 1976]. The
temperature-dependence of A can further modulate the
temperature distribution. If A increases with increas-
ing temperature [e.g., Fukao et al., 1968; Mitra, 1985],
the temperature profile becomes more sharply peaked;
in fact, a model with k& = constant and A o< T' provides
an equally good fit to the data in Figs. 2 and 3.

It should be noted that the phonon scattering pro-
cesses determining thermal conduction at temperatures
greater than the Debye temperature (Tp), with k o
1/T, are different from those acting at low tempera-
tures; the latter result in log(k) o< Tp/T , and k oc T
at still lower temperatures [Berman, 1976, pages 48 and
56-58]. Osako and Ito [1991] reported measurements
of the thermal diffusivity of MgSiO3 perovskite in the
range 160-340 K, a temperature range far below the
Debye temperature of 1030 K [Akaogi and Ito, 1993].
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Figure 3. Experimental (solid circles) and theoreti-
cal (curves) temperature distributions across the laser-
heated spot at a background temperature equal to room
temperature. The solid curve is calculated for k < 1/7;
the dashed curve is for £ = constant; the dotted curve
is for k oc T3. The curves are not fit to the data, but
are calculated independently.

Their diffusivity data, combined with the specific heat
data of Akaogi and Ito [1993], imply a thermal con-
ductivity that is nearly constant over the temperature
range of their study. This can be understood in terms
of the phonon mean free path, which gives a measure
of the distance over which energy is exchanged between
phonon modes. At temperatures below a few hundred
K, the mean-free path of phonons can be several mm
for non-metallic crystals, so that in small samples, the
mean free path of phonons, and consequently k, ap-
proach a constant determined by the sample size and
geometry [Berman, 1976, pages 13-14]. Indeed, the size
of the polycrystalline sample studied by Osako and Ito
[1991] was about 1 mm. Therefore, the constant ther-
mal conductivity derived from the measurements of Os-
ako and Ito [1991] and Akaogi and Ito [1993] is consis-
tent with an extrinsic value that is governed by the
sample size, rather than reflecting intrinsic properties
of perovskite.

The model described by (6) predicts that profiles be-
come broader as Ty increases (Fig. 4). The model is
also in reasonable agreement with the experimental ob-
servations summarized in Fig. 2 (model predictions are
shown with a solid curve for T,,, = 2500 K), which fur-
ther supports k o< 1/T'; for example, if k¥ and A are con-
stant, then the maximum temperature gradient in Fig.
2 is independent of Ty. The model tends to underesti-
mate the reduction of temperature gradients, in partic-
ular, for the four measurements with the highest back-
ground and peak temperatures in Fig. 2 (solid points).
Thus, external heating may be more effective at reduc-
ing temperature gradients than anticipated from the
model. Alternatively, temperature profiles can become
wider if absorption decreases significantly at the cen-
ter of the hotspot (in this case for temperatures greater
than about 2600 K). For example, because absorption
depends strongly on iron content, these results are com-
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Figure 4. Temperature distribution across the hot
spot for different background temperatures using the
thermal conductivity model k o< 1/T.

patible with Soret diffusion of iron from the center of the
hotspot to colder regions of the sample as the melting
temperature is approached. Soret diffusion is sometimes
observed in laser-heated perovskite samples [e.g., Heinz
and Jeanloz, 1987b], although no visible signs of iron
migration were detected in the current experiments.

Concluding remarks

The use of an external heater can reduce tempera-
ture gradients by up to a factor of two for only modest
(300 K) increases in the background temperature, and
thus may improve the accuracy of temperature measure-
ments. The shape of measured temperature profiles and
the reduced temperature gradients is compatible with
the thermal conductivity being inversely proportional
to temperature, as expected in non-metallic materials
at high temperatures.
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