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Laser heated diamond cell system at the Advanced Photon Source
for in situ x-ray measurements at high pressure and temperature

Guoyin Shen,a) Mark L. Rivers, Yanbin Wang, and Stephen R. Sutton
Consortium for Advanced Radiation Sources, University of Chicago, Chicago, Illinois 60637

~Received 10 July 2000; accepted for publication 2 October 2000!

We describe a laser heated diamond anvil cell system at the GeoSoilEnviroCARS sector at the
Advanced Photon Source. The system can be used forin situ x-ray measurements at simultaneously
ultrahigh pressures~to .150 GPa! and ultrahigh temperatures~to .4000 K!. Design goals of the
laser heating system include generation of a large heating volume compared to the x-ray beam size,
minimization of the sample temperature gradients both radially and axially in the diamond anvil
cell, and maximization of heating stability. The system is based on double-sided laser heating
technique and consists of two Nd:YLF lasers with one operating in TEM00 mode and the other in
TEM01* mode, optics to heat the sample from both sides, and two spectroradiometric systems for
temperature measurements on both sides. When combined with an x-ray microbeam~3–10 mm!
technique, a temperature variation of less than 50 K can be achieved within an x-ray sampled region
for longer than 10 min. The system has been used to obtainin situ structural data and high
temperature equations of state on metals, oxides, and silicates to 3500 K and 160 GPa.
© 2001 American Institute of Physics.@DOI: 10.1063/1.1343867#
d

in
in

ts
-
re

-
a
to
t

nt
e

b
ie
-

m

o

rce

he

nd

y,
h

tal
wer
r-
uld
le
wer
two
m

t at
e of
ted.

teri-

The

i-

area
de
-

I. INTRODUCTION

As a unique method to reach ultrahigh staticP–T con-
ditions ~P.100 GPa,T.1500 K!, the laser heated diamon
anvil cell ~LHDAC! has been widely used for highP–T
studies1–5 such as syntheses of highP–T phases,2,6 phase
transition studies,7,8 high pressure melting,7,9,10andP–V–T
equations of state.11,12 Major advances have been made
the LHDAC technique in the last two decades in heat
capability,4,13 temperature measurement,4,14 temperature
control,15,16 and minimization of temperature gradien
within the sampling region.17,18 The last is especially impor
tant for the application of this technique to x-ray measu
ments on a heated sample at high pressures. Recently
LHDAC has been combined within situ x-ray diffraction at
high P–T.5,12,19,20The high brilliance of synchrotron radia
tion allows control of the x-ray beam to a size smaller th
that of the laser heating spot, but still with enough pho
flux to accurately measure x-ray diffraction and to conduc
variety of x-ray spectroscopy measurements.

There are several critical issues in LHDAC experime
with synchrotron radiation.~1! The heating spot must b
much larger in size than the x-ray beam;~2! temperature
gradients in both the radial and axial directions should
minimized to be less than other experimental uncertaint
e.g., diffraction accuracy;~3! a steady temperature is re
quired for the x-ray measurement;~4! the micro-x-ray beam
should be well collimated to avoid contamination fro
strong scattering by surrounding materials~e.g., gasket!; and
~5! the pressure and temperature of the sampling area sh
be well controlled and determined.

Here we report a new LHDAC facility at the
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GeoSoilEnviroCARS sector at the Advanced Photon Sou
~APS!. The design goals of our system are to

~1! provide a sufficiently large heating spot relative to t
x-ray beam,

~2! minimize sample temperature gradients both radially a
axially,

~3! control and measure temperature precisely and easil
~4! perform in situ x-ray measurements at controlled hig

P–T conditions.

II. LASERS

Criteria for choosing a heating laser include the to
power, beam divergence, stability, wavelength, and po
distribution ~mode structure!. Diamond has the highest the
mal conductivity among known materials. Lasers sho
have sufficiently high power with low divergence to be ab
to focus down to a desired size and to have enough po
density to heat samples at high pressure between the
diamond anvils. Lasers with high power stability and bea
pointing stability are essential for producing a heating spo
steady temperature and at a constant position. The choic
laser wavelength depends on the materials to be hea
Nd:YAG and Nd:YLF lasers with 1.064 and 1.053mm
wavelengths, respectively, are often used for opaque ma
als, while CO2 lasers~wavelength of 10.64mm! are applied
for transparent samples, such as oxides and silicates.
fundamental mode (TEM00) of the laser is often used4,21,22

for LHDAC because it provides a laser beam with low d
vergence and high stability. The drawback of using a TEM00

mode laser is the temperature gradient in the heated
resulting from the Gaussian intensity distribution. Multimo
lasers17 can provide a relatively flat top in the intensity pro
3 © 2001 American Institute of Physics
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1274 Rev. Sci. Instrum., Vol. 72, No. 2, February 2001 Shen et al.
FIG. 1. ~Color! Beam profiles in two dimensions of Nd:YLF lasers measured by a laser beam analyzer~Spiricon, LBA-300PC!. The vertical axis is the power
intensity. ~a! TEM01* ~donut! mode; ~b! TEM00 Gaussian mode;~c! TEM01* 1TEM00; ~d! multimode. Note that a flat top~c! in power intensity can be
constructed by combining two lasers~a! and ~b!, compared to the multimode laser which has at least 20% power fluctuation at the top.
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file. However, compared to single mode lasers, multimo
lasers have a relatively large beam divergence, power in
bility, and beam pointing instability.

We have developed a laser heating system consistin
two Nd:YLF lasers with one operating in the TEM01* mode
@donut mode, Fig. 1~a!# and the other in the TEM00 mode
@Gaussian mode, Fig. 1~b!# with maximum power of 65 and
50 W, respectively. The combined beam of the two Nd:Y
lasers provides a total power of 105 W, comparable to tha
multimode lasers and more than three times larger than
of generally used TEM00YAG ~or YLF! lasers. The YLF
lasers provide sufficient collimation for our focusing requir
ments and the power stability and especially the point
stability are superior to those of YAG lasers. More impo
tantly, the two-laser system allows us toconstructa desired
beam profile and, as a consequence, a laser heating spo
Downloaded 18 Sep 2001 to 128.135.12.21. Redistribution subject to A
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a minimum radial temperature gradient in the center a
~;20 mm in diameter! is achieved. This tunability is crucia
because the power mixing ratio of the two lasers depe
strongly on the material being heated. Figure 1 shows
intensity profiles measured from these two lasers. By adj
ing the power ratios of two lasers, a flat top in power inte
sity can be reached@Fig. 1~c!#.

III. OPTICS

A. Heating optics

A schematic diagram of the optical system is shown
Fig. 2. The guiding optics include power regulators, las
power controller, combining optics, laser power detect
beam splitter, and focusing optics. The two YLF lasers o
erate in continuous wave~cw! mode, with the TEM00 mode
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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1275Rev. Sci. Instrum., Vol. 72, No. 2, February 2001 Laser heated diamond cell at APS
laser vertically polarized and the TEM01* laser horizontally
polarized. The polarized beam makes it possible to regu
laser power by changing the polarization direction. The la
power regulator consists of a wave plate~wp!, a cube beam-
splitter ~bs1!, and a beam stop~bs!. The two laser beams
with different polarization are combined into one by a cu
beamsplitter~bs2!. Before combining the two lasers, a las
power control system~Cambridge Research Inc.! is installed
in the path of the TEM01* laser. Two photodiodes~pd! behind
mirrors monitor the output power of each laser. The co
bined beam is steered by two mirrors and is split into two
a 50/50 nonpolarizing beamsplitter~bs3!. Each branch is
then reflected by a dichroic mirror~m5! which reflects
.99.9% of the 1.053mm laser light and transmits.90% of
the visible portion of the spectrum. An apochromatic obje
tive lens~L1, f 560 mm! is used to focus the beam onto th
sample. A beryllium or glassy carbon mirror~m6! coated
with silver is employed between the objective lens and
sample. This mirror is used to guide the laser beam
receive the sample image and thermal radiation sign
while allowing x rays to pass through for various x-ray me
surements. More discussion of the mirror~m6! is given be-
low in Sec. VI.

B. Optics for temperature measurement

The sample image and its thermal radiation are collec
by the laser-focusing apochromat~L1! and focused onto a

FIG. 2. Schematics of the double-sided laser heating system at
GeoSoilEnviroCARS sector at the APS. be1, be2: Zoom beam expa
~Special Optics!; bs1, bs2: polarized cube beamsplitter~Newport!; bs3: non-
polarized 50/50 cube beamsplitter~Newport!; bs4: 50/50 neutral beamsplit
ter ~Optics for Research!; bs5: 90/10 pellicle beamsplitter~Newport!; ccd
camera: Panasonic CCD camera, WV CP-612; ccd: CCD detector~TE-1100
PB, Princeton Instruments! ~Roper Scientific!; DAC: symmetrical diamond
anvil cell ~Ref. 18!; L1: apochromatic objective lens, 60 mm focal leng
~US Laser!; L2: achromatic lens, 1000 mm focal length~Oriel!; LPC: laser
power controller~Cambridge Research Instruments!; m1: dichroic mirror,
reflecting ~.99%! vertical polarized laser beam at 1053 nm~Photonics!;
m2: dichroic mirror, reflecting~.99%! laser beam at 1053 nm~Photonics!;
m3, m5: dichroic mirror, reflecting~.99%! laser beam at 1053 nm an
transmitting visible light~.90%! ~Optics for Research!; m4: dichroic mir-
ror, reflecting~.99%! laser beam at 1053 nm and visible light~.40%!
~New Focus!; m6: beryllium or glassy carbon mirror coated with silver; m
Al coated mirror~Newport!; nf: notch filter~HNPF-1064.0–2.0, Kaiser Op
tical System!; pd: photodiode for monitoring the laser power; PMT: phot
multiplier tube ~Hamamatsu!; sp: spectrograph~Holospec f /2.2, Kaiser!;
wp: wave plate~Newport!.
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te
r

-
y

-

e
d

ls,
-

d

charge coupled device~CCD! with an achromatic lens~L2,
f 51000 mm!. L1 and L2 provide magnification of abou
173. A 50/50 beamsplitter~bs4! is used, with one transmit
ted branch for viewing by a CCD camera and the reflec
branch for spectroscopic measurement~sp!. Use of the re-
flected branch avoids introducing chromatic aberration. O
tics in the whole path for temperature measurement includ
mirror ~m6!, an apochromatic lens~L1!, a dichroic mirror
~m5!, a notch filter~nf!, and a 50/50 neutral density beam
splitter.

Figure 3 shows a typical system response of the opt
The dichroic mirror reflects the laser beam and transmits
thermal radiation signal. This mirror introduces some int
ference color in the spectra collected~Fig. 3!. By replacing
the dichroic mirror with a notch filter~Kaiser Optical Sys-
tem!, the interference color can be minimized~Fig. 3!. The
notch filter has excellent transmission~.95%! in the visible
and up to a wavelength of 900 nm, but the reflectivity at t
laser wavelength~1.053mm! is only about 95%, compared t
.99% reflectivity for the dichroic mirror. When applied wit
full laser power, notch filters may be damaged.

The path from the dichroic mirror to the sample positi
is coaxially aligned to the heating laser path. If the incide
beam is normal to the diamond anvil surface, this coax
arrangement ensures that the thermal radiation signal is
lected from the laser heating spot even though the im
position~as well as the heating spot! is changed by adjusting
mirror m6. The combined coaxial path simplifies the alig
ment procedures when the system is coupled to x-ray diffr
tion or other measurements.

C. Imaging spectroscopy

The spectroradiometric system consists of a thermoe
trically cooled CCD detector~Princeton Instruments, TE

he
er

FIG. 3. System responses from a standard lamp. If m5 in Fig. 2 is repla
by a notch filter, a smooth system response can be obtained. Howeve
notch filter has a limited reflectivity of;95% at the laser wavelength. Dam
age may occur when high power density laser is used.
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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1276 Rev. Sci. Instrum., Vol. 72, No. 2, February 2001 Shen et al.
CCD-1100PB! and a Kaiser spectrograph~HoloSpec,
f /2.2vis!. HFG-750 grating is used, and covers the wa
length range of 550–920 nm with a central wavelength
750 nm. It gives a wavelength resolution of 1.1 nm with
80 mm entrance slit. The main advantage of the Kaiser sp
trograph is its excellent imaging quality, i.e., superior spa
resolution along the direction perpendicular to wavelen
dispersion. Because a transmission grating is used, the
ser holospec spectrograph gives superior spatial resolu
compared with a reflection grating.23 To check the imaging
quality, a 10mm thick gold foil was attached to the middle o
the entrance slit. The sharp edge of the gold foil was ba
illuminated with a white light source and recorded on t
CCD ~Fig. 4!. The derivative of the recorded sharp ed
@Fig. 4~b!# shows that the full width at half maximum
~FWHM! is less than 1.5 pixels in the spectrum range
interest from 681 to 824 nm, reaching the resolution limit
the CCD. The pixel size of the CCD detector for therm
radiation collection is 27327mm2. When the detector is re
placed by a CCD with a pixel size of 12312mm2 the
FWHM in the derivative plot is still less than 1.5 pixel
indicating that the spatial resolution of the spectrogra
along the direction perpendicular to the wavelength disp
sion is better than the pixel size~27 mm!.

Another factor to be considered is the curvature in
slit image. The image of a straight slit through a spe
trograph using a plane grating will result in a curved ima
in most cases parabolic, due to the fact that rays from dif
ent positions along the slit are incident on the grating w
varying amounts of obliqueness. Because of the short fo
length of the HoloSpec spectrograph, the amount of obliq
ness for rays at both ends of the slit is larger than for sp
trographs with long focal lengths. Therefore, we use only
middle 60 pixels for temperature measurement. The C
chip has 33031100 pixels. For rays covering the center 1
mm of the slit ~corresponding to 60 pixels on the CCD!,
displacement from the center ray is less than 12mm. Binning
in this region can be made with no degradation in wa
length resolution for the CCD camera.

The imaging spectrometer allows us to measure simu
neously all points on a linear temperature profile acros
laser heated spot, as opposed to measurement of only a
point, or an ‘‘average’’ temperature of a laser heated spot.

FIG. 4. ~a! Images of a sharp edge on the CCD detector. A 10mm thick
sharp edge was placed at the middle of the entrance slit. White light f
tungsten lamp was backilluminated to the slit.~b! The derivative of~a!.
Pixel Nos. 350 and 750 correspond to 681 and 824 nm in wavelen
respectively. This closely covers the wavelength range~670–830 nm! nor-
mally used in temperature calculation.
Downloaded 18 Sep 2001 to 128.135.12.21. Redistribution subject to A
-
t

c-
l
h
ai-
on

k-

f
f
l

h
r-

e
-
,
r-

al
e-
c-
e
D

-

a-
a
all
s

indicated in Fig. 5~a!, the entrance slit of the spectrograph
used to select a thin strip traversing the laser spot. Thro
the spectrograph, this linear strip is imaged onto
60~rows!31100~columns! pixels on CCD. Each row corre
sponds to a point of the strip with its thermal radiation wav
length spreading over each column. The chosen entrance
measures 80mm which is equivalent to about 4.7mm on the
sample. The center 60 pixels cover about 95mm across a hot
spot. The pixel binning can be adjusted with software and
typical binning number is 3, which is equivalent to the si
of the entrance slit. Thus a temperature profile across the
spot of about 95mm in 20 binned pixels is measured@Fig.
5~b!#.

IV. TEMPERATURE MEASUREMENT

A. Spectral radiometry

The accuracy and precision of temperature meas
ments in the laser heated diamond anvil cell have been m
improved in the past with the use of spectr
radiometry.3,17,24,25This method is also adopted in our sy
tem. Temperatures are determined by fitting the thermal
diation spectrum between 670 and 830 nm to the Pla
radiation function:

I l5c1«~l!l25/@exp~c2 /lT!21#, ~1!

whereI l is spectral intensity,« emissivity,l wavelength,T
temperature, andc152phc253.7418310216W m2, c2

5hc/k50.014 388 mK. The system response is calibra
by a tungsten ribbon lamp~OL550, Optronic Laboratories!
with known radiance, according to National Institute f
Standards and Technology~NIST! standards. Figure 6 show
a radiation spectrum after normalization to the system
sponse and its fit to the Planck radiation function.

B. Precision and accuracy

Temperature measurements by spectral radiometry h
been validated by many authors.4,15,17 Our system has bee
verified by the following four methods.~1! The second
known radiation point~at 2000 K, provided by manufacturer!
of the standard lamp. The radiation of the second poin

m

h,
FIG. 5. ~a! Image of a hot spot on the entrance slit. A temperature profile
the vertical direction can be obtained for each measurement.~b! Tempera-
ture profiles with a TEM00 laser and a TEM01* laser for platinum at 25 GPa
in a DAC. NaCl was used as an insulating layers an both sides.
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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always measured during each calibration. We obtai
199465 K in our calibration measurements over three yea
~2! Visual observation of melting of a Pt foil at ambie
pressure with laser heating. Three measurements ga
melting temperature of 2060630 K for Pt, close to the litera-
ture value of 2045 K.~3! Double-sided laser heating on
Pt–Pt/Rd thermocouple with a junction bead of about 40mm
in diameter. Temperatures were measured both by spe
radiometry and the thermocouple. Temperatures from
spectral radiometry are systematically;95 K higher than
those from the thermocouple emf~Fig. 7!. The low tempera-
ture read by the thermocouple may result from the fact t
the laser heating spot~;30 mm in diameter! is slightly
smaller than the junction bead. Note that the standard de
tion of the temperature difference is 15 K over the tempe
ture range of 1300–1600 K covered, indicating the precis
of the temperature measurement by the spectral radiom
system.~4! A Pt–Pt/Rh thermocouple in a resistance heat
furnace. Heat was applied with the furnace. Again, tempe
tures were recorded by both spectroradiometry and ther
couple emf~Fig. 7!. It is found that temperatures measur
by spectral radiometry are about 5168 K higher than those
measured by thermocouple emf over the temperature ra
~1000–1500 K! covered. The high temperature measured
spectroradiometry could partly arise from radiation from t
furnace walls that were hotter than the center where the t
mocouple was located. In addition, the calculated spectr
diometry temperature will be reduced when the wavelen
dependence of emissivity is considered in fitting to t
Planck radiation. From the available data for Pt,26 this modi-
fication will be;30 K in this temperature range. Both of th
factors will reduce the difference between the two metho
Over the temperature interval~380 K!, the difference has a
standard deviation of 8 K, indicating the precision of te

FIG. 6. Example of thermal radiation normalized to the system response
the fit ~solid line! to Planck radiation. The fitting error is shown. To sho
the precision of this method, dashed lines with temperatures above
below 15 K of 1622.3 K are plotted.
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d
s.

a

ral
e

t

ia-
-
n
try
g
a-
o-

ge
y

r-
a-
h

s.

-

perature measurement by the spectral radiometry in our
tem.

The statistical errors in fitting to Planck radiation a
demonstrated in Fig. 6. Typical standard deviations are o
a few degrees. For example, the dashed lines in Fig. 6 s
the fittings for temperatures above and below by only 15
Clearly, these lines are already out of the data set region

The accuracy of temperature measurement using spe
radiometry in the diamond anvil cell is mainly affected b
the wavelength dependence of emissivity@Eq. ~1!# and sys-
tem’s optical aberration. The effect of wavelength depend
emissivity can be considered in temperature calculati
with known emissivity data.4,22 However, such data show
large scatter in the literature even at ambient conditions;
data are available at highP–T. Currently most investigators
assume constant emissivity over the wavelength range b
fit to the Planck’s radiation function. From known emissivi
data at 1 atm, e.g., for tungsten, different wavelength dep
dences of emissivity at 2000 and 3000 K can change
calculated temperature by over 75 and 200 K, respectiv
The lack of wavelength dependence information on emis
ity at high P–T limits the accuracy of temperature measu
ments in the laser heated diamond anvil cell, especially
temperatures over 3000 K. By reducing the fitting wav
length range, this error from emissivity can be reduc
However, too small a wavelength range may introduce err
in calculated temperature from some nonlinear portion of
system response~see, for example, Fig. 6!. A minimum
wavelength range of 50 nm is required in our system. W
normally use a wavelength range of 670–830 nm, cover
160 nm.

Another major source of error in the temperature m
surement arises from the temperature gradient in a small

nd

nd

FIG. 7. Temperatures at a thermocouple junction measured by spectra
diometry and thermocouple emf. The differences in temperature betw
two methods are plotted vs the temperatures from the thermocouple.
obtained from two experiments are shown.~1! Double-sided laser heat with
a heating spot of;30 mm was applied on a junction;40 mm in diameter.
~2! The thermocouple was placed at the center in a furnace.
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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1278 Rev. Sci. Instrum., Vol. 72, No. 2, February 2001 Shen et al.
spot, as was pointed out by Boehler and Chopelas.16 High
accuracy in temperature measurements critically depend
two strongly related factors: minimization of the chroma
aberration of optical systems and temperature uniformity o
heating area. As a diamond window is always involved
DAC experiments, the system cannot be dispersion f
Therefore, the latter is very important and is the object of
development. If the heating area is uniform, the uncerta
due to chromatic aberration can be eliminated
calibration.17 So far most verifications4,15,17 for temperature
measurement were made with a relatively uniform hot
ject. No verification has been done for a small hot spot wh
temperature gradients exist. It seems difficult to locate s
dards with known temperature gradients comparable in
gree and size with the laser heating spot. Without suc
calibration, little is known of the true values of a temperatu
profile obtained with an existing temperature gradient.
the other hand, by establishing a uniform heating regi
temperature can be determined accurately even in the p
ence of a small chromatic aberration. Our system collects
thermal radiation from an area 4.5mm across. An area o
.10 mm in diameter with a minimum temperature gradie
can be considered a uniform temperature region. It should
emphasized that the chromatic aberration becomes a l
source of error only when a large temperature gradients e
Therefore, our efforts in minimizing temperature gradients
the laser heating spot are not only for establishing a la
heating volume, but also for minimizing the chromatic ab
ration effect, and thus improving theT measurement accu
racy.

The chromatic effect of our system was tested by plac
a 25 mm pinhole at the sample position. The pinhole w
back illuminated by a neon lamp, and the images of ne
lines at 659.8 and 837.5 nm were recorded by the imag
spectrograph~Fig. 8!. The ‘‘focus’’ position is determined
by the visible light. We observed that the sharp image of
pinhole at 837.5 nm was found 10mm from the focus posi-
tion, indicating the magnitude of the chromatic aberration
our system. To check the effect on temperature arising fr
this aberration, temperatures from a laser heated spot w
measured at three positions: the focus position and 20mm in
front and in back of it. The resulting temperatures at
center portion of the hot spot varied within 10 K at the
three positions.

C. Radial and axial temperature gradients

A large heating spot is desired with minimal temperatu
gradients at the center part and steep gradients at the e
To achieve such radial temperature distribution, the sys
should have sufficiently high laser power, an optimal pow
distribution of the laser beam, a homogeneous sample w
strongly absorbs the laser beam, and a sample well insul
by low thermal conduction materials from diamond anv
which are essentially the heat sinks.

As shown in Fig. 1, our high power laser system allo
us to construct a laser beam with the desired power distr
tion. The TEM00 laser provides a heating spot with a Gau
ian temperature profile, while TEM01* ~the donut! laser gives
Downloaded 18 Sep 2001 to 128.135.12.21. Redistribution subject to A
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a relatively flat top temperature distribution@Fig. 5~b!#.
When the sample has high thermal conductivity~e.g., Pt
metal!, the donut laser alone often provides a favorable
top temperature distribution@Fig. 5~b!#. For samples such a
silicate perovskite, a shallow dip can be often seen in
temperature profile with the donut laser heating only~Fig. 9!.
In that case, a small portion of TEM00 laser can be applied to
obtain a more even temperature distribution. Determining
right power level of the TEM00 laser is not an easy task.
depends on sample properties and on the loading config
tion of each cell. Currently we gradually increase the pow
(TEM00) until the desired temperature profile is reached. B
cause heating is interaction between a laser beam and
absorbing material, sample configuration is equally imp
tant in achieving the desired temperature profiles. The o
mal power distribution of the laser beam is just the first st
The actual temperature distribution will strongly depend
the sample homogeneity and the use of insulating lay

FIG. 8. Images of a 25mm pinhole on a CCD detector at different wave
lengths. The pinhole was placed at the sample position and backillumin
by a neon lamp. Images of neon lines at 659.8 and 837.5 nm are plo
which covers the wavelength range for temperature measurement. ‘‘F
position’’ means a focused position determined by visible light. The ima
of 837.5 nm is not as sharp as that of 659.8 nm at the focus position.
sharp image of 837.5 was obtained when the position was changed 10mm.

FIG. 9. Temperature profiles measured of both sides of a silicate perov
sample at 35 GPa.~a! Single-sided heating with the TEM01* laser; ~b!
double-sided heating with the TEM01* laser.
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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Significant efforts have been made in sample preparatio
haveT profiles like those in Figs. 5 and 9.

The diamond anvils act as a heat sink and provide
low temperature boundary condition. The most severe t
perature gradient in a sample exists along the path of
laser beam~the axial gradient!. The double-sided lase
heating17,18,27minimizes the axial temperature gradient in t
sample. This is an important step forin situ x-ray measure-
ment with the LHDAC. As shown in Fig. 9~a!, temperatures
can differ by a few hundred degrees over an;5 mm thick
sample with the single-sided heating method. On the sa
sample with the double-sided heating technique, the a
gradient is reduced to within 30 K at the sampling regi
@Fig. 9~b!#.

Insulating layers play an important role in heating ef
ciency and temperature gradients. A good insulating mate
~e.g., argon, NaCl, MgO!, should have low thermal conduc
tivity and chemical inertness. Thicker insulating layers res
in higher heating efficiency, larger heating area, and sma
temperature gradients both radially and axially. Efforts
increase the thickness of insulating layers have been mad
introducing diamond powder gaskets.28 These are far supe
rior to conventional metal gaskets. For double-sided heat
efforts should be made to ensure that the layers at both s
are equal in thickness and evenly distributed.

V. TEMPERATURE CONTROL

A. Laser power control

Our YLF:Nd lasers have power instability of less th
1% peak to peak. A plot of the laser power as a function
time shows an instability frequency of 0.1 Hz, the same
that of the primary cooling water of the laser system, imp
ing that the instability arises from the temperature instabi
in the laser chambers. The frequency domain after Fou
transformation showed no particular instability modes
high frequencies.

As can be seen from Fig. 2, a power regulator is int
duced at the output of both TEM01* and TEM00 lasers. The
wave plate is mounted on a rotary motor that is remot
controlled by a picomotor driver~New Focus Inc.!. The
regulator allows one to fix the lamp current of the laser at
working point recommended by the manufacturer, a
reaches maximum power and pointing stability. The re
lated power can be monitored by two photodiodes~pd in Fig.
2! for both lasers. For the TEM01* laser, we installed a lase
power controller~LPC!. The LPC is similar to the one firs
introduced by Heinzet al.15 It consists of a liquid crystal, a
cube beamsplitter~bs1!, a 90/10 beamsplitter~bs2!, a photo-
diode ~pd!, and an electronics control unit~Fig. 10!. The
laser polarization is changed by passing the beam throu
birefringent liquid crystal wave plate. The beam is then
tenuated by rejecting a portion of the beam by a cube be
splitter ~bs1!. The birefringence of the liquid crystal and th
attenuation are proportional to a voltage applied to the liq
crystal by the control unit.29
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B. Feedback system

There are two feedback loops in the system~Fig. 10!.
One loop is from the photodiode monitoring the laser pow
~loop 1!; the other is from the photomultiplier tube~PMT!
monitoring the thermal radiation from the laser heat
sample~loop 2!. Loop 1 is actually a built-in feature of the
LPC at constant power mode. Loop 2 is designed for sta
lizing temperatures.

The TEM01* laser is used as the primary heating las
while the TEM00 laser is used for gaining power and/or im
proving temperature uniformity. Typically the power level
the TEM00 laser in use is much less than that of the TEM01*
laser. Therefore, the TEM01* laser power is used for the feed
back system. The detector for feedback loop 2 is a P
~Hamamatsu!. A portion of the thermal radiation emitte
from a heated sample from only one side is reflected
beamsplitter~sp5 in Fig. 2! to the PMT. An aperture 250mm
in diameter is placed in front of the PMT, which selects
region;15 mm in diameter at the laser heated spot. Inste
of using a preamplifier for conditioning the PMT, we use fa
software running on a VME crate. The enhanced prop
tional integral derivative~EPID! record allows flexible and
fast feedback under our EPICS control system. The P
signal is fed to an Acromag IP-330 analog to digital~A/D!
converter for input and a Systran 128 V digital to anal
converter for output. The EPID record runs on a largely de
cated CPU up to 10 kHz feedback rate. Output from
digital to analog converter is connected to modulation in
of the LPC, and laser power is modulated through the liq
crystal to stabilize the thermal radiation. According to t
Stephan–Boltzmann relation,I 5esT4, wheree is emissiv-
ity, ands is the Stephan–Boltzmann constant, thermal rad
tion is a sensitive metric of temperature stability becaus
varies with the fourth power of temperature.

Figure 11 shows the thermal radiation with the set poi
and read back values, and temperatures measured from
sides. Temperatures can be stabilized for minutes to ho

FIG. 10. Schematic of the laser power controller and the feedback lo
Loop 1: liquid crystal.bs1.bs2.pd.control unit.liquid crystal; loop 2:
liquid crystal.bs1.sample.PMT.A/D converter.PID software.D/A
converter.control unit.liquid crystal. be: Beam expander~63, Optics for
Research!; bs1: polarized beamsplitter; bs2: 90/10 beamsplitter; pd: pho
dide; PMT: photomultiplier tube; A/D: analog to digital converter~Acromag
IP-330!; PID software: fast running software~10 Hz!; D/A: digital to analog
converter~Systran DAC-128 V!.
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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and can be controlled by simply changing the set point va
through software. The relationship between the set p
value and the temperature depends strongly on the sa
properties and its configuration~e.g., absorbance, thicknes
of insulation layers!. It is not possible to establish a gener
calibration between these two parameters. However,
viewing a live plot of the data in Fig. 10 during an expe
ment, one can quickly establish an empirical relationsh
Therefore, temperatures can be easily set to the desired
els, and small changes in temperature become possible.

The feedback ‘‘off’’ in Fig. 11 means that the system
operating with only feedback loop 1, i.e., the laser powe
being stabilized by the LPC. As shown, temperature fluct
tion with loop 1 is larger than that with loop 2. For examp
at temperatures around 1800 K theT fluctuation is;80 and
;10 K with loop 1 and the loop 2, respectively. Thus t
feedback from thermal radiation is superior to that wh
only monitors laser power.

VI. IN SITU X-RAY MEASUREMENTS AT HIGH P – T

A. Alignment

Proper alignment is crucial for accurate measureme
with all heating laser beams, thermal radiation paths, in
dent x-ray beams, and characterizing systems aligned to
sample position within a few microns. For practical applic
tions, we mention two major aspects. One is the coaxial
rangement of the laser beam and the thermal radiation p
The other is the optical visibility of the x-ray beam. Th
coaxial path is established from the point of mirror m5~Fig.
2! to the sample position for the laser beam and the pat
thermal radiation. With the coaxial optics, it is possible
adjust the heated location using mirror m6 in Fig. 2 witho

FIG. 11. Performance of a feedback system on a Pt foil. The set po
~solid lines! and read back values~dots! for thermal radiation are plotted vs
time together with the laser power~LPC-P, vertical bars! and temperatures
measured from both sides~crosses for upstream temperatures and triang
for downstream!. ‘‘OFF’’ denotes that feedback loop 2 was turned off an
that loop 1 was being used, and is providing constant laser power. W
feedback loop 2, a standard deviation of 1.8 K was reached in the fir
min.
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disturbing the internal alignment between the laser beam
the collected thermal radiation. In other words, temperat
is always measured from the heating spot even though
heated spot moves as one adjusts mirror m6. This adjustm
allows us to quickly align the laser heating system to
x-ray beam position. With the bright APS undulator bea
the luminescence of the sample or pressure medium is o
visible using the sensitive CCD camera. For a clear image
the x-ray beam, diamond anvils of low fluorescence are
quired. The optically visible x-ray image can then be us
for alignment to the laser heating system.

A typical alignment procedure for the system is as f
lows. The rotation center of the two circle diffractometer30 is
first aligned with the slit-defined~or focusing mirror-defined!
incident x-ray beam. This center is then used as the refere
point for all optics alignment including the two spectral r
diometry systems for temperature measurement and the
heating laser beams~Fig. 2!. This aligns the system fo
samples without the DAC. For DAC samples, first we ne
to set the DAC sample at the position for x-ray measu
ments. The DAC sample position is generally required to
at the rotation center. This can be done by using the x-
beam or an additional fixed microscope. After fixing th
DAC position, the focus of L1~Fig. 2! can be adjusted to ge
the image of the DAC sample to compensate for the refr
tive index of the diamond window. Because the diamo
window is not perfectly normal to the optical path, som
fine-tuning is always needed. Now the critical reference is
know the x-ray beam position through the laser heat
viewing system, CCD camera in Fig. 2. Fortunately, t
x-ray induced luminescence of the sample or medium is
ten visible with the sensitive CCD camera. Since the relat
positions of the CCD camera and the spectrometer~see Fig.
2! are fixed, we can take the point for temperature meas
ment~the spectrometer position! as a reference by making
crossmark on the screen. Then the visible x-ray image
aligned to the crossmark by adjusting mirror m6 in Fig.
The coaxial optics arrangement ensures that the crossma
the laser heating spot as well as the region from which
thermal radiation is collected. Thus, the x-ray beam, hea
spot, and the temperature measurement region are
aligned. If the x-ray luminescence is not seen, an x-
marker ~e.g., a tungsten grain,5 mm! needs to be loaded
with the sample and this marker should be optically visib
The x-ray position can then be determined by scanning
marker5,18 and aligned optically by mirror m6. As describe
above, adjustment of mirror m6 does not affect the inter
alignment between the laser heating spot and the point
temperature measurement. These mirrors~m6! are remotely
controlled by motors which provide easy and fast alignm
with typical accuracy of 2–3mm.

B. Microbeam

From measured temperature profiles~Figs. 5 and 8!, the
system provides a laser heating spot 15–30mm in diameter
at the top 90% temperature level. At ultrahigh pressures,
spot size may reduce to 10–20mm. An x-ray beam of less
than 10mm is thus required. Too small a beam size m

ts
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th
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cause other problems, however, such as insufficient stati
for powder diffraction. A beam of 3–10mm is found to be
optimal. Two microbeam techniques are adopted: slits
focusing mirrors

X-ray beams of 3–10mm are collimated with a paralle
slit system.31 The microbeam is further ‘‘cleaned’’ by an
other parallel slit system with slightly larger gaps~about 5
mm larger!. The so-called ‘‘cleanup’’ slits are essential
avoid beam broadening caused by edge effects from the
mary slits. The effectiveness of the cleanup slits was tes
by putting a stainless steel gasket with a hole 50mm in
diameter on the sample stage. When a 535 mm2 x-ray beam
was at the center of the empty hole without the cleanup
gasket diffraction could be clearly detected, whereas the
ket diffraction was eliminated with the cleanup slits in po
tion ~Fig. 12!. The parallel slit system provides a wel
collimated x-ray beam, but the total x-ray flux decreas
rapidly with decreasing slit size.

For experiments in which the total flux is important,
microfocusing system consisting of two bent Kirkpatrick
Baez~KB! mirrors is used.32 Figure 13 shows the result of
sharp edge scan. A 70370mm2 white beam can be focuse
to 3–10mm at the FWHM with the focusing system. How
ever, the full width at the 1% level could be over 30mm.
This ‘‘tail’’ may be cleaned by putting a slit system or pin
hole very close to the sample. From Fig. 2, because of
laser heating optics, this distance cannot be less than 60
resulting in the beam cleanliness being limited. Depend
on the specific experiment, our system provides options
the slit system for cleanliness or the KB mirror system
flux.

C. Pressure calibrants

While temperatures can be measured by the spectra
diometry method, pressures were usually not measured

FIG. 12. Diffraction patterns of a stainless steel gasket with an empty
of 50 mm. An x-ray beam with and without cleanup slits was located at
center of the hole. Gasket diffraction can be clearly observed with the x
beam without cleanup slits in place, while the diffraction was not seen w
the cleanup slits were used.
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rectly at high temperature in the LHDAC until coupling o
the LHDAC technique with the synchrotron.11,12 The effects
of temperature on sample pressure include thermal pres
and the temperature dependence on the shear strength o
terials. These effects could be different for various samp
and for different loading configurations. Thus a calibra
should be thoroughly mixed with the sample, allowing o
servations of local temperature effects on pressure as we
on the effect of load. Such an internal standard should h
~1! chemical inertness,~2! an availableP–V–T equation of
state,~3! a simple x-ray diffraction pattern, and~4! no phase
transition in theP–T range of interest. At high temperatur
alloy formation could occur between metal standards, wh
suggests that an inert metal–oxide~or silicate! pair is the
best choice for experiments. Possible candidates include
Pt, Ag, NaCl, and MgO. Errors in determining the pressu
in this way are limited to the accuracy of the standards.

D. X-ray measurements

In situ x-ray diffraction has been the primary analytic
technique in the LHDAC.5,11,19The key components for cou
pling of our laser heating system with the x-ray diffractio
measurement are the x-ray transparent mirrors, such as
ryllium and glassy carbon~m6 in Fig. 2!. The mirror is
coated with silver, providing reflectivity of.98.5% from the
visible region to the infrared, including the laser waveleng
1.053mm. The beryllium mirror is transparent to x rays
energies greater than 5 keV, thus allowing x-ray diffracti
measurements. For angle dispersive diffraction with an a
detector, the beryllium mirror introduces diffraction line
and high background. The glassy carbon mirror is then us

Polycrystalline x-ray diffraction is usually performe
along the axis of the diamond cell with the incident a
diffracted x rays passing through the diamond~axial diffrac-
tion!. With the low-Z gasket technique~beryllium, boron!,
x-ray diffraction can be measured through the low-Z gasket,
with the loading axis of the DAC perpendicular to the p
mary x-ray direction~radial diffraction!.33,34 Radial diffrac-
tion provides crucial information on sample stress and str
Coupling the laser heating system to the radial diffract
geometry is relatively straightforward because the opti
paths can be arranged in the direction perpendicular to
x-ray beam and, therefore, the spatial limitations are relax

le
e
y
n

FIG. 13. Sharp edge scan measuring the x-ray beam size. A beam si
3.5~H!35.7~V! mm at FWHM is measured. The KB mirror is used in th
horizontal direction, while the vertical direction is controlled by a slit. W
believe a beam size of 3–10 mm is optimal in x-ray diffraction experime
with the LHDAC.
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This optical arrangement can be also applied to other x
techniques, such as x-ray spectroscopy. One caution sh
be taken when the x-ray beam passes through a gaske
axial diffraction geometry, we just need a laser heating s
larger than the x-ray beam. If the x-ray beam is perpend
lar to the laser beam path as in radial diffraction, then
radial diameter of the sample should be less than a focu
laser beam size to avoid signals from any cold part of
sample along the x-ray path.

VII. DISCUSSION

A double-sided LHDAC system was developed and
operational at the GeoSoilEnviroCARS sector at the A
vanced Photon Source. The laser heating system allows
generation of a large heating volume compared to the x
beam size, allowingin situ x-ray measurements at simulta
neously ultrahigh pressures~to .160 GPa! and ultrahigh
temperatures~to .4000 K!. Typical heating areas 10–25mm
in diameter from both sides result in minimum temperat
gradients in the sampling volume both radially and axially
the diamond anvil cell and minimal error arising from chr
matic aberration in the temperature measurement. A fe
back system permits steady heating of a DAC sample
minutes to hours. Temperatures can be controlled remo
by software. When combined with the x-ray microbea
~3–10mm! technique, a temperature variation of less than
K can be achieved within the x-ray sampled region over a
min per 10 s. The LHDAC is the coupling of two parts: th
laser beam and the heating object in the DAC. Proper sam
configuration design and preparation, including effective
of insulation layers, are crucial for a successful experime
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