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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
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We describe a laser heated diamond anvil cell system at the GeoSoilEnviroCARS sector at the
Advanced Photon Source. The system can be usdd &itu x-ray measurements at simultaneously
ultrahigh pressuredo >150 GPa and ultrahigh temperaturéto >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
technigue and consists of two Nd:YLF lasers with one operating in jEMde and the other in
TEMg, 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 micr(8ednum)
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 oliaisitu structural data and high
temperature equations of state on metals, oxides, and silicates to 3500 K and 160 GPa.
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I. INTRODUCTION GeoSoilEnviroCARS sector at the Advanced Photon Source
(APS). The design goals of our system are to
As a unique method to reach ultrahigh staie T con-

ditions (P> 100 GPa.T> 1500 K), the laser heated diamond (1) provide a sufficiently large heating spot relative to the

: : : x-ray beam,
anvil cell (LHDAC) has been widely used for high—T 7 . .
studied-? éuch as )syntheses of hig%/—T phaseé’egphase (2) minimize sample temperature gradients both radially and
’ axially,

transition studie$? high pressure melting®°andP-V-T
equations of state?!? Major advances have been made in
the LHDAC technique in the last two decades in heating
capability*® temperature measuremérnit temperature
control’®® and minimization of temperature gradients
within the sampling regioh’*8 The last is especially impor-
tant for the application of this technique to x-ray measuredl. LASERS

ments on a heated sample at high pressures. Recently the Criteria for choosing a heating laser include the total

LHDAC has been combined witim situ x-ray diffraction at . I
high P—T.5121920The high brilliance of synchrotron radia- power, beam divergence, stability, wavelength, and power
tion all w' ntrol of the x-rav beam t ize smaller th ndistribution(mode structure Diamond has the highest ther-
on atlows control of Ihe x-ray beam o a Size smater than, ., conductivity among known materials. Lasers should
that of the laser heating spot, but still with enough photo . . . :
ave sufficiently high power with low divergence to be able

flux to accurately measure x-ray diffraction and to conduct 80 focus down to a desired size and to have enough power

varn:_t%/ of x-ray spectlros_(i_op)l/ _measu_rerCzrlljtiC . ; density to heat samples at high pressure between the two
, ere are severa’ critical ISsues in - EXPENMENSyiamond anvils. Lasers with high power stability and beam
with synchrotron radiation(1) The heating spot must be

L ointing stability are essential for producing a heating spot at
much larger in size than the x-ray beal®) temperature P d y P g gsp

) . . . . . steady temperature and at a constant position. The choice of
gradients in both the radial and axial directions should bﬁfaser wavelength depends on the materials to be heated

minimized to be less than other experimental uncertainties[\ld.YAG and Nd:YLF lasers with 1.064 and 1.053m
e.g., diffraction accuracy(3) a steady temperature is re- . elengths, respectively, are often used for opaque materi-
quired for the x-ray measuremer(d) the micro-x-ray beam ;5 \yhile CQ lasers(wavelength of 10.64m) are applied

should be well collimated to avoid contamination from ¢, y.ansparent samples, such as oxides and silicates. The
strong scattering by surrounding materiédsy., gasket and fundamental mode (TEM) of the laser is often uséd!?2

(5) the pressure and temperatgre of the sampling area shoufgr LHDAC because it provides a laser beam with low di-
be well controlied and determined. - vergence and high stability. The drawback of using a FEM
Here we report a new LHDAC facility at the ,qe |aser is the temperature gradient in the heated area
resulting from the Gaussian intensity distribution. Multimode
dElectronic mail: shen@cars.uchicago.edu laserd’ can provide a relatively flat top in the intensity pro-

(3) control and measure temperature precisely and easily,
(4) performin situ x-ray measurements at controlled high
P—T conditions.
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TEM,;* Donut Mode TEM, Gaussian Mode

()
TEM,,* + TEMq Multimode

FIG. 1. (Color) Beam profiles in two dimensions of Nd:YLF lasers measured by a laser beam an&lgizeon, LBA-300P(. The vertical axis is the power
intensity. (8) TEM§; (donud mode; (b) TEMy, Gaussian mode(c) TEM§,+TEMyg (d) multimode. Note that a flat togc) in power intensity can be
constructed by combining two lasei@ and (b), compared to the multimode laser which has at least 20% power fluctuation at the top.

file. However, compared to single mode lasers, multimodea minimum radial temperature gradient in the center area
lasers have a relatively large beam divergence, power instd--20 um in diametey is achieved. This tunability is crucial
bility, and beam pointing instability. because the power mixing ratio of the two lasers depends
We have developed a laser heating system consisting aftrongly on the material being heated. Figure 1 shows the
two Nd:YLF lasers with one operating in the TEMmode intensity profiles measured from these two lasers. By adjust-
[donut mode, Fig. ()] and the other in the TEp mode  ing the power ratios of two lasers, a flat top in power inten-
[Gaussian mode, Fig.(d)] with maximum power of 65 and sity can be reacheldig. 1(c)].
50 W, respectively. The combined beam of the two Nd:YLF
lasers provides a total power of 105 W, comparable to that ofi|. OPTICS
multimode lasers and more than three times larger than th%
of generally used TEMYAG (or YLF) lasers. The YLF '
lasers provide sufficient collimation for our focusing require- A schematic diagram of the optical system is shown in
ments and the power stability and especially the pointing=ig. 2. The guiding optics include power regulators, laser
stability are superior to those of YAG lasers. More impor-power controller, combining optics, laser power detector,
tantly, the two-laser system allows usdonstructa desired beam splitter, and focusing optics. The two YLF lasers op-
beam profile and, as a consequence, a laser heating spot withate in continuous wavEw) mode, with the TEN, mode

Heating optics
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FIG. 2. Schematics of the double-sided laser heating system at the
GeoSoilEnviroCARS sector at the APS. bel, be2: Zoom beam expander
(Special Optics bsl, bs2: polarized cube beamsplittsewpor); bs3: non- e —
polarized 50/50 cube beamsplittétewpor); bs4: 50/50 neutral beamsplit- 550 600 650 700 750 800 850 900 950

ter (Optics for Researoh bs5: 90/10 pellicle beamsplittéNewpord; ccd
camera: Panasonic CCD camera, WV CP-612; ccd: CCD detéd®i100
PB, Princeton InstrumentgRoper Scientifiz DAC: symmetrical diamond
anvil cell (Ref. 18; L1: apochromatic objective lens, 60 mm focal length
(US Lasey; L2: achromatic lens, 1000 mm focal lengi@riel); LPC: laser
power controller(Cambridge Research Instrumentsil: dichroic mirror,
reflecting (>99%) vertical polarized laser beam at 1053 ri@hotonic$;
m2: dichroic mirror, reflecting>99%) laser beam at 1053 nihotonic$;
m3, m5: dichroic mirror, reflecting>99%) laser beam at 1053 nm and charge coupled devic€CCD) with an achromatic lenéL2,
transmitting visible light(>90%) (Optics for Researoh m4: dichroic mir- f=1000mm. L1 and L2 provide magnification of about

ror, reflecting(>99%) laser beam at 1053 nm and visible ligh#40%) . . . .
(New Focug; m6: beryllium or glassy carbon mirror coated with silver; m7: 17x. A 50/50 be.amfspllttefbszl) is used, with one transmit-
Al coated mirror(Newpord; nf: notch filter(HNPF-1064.0-2.0, Kaiser Op- ted branch for viewing by a CCD camera and the reflected
tical Systeny, pd: photodiode for monitoring the laser power; PMT: photo- pranch for spectroscopic measuremésy). Use of the re-
multiplier tube (Hamamats)) sp: spectrograpliHolospect/2.2, Kaisel:  flacted branch avoids introducing chromatic aberration. Op-
wp: wave platelNewpor. . .

tics in the whole path for temperature measurement include a
mirror (m6), an apochromatic lené_1), a dichroic mirror
gn5), a notch filter(nf), and a 50/50 neutral density beam-

plitter.

Wavelength, nm

FIG. 3. System responses from a standard lamp. If m5 in Fig. 2 is replaced
by a notch filter, a smooth system response can be obtained. However, the
notch filter has a limited reflectivity of95% at the laser wavelength. Dam-
age may occur when high power density laser is used.

laser vertically polarized and the TEMIlaser horizontally
polarized. The polarized beam makes it possible to regulat
laser power by changing the polarization direction. The laseP X ) .
power regulator consists of a wave plétep), a cube beam- Figure 3 shows a typical system response of the optics.
splitter (bsd, and a beam stogbs). The two laser beams The dichroic mirror reflects the laser beam and transmits the
with different polarization are combined into one by a Cubethermal radiati_on signal. This mirror introduces some inter-
beamsplitter(bs2. Before combining the two lasers, a laser [€r€NCe color in the spectra collecteféig. 3). By replacing
power control systentCambridge Research Inds installed the dlchrq|c mirror with a notch fllte(Ka_ls_er Optical Sys-

in the path of the TER}, laser. Two photodiodepd) behind tem), the interference color can be minimizéeig. 3). The
mirrors monitor the output power of each laser. The com.notch filter has excellent transmissior95%) in the visible
bined beam is steered by two mirrors and is split into two by2"d UP to @ wavelength of 900 nm, but the reflectivity at the
a 50/50 nonpolarizing beamsplittébs3. Each branch is aser wavelengtkl.053um) is only about 95%, compared to
then reflected by a dichroic mirrofms) which reflects >99% reflectivity for the dichroic mirror. When applied with

>99.9% of the 1.053wm laser light and transmits90% of full Iaﬁer po;v]?r, no:]ch f,"tﬁfs,ma}’ be dar;:aged. | .

the visible portion of the spectrum. An apochromatic objec-, T € pat rom the dichroic mirror to the sample pos_mon
tive lens(L1, f=60mm is used to focus the beam onto the 'S coaxially aligned to the heating laser path. If the incident
sample. A Eewllium or glassy carbon mirrémé) coated beam is normal to the diamond anvil surface, this coaxial
with silver is employed between the objective lens and thdrrangement ensures that the thermal radiation signal is col-

sample. This mirror is used to guide the laser beam anbeCt?q from the laser heati_ng qut even though the image
receive the sample image and thermal radiation signalP0Sition(as well as the heating spas changed by adjusting

while allowing x rays to pass through for various x-ray meag-mirror m6. The combined coaxial path simplifies the align-

surements. More discussion of the mir(an6) is given be- ment procedures when the system is coupled to x-ray diffrac-
low in Sec. VI tion or other measurements.

B. Optics for temperature measurement C. Imaging spectroscopy

The sample image and its thermal radiation are collected The spectroradiometric system consists of a thermoelec-
by the laser-focusing apochrom@dtl) and focused onto a trically cooled CCD detectofPrinceton Instruments, TE/
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FIG. 4. (a) Images of a sharp edge on the CCD detector. Aulid thick
sharp edge was placed at the middle of the entrance slit. White light from
tungsten lamp was backilluminated to the sith) The derivative of(a).
Pixel Nos. 350 and 750 correspond to 681 and 824 nm in wavelength
respectively. This closely covers the wavelength rat@®—-830 nm nor-
mally used in temperature calculation.

FIG. 5. (a) Image of a hot spot on the entrance slit. A temperature profile in
the vertical direction can be obtained for each measureni@nt.empera-
ture profiles with a TEN, laser and a TER), laser for platinum at 25 GPa

in a DAC. NaCl was used as an insulating layers an both sides.

CCD-1100PB and a Kaiser spectrograplHoloSpec,

f/2.2viy. HFG-750 grating is used, and covers the wave-ngicated in Fig. %), the entrance slit of the spectrograph is
length range of 550-920 nm with a central wavelength agsed to select a thin strip traversing the laser spot. Through
750 nm. It gives a wavelength resolution of 1.1 nm with anipe spectrograph, this linear strip is imaged onto the
80 um entrance slit. The main advantage of the Kaiser SpPecs(rows)x 1100columng pixels on CCD. Each row corre-
trograph is its excellent imaging quality, i.e., superior spatialsponds to a point of the strip with its thermal radiation wave-
resolution along the direction perpendicular to wavelengthength spreading over each column. The chosen entrance slits
dispersion. Because a transmission grating is used, the Kgineasures 8@m which is equivalent to about 4m on the

ser holospec spectrograph gives superior spatial resolutiogample. The center 60 pixels cover abouy8 across a hot
compared with a reflection gratiffd.To check the imaging  spot. The pixel binning can be adjusted with software and the
quality, a 10um thick gold foil was attached to the middle of typjcal binning number is 3, which is equivalent to the size
the entrance slit. The sharp edge of the gold foil was backpf the entrance slit. Thus a temperature profile across the hot

illuminated with a white light source and recorded on thegpot of about 95um in 20 binned pixels is measuréHig.
CCD (Fig. 4). The derivative of the recorded sharp edgesp)].

[Fig. 4(b)] shows that the full width at half maximum

(FWHM) is less than 1.5 pixels in the spectrum range of
interest from 681 to 824 nm, reaching the resolution limit of
the CCD. The pixel size of the CCD detector for thermalA. Spectral radiometry
radiation collection is 2% 27 wm?. When the detector is re-

- . - 2
placed by a CCD with a pixel size of ¥2um” the 1 onts in the laser heated diamond anvil cell have been much
FWHM in the derivative plot is still less than 1.5 pixels, improved in the past with the use of spectral

indicating that the spatial resolution of the spectrograpr}adiometryz_,17,24,25This method is also adopted in our sys-
along the direction perpendicular to the wavelength diSper’Eem. Temperatures are determined by fitting the thermal ra-

sion is better than the pixel si;(é? '“m,)' . diation spectrum between 670 and 830 nm to the Planck
Another factor to be considered is the curvature in theradiation function:

slit image. The image of a straight slit through a spec-

trograph using a plane grating will result in a curved image, ~ 1h=C1e(MA™>/[exp(c,/NT)—1], (1)

in most cases parabolic, due to the fact that rays from diﬁerwherelx is spectral intensitys emissivity, A wavelength.T

ent positions along the slit are incident on the grating Withtemperature, andc,=2mhc?=3.7418<10" ®Wm? c,
varying amounts of obliqueness. Because of the short focal , ;/k=0.014 388 mK. The system response is calibrated
length of the HoloSpec spectrograph, the amount of obliquepy, 5 tungsten ribbon lampOL550, Optronic Laboratorigs
ness for rays at both ends of the slit is larger than for specyith known radiance, according to National Institute for
trographs with long focal lengths. Therefore, we use only thestangards and TechnologIST) standards. Figure 6 shows
middle 60 pixels for temperature measurement. The CCDy ragiation spectrum after normalization to the system re-

chip has 33& 1100 pixels. For rays covering the center 1-65ponse and its fit to the Planck radiation function.
mm of the slit(corresponding to 60 pixels on the CED

displacement from the center ray is less tharnui® Binning B. Precision and accurac
in this region can be made with no degradation in wave-~" y
length resolution for the CCD camera. Temperature measurements by spectral radiometry have
The imaging spectrometer allows us to measure simultabeen validated by many authd¥$>’ Our system has been
neously all points on a linear temperature profile across &erified by the following four methods(l) The second
laser heated spot, as opposed to measurement of only a smiallown radiation pointat 2000 K, provided by manufactujer
point, or an “average” temperature of a laser heated spot. A®f the standard lamp. The radiation of the second point is

IV. TEMPERATURE MEASUREMENT

The accuracy and precision of temperature measure-

Downloaded 18 Sep 2001 to 128.135.12.21. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp



Rev. Sci. Instrum., Vol. 72, No. 2, February 2001 Laser heated diamond cell at APS 1277

140 e

25

————
iThermaI radiation and fits to Planck function g ) 1 Laser heating ;
1204  on a thermocouple Z . -
s 1 a +§2 . + N
20 ] ] x g -
100 7 . ++#;
. X X x
T+15 K/ , 801 x i i
[ . 4 X X
15 - g .

| T=1622.3K+-1.9

60—: *J( ] : ¥
e ﬁﬁ i |

40+ f }

Radiance

10 L - Thermocouple |
20 - in a furnace -

AT (pyrometry - thermocouple), K

Pt at 25 GPa | 0] i
| L n N L L n I n L 1

650 700 750 800 850

s e e e e . e e ey e

900 1000 1100 1200 1300 1400 1500 1600 1700

Temperature from thermocouple, K

Wavelength, nm
FIG. 7. Temperatures at a thermocouple junction measured by spectral ra-

FIG. 6. Example of thermal radiation normalized to the system response andiometry and thermocouple emf. The differences in temperature between
the fit (solid ling) to Planck radiation. The fitting error is shown. To show two methods are plotted vs the temperatures from the thermocouple. Data
the precision of this method, dashed lines with temperatures above anebtained from two experiments are showh. Double-sided laser heat with
below 15 K of 1622.3 K are plotted. a heating spot of-30 um was applied on a junctior40 um in diameter.

(2) The thermocouple was placed at the center in a furnace.

always measured during each calibration. We obtained

1994+ 5 K in our calibration measurements over three yearsperature measurement by the spectral radiometry in our sys-
(2) Visual observation of melting of a Pt foil at ambient tem.

pressure with laser heating. Three measurements gave a The statistical errors in fitting to Planck radiation are
melting temperature of 206030 K for Pt, close to the litera- demonstrated in Fig. 6. Typical standard deviations are only
ture value of 2045 K(3) Double-sided laser heating on a a few degrees. For example, the dashed lines in Fig. 6 show
Pt—Pt/Rd thermocouple with a junction bead of aboup#®  the fittings for temperatures above and below by only 15 K.
in diameter. Temperatures were measured both by spectr@learly, these lines are already out of the data set region.
radiometry and the thermocouple. Temperatures from the The accuracy of temperature measurement using spectral
spectral radiometry are systematicaly95 K higher than radiometry in the diamond anvil cell is mainly affected by
those from the thermocouple eltffig. 7). The low tempera- the wavelength dependence of emissiVig. (1)] and sys-
ture read by the thermocouple may result from the fact thatem'’s optical aberration. The effect of wavelength dependent
the laser heating spaot~30 um in diametey is slightly  emissivity can be considered in temperature calculations
smaller than the junction bead. Note that the standard deviawith known emissivity dat&??> However, such data show
tion of the temperature difference is 15 K over the temperafarge scatter in the literature even at ambient conditions; no
ture range of 1300—-1600 K covered, indicating the precisiordata are available at high—T. Currently most investigators

of the temperature measurement by the spectral radiometgssume constant emissivity over the wavelength range being
system(4) A Pt—Pt/Rh thermocouple in a resistance heatingfit to the Planck’s radiation function. From known emissivity
furnace. Heat was applied with the furnace. Again, temperadata at 1 atm, e.g., for tungsten, different wavelength depen-
tures were recorded by both spectroradiometry and thermadences of emissivity at 2000 and 3000 K can change the
couple emf(Fig. 7). It is found that temperatures measuredcalculated temperature by over 75 and 200 K, respectively.
by spectral radiometry are about 58 K higher than those The lack of wavelength dependence information on emissiv-
measured by thermocouple emf over the temperature rangty at high P—T limits the accuracy of temperature measure-
(1000-1500 K covered. The high temperature measured byments in the laser heated diamond anvil cell, especially at
spectroradiometry could partly arise from radiation from thetemperatures over 3000 K. By reducing the fitting wave-
furnace walls that were hotter than the center where the theftength range, this error from emissivity can be reduced.
mocouple was located. In addition, the calculated spectrora-owever, too small a wavelength range may introduce errors
diometry temperature will be reduced when the wavelengthin calculated temperature from some nonlinear portion of the
dependence of emissivity is considered in fitting to thesystem responsé¢see, for example, Fig.)6 A minimum
Planck radiation. From the available data foPPthis modi-  wavelength range of 50 nm is required in our system. We
fication will be ~30 K in this temperature range. Both of the normally use a wavelength range of 670—-830 nm, covering
factors will reduce the difference between the two methods160 nm.

Over the temperature intervé380 K), the difference has a Another major source of error in the temperature mea-
standard deviation of 8 K, indicating the precision of tem-surement arises from the temperature gradient in a small hot
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spot, as was pointed out by Boehler and Chop&asigh 8004 L " 'b‘ T 't‘d'b' N' p—
accuracy in temperature measurements critically depends ol | 4 micron pinhole back-fluminated by a Re famp |
two strongly related factors: minimization of the chromatic
aberration of optical systems and temperature uniformity of a
heating area. As a diamond window is always involved in ]
DAC experiments, the system cannot be dispersion free. 600 7
Therefore, the latter is very important and is the object of our ]
development. If the heating area is uniform, the uncertainty 500 -
due to chromatic aberration can be eliminated by ]
calibration!’ So far most verificatiois:> for temperature
measurement were made with a relatively uniform hot ob-
ject. No verification has been done for a small hot spot where ;
temperature gradients exist. It seems difficult to locate stan- 800
dards with known temperature gradients comparable in de- ]
gree and size with the laser heating spot. Without such a 200 ]
calibration, little is known of the true values of a temperature ]
profile obtained with an existing temperature gradient. On ]
‘alhi H : . 100 ———— T T T T T T
the other hand, by estabhshmg a uniform heatmg region, 140 150 160 170 180 190
temperature can be determined accurately even in the pres
ence of a small chromatic aberration. Our system collects the
thermal radiation from an area 4/m across. An area of FIG. 8. Images of a 2um pinhole on a CCD detector at different wave-
~10 in di t ith . t t di tIengths. The pinhole was placed at the sample position and backilluminated
pm in .'ame er W'_ a minimum emper?‘ ure gradien by a neon lamp. Images of neon lines at 659.8 and 837.5 nm are plotted
can be considered a uniform temperature region. It should bghich covers the wavelength range for temperature measurement. “Focus
emphasized that the chromatic aberration becomes a largesition” means a focused position determined by visible light. The image
source of error only when a large temperature gradients exispf 837.5 nm is not as sharp as that of 659.8 nm at the focus position. The
. L . . _sharp image of 837.5 was obtained when the position was changgth10
Therefore, our efforts in minimizing temperature gradients in

the laser heating spot are not only for establishing a large , o
heating volume, but also for minimizing the chromatic aber-2 relatively flat top temperature distributiofFig. S(b)].

ration effect, and thus improving tHe measurement accu- When the sample has high thermal conductivigyg., Pt
racy. meta), the donut laser alone often provides a favorable flat
The chromatic effect of our system was tested by placind®P temperature distributiofig. S(b)]. For samples such as

a 25 um pinhole at the sample position. The pinhole wassilicate perovskit_e, a_shallow dip can be often seen in the
back illuminated by a neon lamp, and the images of neofl€mperature profile with the donut laser heating dg. 9).

lines at 659.8 and 837.5 nm were recorded by the imagind? that case, a small portion of TEjlaser can be applied to
spectrograph{Fig. 8). The “focus” position is determined Obtain a more even temperature distribution. Determining the

by the visible light. We observed that the sharp image of thdight power level of the TEM, laser is not an easy task. It
pinhole at 837.5 nm was found %@m from the focus posi- depends on sample properties and on the loading configura-

tion, indicating the magnitude of the chromatic aberration ofion of €ach cell. Currently we gradually increase the power
our system. To check the effect on temperature arising frontTEMoo) until the desired temperature profile is reached. Be-
this aberration, temperatures from a laser heated spot wef@US€ heating is interaction between a laser beam and the

measured at three positions: the focus position angraGn ~ @Psorbing material, sample configuration is equally impor-
front and in back of it. The resulting temperatures at thgtant in achieving the desired temperature profiles. The opti-

center portion of the hot spot varied within 10 K at theseMal power distribution of the laser beam is just the first step.
three positions. The actual temperature distribution will strongly depend on

the sample homogeneity and the use of insulating layers.
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ian temperature profile, while TE} (the donut laser gives — double-sided heating with the TEMlaser.
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Significant efforts have been made in sample preparation to ~ laserlbeam

haveT profiles like those in Figs. 5 and 9. D/A
The diamond anvils act as a heat sink and provide the converter

low temperature boundary condition. The most severe tem-

perature gradient in a sample exists along the path of the . loop-2 S"ﬁ‘;’a’e

laser beam(the axial gradient The double-sided laser loop-1 i AD

heatind”*®?’minimizes the axial temperature gradient in the i converter

sample. This is an important step fior situ x-ray measure- pd

ment with the LHDAC. As shown in Fig.(8), temperatures

can differ by a few hundred degrees over-ab um thick ;O » |PMT

sample with the single-sided heating method. On the same bs2 sample

sample with the double-sided heating technique, the axial i---Peamstor. ... g i position

gradient is reduced to within 30 K at the sampling region LPC unit

[Fig. %b)]. FIG. 10. Schematic of the laser power controller and the feedback loops.

. Insulating layers play an.important rolg in hefating efﬁj Loop 1: liquid crystat-bs1>bs2>pd>control unit>liquid crystal; loop 2:
ciency and temperature gradients. A good insulating materiaiquid crystat>bs1>sample>-PMT>A/D convertee-PID software>D/A

(e_g_’ argon, NaCl, Mgp should have low thermal conduc- converter-control unit-liquid crystal. be: Beam expandésX, Optics for

L . . . . . esearch) bsl: polarized beamsplitter; bs2: 90/10 beamsplitter; pd: photo-
tivity and chemical inertness. Thicker insulating layers resuncRiide; PMT: photomultiplier tube; A/D: analog to digital convertécromag

in higher heating efficiency, larger heating area, and smallejp.339; PID software: fast running softwaf@0 Hz); D/A: digital to analog
temperature gradients both radially and axially. Efforts toconverter(Systran DAC-128 V.

increase the thickness of insulating layers have been made by
introducing diamond powder gaskétsThese are far supe-
rior to conventional metal gaskets. For double-sided heatingl?
efforts should be made to ensure that the layers at both sides There are two feedback loops in the systéfig. 10).
are equal in thickness and evenly distributed. One loop is from the photodiode monitoring the laser power
(loop 1); the other is from the photomultiplier tuh@®MT)
monitoring the thermal radiation from the laser heated
sample(loop 2). Loop 1 is actually a built-in feature of the
LPC at constant power mode. Loop 2 is designed for stabi-
V. TEMPERATURE CONTROL lizing temperatures.
The TEM, laser is used as the primary heating laser,
while the TEM, laser is used for gaining power and/or im-
Our YLF:Nd lasers have power instability of less than proving temperature uniformity. Typically the power level of
1% peak to peak. A plot of the laser power as a function othe TEM, laser in use is much less than that of the TEM
time shows an instability frequency of 0.1 Hz, the same asaser. Therefore, the TE}laser power is used for the feed-
that of the primary cooling water of the laser system, imply-pack system. The detector for feedback loop 2 is a PMT
ing that the instability arises from the temperature instability(Hamamatsy A portion of the thermal radiation emitted
in the laser chambers. The frequency domain after Fouriefrom a heated sample from only one side is reflected by
transformation showed no particular instability modes atheamsplittefsp5 in Fig. 2 to the PMT. An aperture 25am
high frequencies. in diameter is placed in front of the PMT, which selects a
As can be seen from Fig. 2, a power regulator is intro-region~15 um in diameter at the laser heated spot. Instead
duced at the output of both TE}land TEMy, lasers. The  of using a preamplifier for conditioning the PMT, we use fast
wave plate is mounted on a rotary motor that is remotelysoftware running on a VME crate. The enhanced propor-
controlled by a picomotor drivefNew Focus Ing. The tional integral derivativd EPID) record allows flexible and
regulator allows one to fix the lamp current of the laser at thefast feedback under our EPICS control system. The PMT
working point recommended by the manufacturer, andsignal is fed to an Acromag IP-330 analog to digitalD)
reaches maximum power and pointing stability. The reguconverter for input and a Systran 128 V digital to analog
lated power can be monitored by two photodio@es$in Fig.  converter for output. The EPID record runs on a largely dedi-
2) for both lasers. For the TEM laser, we installed a laser cated CPU up to 10 kHz feedback rate. Output from the
power controller(LPC). The LPC is similar to the one first digital to analog converter is connected to modulation input
introduced by Heinzt al® It consists of a liquid crystal, a of the LPC, and laser power is modulated through the liquid
cube beamsplittefbsl), a 90/10 beamsplittebs?), a photo-  crystal to stabilize the thermal radiation. According to the
diode (pd), and an electronics control unfFig. 10. The  Stephan—Boltzmann relatioh= eo' T4, wheree is emissiv-
laser polarization is changed by passing the beam throughity, and o is the Stephan—Boltzmann constant, thermal radia-
birefringent liquid crystal wave plate. The beam is then at-tion is a sensitive metric of temperature stability because it
tenuated by rejecting a portion of the beam by a cube beamvaries with the fourth power of temperature.
splitter (bs1). The birefringence of the liquid crystal and the Figure 11 shows the thermal radiation with the set points
attenuation are proportional to a voltage applied to the liquicand read back values, and temperatures measured from both
crystal by the control un? sides. Temperatures can be stabilized for minutes to hours

. Feedback system

A. Laser power control
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v M I - 1900 disturbing the internal alignment between the laser beam and
Setpoint X US-Temp [ .
b-Temp | the collected thermal radiation. In other words, temperature
s 10t Readback - 1850 is always measured from the heating spot even though the
‘ LPC-P : heated spot moves as one adjusts mirror m6. This adjustment
% 1800 allows us to quickly align the laser heating system to the

x-ray beam position. With the bright APS undulator beam,
the luminescence of the sample or pressure medium is often
visible using the sensitive CCD camera. For a clear image of
the x-ray beam, diamond anvils of low fluorescence are re-
Freso quired. The optically visible x-ray image can then be used
£ for alignment to the laser heating system.
A typical alignment procedure for the system is as fol-
lows. The rotation center of the two circle diffractomé®es
ﬁmo first aligned with the slit-definetbr focusing mirror-defined
o £ incident x-ray beam. This center is then used as the reference
R AR e S s [ 1500 point for all optics alignment including the two spectral ra-
0 500 1000 1500 2000 diometry systems for temperature measurement and the two
Time, seconds heating laser beam&-ig. 2). This aligns the system for
FIG. 11. Performance of a feedback system on a Pt foil. The set point$@mples without the DAC. For DAC samples, first we need
(solid line9 and read back valugsiots for thermal radiation are plotted vs  to set the DAC sample at the position for x-ray measure-
time together with the laser powécPC-P, vertical bajsand temperatures  ments. The DAC sample position is generally required to be

measured from both sidésrosses for upstream temperatures and triangles . - .
for downstream “OFF” denotes that feedback loop 2 was turned off and at the rotation Ce_n_ter' Th_IS can _be done by usmg- t_he x-ray
that loop 1 was being used, and is providing constant laser power. wit€am or an additional fixed microscope. After fixing the

feedback loop 2, a standard deviation of 1.8 K was reached in the first © AC position, the focus of L1Fig. 2) can be adjusted to get
min. the image of the DAC sample to compensate for the refrac-
tive index of the diamond window. Because the diamond
and can be controlled by simply changing the set point valugvindow is not perfectly normal to the optical path, some
through software. The relationship between the set poinfine-tuning is always needed. Now the critical reference is to
value and the temperature depends strongly on the sampk@ow the x-ray beam position through the laser heating
properties and its configuratiof@.g., absorbance, thickness viewing system, CCD camera in Fig. 2. Fortunately, the
of insulation layers It is not possible to establish a general x-ray induced luminescence of the sample or medium is of-
calibration between these two parameters. However, byen visible with the sensitive CCD camera. Since the relative
viewing a live plot of the data in Fig. 10 during an experi- positions of the CCD camera and the spectrométee Fig.
ment, one can quickly establish an empirical relationship2) are fixed, we can take the point for temperature measure-
Therefore, temperatures can be easily set to the desired lement(the spectrometer positipras a reference by making a
els, and small changes in temperature become possible. crossmark on the screen. Then the visible x-ray image is
The feedback “off” in Fig. 11 means that the system is aligned to the crossmark by adjusting mirror mé in Fig. 2.
operating with only feedback loop 1, i.e., the laser power isThe coaxial optics arrangement ensures that the crossmark is
being stabilized by the LPC. As shown, temperature fluctuathe laser heating spot as well as the region from which the
tion with loop 1 is larger than that with loop 2. For example, thermal radiation is collected. Thus, the x-ray beam, heating
at temperatures around 1800 K thdluctuation is~80 and  spot, and the temperature measurement region are all
~10 K with loop 1 and the loop 2, respectively. Thus thealigned. If the x-ray luminescence is not seen, an x-ray
feedback from thermal radiation is superior to that whichmarker(e.g., a tungsten grairr5 um) needs to be loaded
only monitors laser power. with the sample and this marker should be optically visible.
The x-ray position can then be determined by scanning the
VL. IN SITU X-RAY MEASUREMENTS AT HIGH P—T marker*® and aligned optically by mirror m6. As described
above, adjustment of mirror m6 does not affect the internal

A. Alignment alignment between the laser heating spot and the point for

Proper alignment is crucial for accurate measurementdeMmperature measurement. These mir(on§) are remotely
with all heating laser beams, thermal radiation paths, inci€ontrolled by motors which provide easy and fast alignment
dent x-ray beams, and characterizing systems aligned to tH¥ith typical accuracy of 2—3:m.
sample position within a few microns. For practical applica-
tions, we mention two major aspects. One is the coaxial ar-
rangement of the laser beam and the thermal radiation path.
The other is the optical visibility of the x-ray beam. The From measured temperature profil€sgs. 5 and 8 the
coaxial path is established from the point of mirror (fg.  system provides a laser heating spot 1530 in diameter
2) to the sample position for the laser beam and the path cdt the top 90% temperature level. At ultrahigh pressures, the
thermal radiation. With the coaxial optics, it is possible tospot size may reduce to 10—20n. An x-ray beam of less
adjust the heated location using mirror mé in Fig. 2 withoutthan 10 um is thus required. Too small a beam size may

- 1750

L1700

N ‘ermerodura

- 1600

PMT counts, laser power, arbitry unit

. Microbeam
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2000
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f Gasket hole of 50 microns Collecting time 120 sec. 3
E 2 theta = 8.013 degrees J
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1500 F 5

1250 F 3
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: ] © 7T s
750 | E
: 5x5 micron x-ray beam 3 FIG. 13. Sharp edge scan measuring the x-ray beam size. A beam size of
without clean-up slits E 3.5H)X5.7(V) um at FWHM is measured. The KB mirror is used in the

3 horizontal direction, while the vertical direction is controlled by a slit. We
believe a beam size of 3—10 mm is optimal in x-ray diffraction experiments
with the LHDAC.

500 £

5x5 micron x-ray beam
with clean-up slits

250 |

0 20 40 60 80 100 rectly at high temperature in the LHDAC until coupling of
Energy [keV] the LHDAC technique with the synchrotrdti}? The effects

FIG. 12. Diffraction patterns of a stainless steel gasket with an empty holé)]c temperature on sample pressure include thermal pressure
of 50 um. An x-ray beam with and without cleanup slits was located at the@nd the temperature dependence on the shear strength of ma-
center of the hole. Gasket diffraction can be clearly observed with the x-raterials. These effects could be different for various samples
beam without cleanup slits in place, while the diffraction was not seen whenynq for different loading configurations. Thus a calibrant
the cleanup slits were used. ; . ) .

should be thoroughly mixed with the sample, allowing ob-

) o _servations of local temperature effects on pressure as well as
cause other problems, however, such as insufficient statisti¢s, the effect of load. Such an internal standard should have
for powder diffraction. A beam of 3—1@m is found to be (1) chemical inertnes<?2) an availableP—V—T equation of
opﬂmgl. Tvyo microbeam techniques are adopted: slits angtate,(3) a simple x-ray diffraction pattern, ar{d) no phase
focusing mirrors ) ] transition in theP—T range of interest. At high temperature,

_ X-ray beams of 3—1Gum are collimated with a parallel - ajjoy formation could occur between metal standards, which
slit system?! The microbeam is further “cleaned” by an- g qgests that an inert metal—oxider silicate pair is the
other parallel slit system with slightly larger gafmbout 5 pest choice for experiments. Possible candidates include Au,
um largep. The so-called “cleanup” slits are essential to Pt, Ag, NaCl, and MgO. Errors in determining the pressure

avoid beam broadening caused by edge effects from the prin this way are limited to the accuracy of the standards.
mary slits. The effectiveness of the cleanup slits was tested

by putting a stainless steel gasket with a hole /& in
diameter on the sample stage. Whenxa%um? x-ray beam
was at the center of the empty hole without the cleanup slit, In situ x-ray diffraction has been the primary analytical
gasket diffraction could be clearly detected, whereas the gasechnique in the LHDAC:**°The key components for cou-
ket diffraction was eliminated with the cleanup slits in posi- pling of our laser heating system with the x-ray diffraction
tion (Fig. 12. The parallel slit system provides a well- measurement are the x-ray transparent mirrors, such as be-
collimated x-ray beam, but the total x-ray flux decreasesyllium and glassy carbofm6 in Fig. 2. The mirror is
rapidly with decreasing slit size. coated with silver, providing reflectivity o#98.5% from the

For experiments in which the total flux is important, a visible region to the infrared, including the laser wavelength,
microfocusing system consisting of two bent Kirkpatrick— 1.053 um. The beryllium mirror is transparent to x rays at
Baez(KB) mirrors is used? Figure 13 shows the result of a energies greater than 5 keV, thus allowing x-ray diffraction
sharp edge scan. A ¥70um? white beam can be focused measurements. For angle dispersive diffraction with an area
to 3—10um at the FWHM with the focusing system. How- detector, the beryllium mirror introduces diffraction lines
ever, the full width at the 1% level could be over g®n. and high background. The glassy carbon mirror is then used.
This “tail” may be cleaned by putting a slit system or pin- Polycrystalline x-ray diffraction is usually performed
hole very close to the sample. From Fig. 2, because of thalong the axis of the diamond cell with the incident and
laser heating optics, this distance cannot be less than 60 mrdiffracted x rays passing through the diamaadial diffrac-
resulting in the beam cleanliness being limited. Dependingion). With the lowZ gasket techniquéberyllium, boron,
on the specific experiment, our system provides options ok-ray diffraction can be measured through the IBwasket,
the slit system for cleanliness or the KB mirror system forwith the loading axis of the DAC perpendicular to the pri-
flux. mary x-ray direction(radial diffraction.>*** Radial diffrac-
tion provides crucial information on sample stress and strain.
Coupling the laser heating system to the radial diffraction
geometry is relatively straightforward because the optical

While temperatures can be measured by the spectral rgaths can be arranged in the direction perpendicular to the
diometry method, pressures were usually not measured di-ray beam and, therefore, the spatial limitations are relaxed.

D. X-ray measurements

C. Pressure calibrants
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