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Double-sided laser heating system for in situ high pressure–high temperature monochromatic X-ray diffraction at the ESRF E. SCHULTZ†, M. MEZOUAR*†, W. CRICHTON†, S. BAUCHAU†, G. BLATTMANN†, D. ANDRAULT‡, G. FIQUET‡, R. BOEHLER§, N. RAMBERT¶, B. SITAUD¶ and P. LOUBEYRE †ESRF, BP 220, 38000 Grenoble, France ‡IMPMC, Université Pierre et Marie Curie, 140 rue de Lourmel, 75015 Paris, France §High-pressure Mineral Physics, Max Planck Institut für Chemie, Mainz, Germany ¶CEA, Valduc, 21120 Is-sur-Tille, France CEA/DPTA, BP12-91680 Bruyéres le Châtel, France (Received 15 January 2005; In final form 19 February 2005) A new double-sided laser heating system optimized for monochromatic X-ray diffraction at high pressure and high temperature has been developed at beamline ID27 of the European Synchrotron Radiation Facility (ESRF). The main components of this system including optimized focusing optics to produce a large and homogenous heated area, optimized mirror optics for temperature measurements and a state-of-the-art diffraction setup are described in details. Preliminary data collected at high pressure and high temperature on tungsten and iron are presented. Keywords: Laser heating; Diamond anvil cell; High pressure; High temperature; Monochromatic XRD; Spectral radiometry



1.



Introduction



The investigation of matter under extreme conditions is one of the natural issues developed at a synchrotron radiation source. Indeed, a highly collimated and intense X-ray beam is the ideal tool for probing microscopic sample properties at high pressures and temperatures and for investigating the effects of gradients in these variables. The first in situ laser heating experiments were performed at second generation synchrotron sources [1, 2] and have greatly benefited from the very high flux available at third generation synchrotron sources [3, 4]. The laser-heated diamond anvil cell (DAC) is the only technique that can create extreme temperatures at extreme pressures (P >100 GPa). Temperatures in excess of 5000 K can be achieved for samples under pressure in diamond cells by heating with high-power *Corresponding author. Email: [email protected]
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infrared lasers. Despite important technical progress [1–16], this kind of experiment still remains very challenging. This is mainly due to the transient nature of laser heating and the steep temperature gradients (from the maximum temperature to ambient over a 20 µm radial distance and an even steeper axial gradient). Consequently, contradictory results have been reported by different laboratories, causing confusion about the laser heating technique. The P–T phase diagram of iron is a typical example of such confusion [1, 3, 6, 7, 11, 17–19]. Here, we present results of a concerted effort to improve this technique and to couple high P–T with monochromatic X-ray diffraction. This project involves the development of a double-sided laser heating system optimized for in situ monochromatic X-ray diffraction. Its natural field of application is geophysics, for the determination of the structures of the different components of planetary interiors. The main objective here is to reproduce the pressure–temperature conditions that exist in the outer core of the Earth. However, it will also be applied to chemistry, for the synthesis of novel materials (for instance diamond-like materials) and to fundamental physics, particularly in the study of the liquid state at high pressure, a domain that is poorly understood at present.



2.



Experimental setup



2.1 General description A photograph of the experimental setup and the corresponding schematic drawing are shown in figure 1. The laser heating system is composed of a high-power diode-pumped Nd-YAG infrared laser, several guiding optics, optimized focusing and collecting optics, and a visible spectrometer. The laser beam penetrates on both sides of the DAC at an incidence angle of 20◦ and creates a homogenous temperature area probed by the focused X-ray beam. Temperatures are measured by multi-wavelength spectral radiometry on both sides of the sample. The thermal signal emitted by the sample is collected by optimized collecting optics, which also serve as imaging optics. The thermal radiation is focused via these optics to the entrance slit of a visible spectrometer where the thermal light is wavelength dispersed. The system is equipped with two collecting optics (CO). A hole is drilled on the upstream CO along the X-ray beam path to enable in situ temperature measurements. The downstream CO largely intercepts the X-ray diffraction cone and is removed during the X-ray exposure. However, it allows the temperature stability and temperature gradients to be controlled via measurements done shortly before and after X-ray data collection. In addition, the CO also serves as imaging optics. In this case, the light coming from the sample is directly focused on an infrared-sensitive CCD camera. This system enables the in situ visualization of the sample in the DAC during heating and X-ray exposure and allows the accurate alignment of the X-ray beam with the hot spot induced by the laser beam. The intense monochromatic X-ray beam is focused on the sample using two multilayer mirrors in the Kirk Patrick Baez geometry. The diffraction signal is collected on a Bruker CCD detector or an MAR345 image plate, both easily interchangeable using high-precision motorized translations. 2.2



Lasers and heating optics



The laser source is composed of two vertically polarized high power–high stability Nd-YAG diode pumped lasers from Spectra Physics. These lasers operate in the continuous mode and generate a total laser power of 80 W (40 W for each laser) at a wavelength of 1.064 µm. This very high power is largely sufficient to heat any metals or opaque materials well above 2500 K
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Figure 1. Set-up for the double-sided laser-heated DAC at the high-pressure beamline ID30; (1) optical table; (2) CW diode-pumped TEM00 Nd:YAG laser; (3) waveplate; (4) beamsplitter cube; (5) laser mirror oriented at 45◦ ; (6) laser-focusing objective; (7) laser mirror oriented at 35◦ ; (8) laser beamstop; (9) diamond anvil cell placed in a cooling unit; (10) argon laser emitting at a wavelength of 488 nm for pressure measurements using the ruby fluorescence technique; (11) upstream mirror oriented at 45◦ with a hole drilled in its centre enabling the X-rays to get through; (12) downstream mirror oriented at 45◦ ; (13) collecting and imaging optics: Schwarzfield-type telescopes; (14) filters (KG, NG and/or RG) and Nd:YAG laser mirrors with 0◦ incidence; (15) beamsplitter cube (50/50); (16) mirror oriented at 45◦ ; (17) thermoelectrically cooled CCD; (18) imaging spectrometer; (19) large-area CCD; (20) image plate detector; (21) X-ray beamstop; (22) pinhole.
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in the megabar regime. The transverse mode structure TEM00 of these lasers is purely Gaussian with an excellent beam quality factor M 2 of 1.1. This factor is important, since it ensures tight focusing at long focal distances (f > 100 mm). These lasers also provide an excellent power and beam pointing stability; the peak-to-peak power variation is indeed better than 0.2% in the 0.1–1000 Hz frequency domain; and the pointing variations are better than 100 µrad. The two parameters are crucial because the sample temperature and temperature distribution are directly correlated to their variation. The excellent performance of this laser source makes it a better choice than multi-mode lasers [4, 6, 18] which suffer from much greater power and pointing instabilities [20]. The lasers operate at the maximum laser diode currents and the power is tuned by changing the polarization factor using a half wave plate coupled to a beamsplitter cube. This method allows a smooth power variation, and consequently the temperature can be changed regularly by small steps ( 120 mm) compatible with the X-ray diffraction setup and are aplanatic in order to maintain excellent beam pointing stability.



Figure 2. Laser focusing optics. (a) ‘Telephoto lens’ arrangement. The focal length is 120 mm. With no beam expander in the laser path, the measured laser spot diameter at the focal point is 90 µm. The beam diameter is determined with the 1/e2 criterion, i.e. at 13.5% of the maximum intensity. (b) ‘Beam expander’ arrangement. The focal length is 125 mm. The measured spot size at the focal point is 25 µm.
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Figure 3. Spatial distribution of the laser power at the focal point along the vertical axis, and the corresponding temperature gradients of a tungsten foil heated with a laser power of 25 W at 5.5 GPa. Temperatures are measured from areas 6.4 µm in diameter.



2.3



Spectroradiometric and imaging system



The precise determination of the sample temperature and temperature gradients is a very important issue at the extreme temperatures and pressures created by the laser heating system in the diamond anvil cell. The only method available to perform accurate temperature measurements in these conditions is to analyse the visible light emitted when the YAG radiation is absorbed by the sample. The choice of the optics to collect and focus this visible light on the entrance slit of the spectrometer is crucial. The focal distance of commercially available optics is not adapted for our application because of the limited space available around the DAC. Moreover, most of the optics used for this purpose are based on lenses that are not free of chromatic aberrations that can introduce large temperature errors [1]. To avoid these difficulties, we have designed and built an optimized Schwarzfield type reflecting microscope objective with dimensions, focal length and magnification entirely compatible with the laser heating system. A schematic drawing and a photograph of this objective are presented in figure 4a and b. This system is free of chromatic aberration because it is has only two curved mirrors. It has a long focal distance of 100 mm compatible with the DAC dimensions, the X-ray diffraction setup and the other optical elements. The light collected is imaged at a distance of 850 mm from the sample with a large magnification of 18. The objective has a small obstruction ratio of 0.22, i.e., most of the emitted light that intercepts the objective aperture is collected. The radii of curvature of the two mirrors Mp and Ms have a ratio of 2.62, which is the optimum to minimize spherical aberrations, coma and astigmatism [21, 22]. In order to avoid any image distortion during laser heating, the mechanical components of the objective are made of invar, a material that has a negligible thermal expansion. The two reflective objectives are vertically and horizontally mounted on high-precision translations. This allows the vertical and horizontal temperature profiles to be determined. An example of an image obtained with this objective is shown in figure 5. Temperatures are measured using the multi-wavelength spectral radiometry [23, 24]. The emitted light is analysed using a Jobin-Yvon CCD camera (model ATE-1024 × 256) mounted on an Acton spectrograph (model SP556i). This spectrometer is equipped with a
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Figure 4. Collecting/imaging optics. (a) Photograph of the upstream collecting optical system. This consists of a mirror oriented at 45◦ (1) and a Schwarzfield objective (2). The mirror is highly reflective over the wavelength range 400–950 nm, and a hole with a diameter of 3 mm has been drilled to let the X-ray beam through. (b) Optimized Schwarzfield objective. The objective consists of a plano-concave mirror (primary mirror Mp) and a plano-convex mirror (secondary mirror Ms). These mirrors are concentric with ‘C’ as the centre of curvature. The ratio of the radii is 2.62. The mirrors are AR-coated for the wavelength range 450–950 nm. The working distance is about 100 mm, and the collected light is focused at a distance of 711 mm from Mp. The magnification is 18.



grating optimized for the temperature measurements. The grating is 150 gr/mm blazed at 500 nm and covers the wavelength domain 480–820 nm, with a central wavelength at 650 nm. The spectral resolution is 1 nm, which is sufficient to identify any structures in the emission spectrum. The width of the entrance slit of the spectrometer defines a strip across the sample



Figure 5. Photograph of a 150 µm diameter tungsten foil in a 200 µm circular hole in a DAC at 5.5 GPa using the on-line optical system.
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area. The spatial resolution in the horizontal direction is fixed by the slit width, and the 3 µm resolution on the sample corresponds to a slit width of 70 µm. The two-dimensional nature of the CCD allows the measurement of the temperature profile along the vertical axis of the hot spot [8]. The spectrometer is controlled via a program developed under the software Lab View (version 6.0). This program is a useful interface which allows a full control of the spectrometer and provides an online determination of the sample temperature. Alternatively the sample temperature can be obtained positioning a pinhole in front of the entrance slit to avoid any temperature errors induced by the spatial nonlinearity of the CCD camera. In this case, few pixels on the camera are exposed, and the collection time is limited only by the opening time of the fast shutter to 50 ms. The radial temperature distribution can be measured by displacing the collecting objectives. The pinhole system which has a better spatial resolution than the slit system is of particular interest at very high pressure when the temperature gradients are larger. In practice, the temperatures are measured using the multi-wavelength radiometry method. The collected thermal radiation is analysed over a wavelength domain of 500–800 nm and is fitted to a Planck law (equation (1)), which expresses the spectral intensity r(λ, T ) as a function of the emissivity ε(λ, T ) and the temperature T : r(λ, T ) = ε(λ, T )c1 λ−5 [e(c2 /λT ) − 1]−1



(1)



where λ is the wavelength and c1 and c2 are two constants. It is necessary to determine the system response R(λ, T0 ) (2) at a fixed temperature T0 in order to extract the correct temperatures and emissivities. The system response has the following expression: r(λ, T0 ) = S(λ)ε(λ, T0 )c1 λ−5 [e(c2 /λT0 ) − 1]−1



(2)



where S(λ) is the normalized system response. The normalized system response S(λ) can be obtained from the measured intensities of a tungsten lamp that is calibrated to temperature. In the present work, we have developed a tungsten lamp optimized for in situ X-ray diffraction to extract the temperature from the volume expansion of tungsten. A photograph of this X-ray lamp is presented in figure 6. Tungsten was chosen as a standard material because of its well-known emissivity [25, 26], thermal expansivity [27, 28] and high melting temperature (Tm = 3685 K). Moreover, it has a simple



Figure 6. Photograph of the calibration lamp. The external dimensions of the lamp are the same as those of the DAC, which allows rapid calibration of the system.
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cubic structure that is stable in temperature. The lattice parameter of tungsten was measured at different temperatures using five Bragg reflexions with a precision of 3 × 10−4 . The normalized system response S(λ) of figure 7 was determined at a temperature of 2660 K. At higher temperatures, these measurements become difficult because of the recrystallization effects. A normalized thermal spectrum and the corresponding Planck fitting from an iron sample at high pressure (P = 42 GPa) and high temperature is presented in figure 8. The normalized thermal spectrum is very smooth and presents a small deviation (±10 K) to the Planck fitting. The temperature and emissivity extracted from the fitting are, respectively, ε = 0.82 (±0.04) and T = 2130 K (±10 K). The wavelength variation of the emissivity with temperature and pressure, and the temperature gradients in the DAC are not taken into account in the errors estimate obtained fron the Planck fitting. 2.4 X-Ray diffraction setup A very intense and highly focused X-ray beam is crucial for in situ laser heating experiments. ID30 is equipped with three insertion devices (ID) on a high-ß section (‘large’ source with a very small divergence), two undulators (35 and 40 mm periods) and one wiggler. These IDs are fully optimized for experiments at high pressure. The optimum X-ray energy for accurate X-ray powder diffraction in monochromatic mode considering the opening angle and the absorption of the diamond cells is around 30 keV. This application, which represents 70% of the whole activity of ID30, requires the excellent performance of the two-phased undulators. A water-cooled Si(111) channel-cut monochromator is used to select short wavelengths down to λ = 0.15 Å (E = 100 keV). The monochromatic beam is focused on the sample using X-ray mirrors. The quality of the focusing optics is of primary importance for highpressure experiments because of the very small sample volume (typically 100 µm diameter and 40 µm thickness). Good results have been obtained using piezo-electric bimorph mirrors, but their alignment is time-consuming and delicate, and they suffer mechanical instabilities with time. An important progress is the implementation of Kirkpatrick-Baez platinum-coated



Figure 7.



Normalized system response S(λ) determined at a temperature of 2000 K.
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Emission spectrum collected during the laser heating of an iron foil loaded at 42 GPa and T = 2130 K.



mirrors mounted on mechanical benders. Very bright and clean focal X-ray spots below 10 µm (FWHM) are commonly produced. An example of an 8 µm focal spot obtained at beamline ID30 is shown in figure 9. Moreover, the alignment procedure of these mirrors is simple and fast (less than 3 h), and they are mechanically very stable. The beamline is equipped with a versatile, high-precision, three-circle diffractometer suitable for powder and single crystal diffraction. It can accommodate diamond anvil cells of different types and the Paris–Edinburgh press, high-temperature for these two types of devices (resistive and laser heating) and low-temperature for the former. Positioning (including that of independent-jaws micron-size slits) and centring to sub-micron accuracy is standard. The laser heating system is optimized for piston cylinder type DAC [29, 30] with a gas-driven membrane for pressure generation. A schematic of a typical cell is presented in figure 10. The large optical aperture (60◦ or more) and the possibility of controlling the pressure without removing the DAC from the cell holder are important advantages. These cells are very stable,



Figure 9.



Focal X-ray spot in the vertical plan measured with a tungsten carbide knife edge at the focal point.



80



E. Schultz et al.



Figure 10.



Cross-section of a LeToullec-type diamond anvil cell [30].



and pressures of up to 200 GPa can be generated. The sample is thermally insulated from the highly conducting diamonds using an insulating pressure medium. A chemically inert pressure medium such as helium, neon or argon is commonly used to prevent chemical reactions at high temperatures. The precise alignment of the sample relative to the beam is monitored by the contrast between X-ray absorption signals from the sample and its environment, using a silicon photo-diode located between the high-pressure cells and the detector. This photo-diode is mounted on a translation stage and can be positioned in the X-ray beam at anytime during the experiment. In particular, this device allows a rapid checking (less than 1 min) of alignment after each compression, heating or cooling of the sample.



3.



Preliminary results



The performance of the in situ laser heating system was tested at beamline ID30 using a thin tungsten foil loaded in a DAC. This foil was cryogenically loaded in argon, which serves as both pressure medium and insulating layer. The sample dimensions were 180 µm in diameter and 20 µm in thickness. The pressure was first increased to 5 GPa, and the temperature was progressively raised to temperatures above 2000 K by tuning the laser power to 20 W. A photograph of the hot spot is presented in figure 11. The measured hot spot diameter is about 80 µm with a cutoff at 95% of the maximum temperature. The radial and axial temperature gradients were measured using the spectroradiographic method described above, and the temperature



Figure 11. Photograph of the laser hot spot produced by double-sided heating of a tungsten foil loaded in a diamond anvil cell at 5.5 GPa (see also figure 6).
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Figure 12. Upstream and downstream temperature gradients of a tungsten foil heated at P = 5.5 GPa. The X-ray beam size is represented.



profiles determined on both sides of the sample are compared in figure 12. The upstream and downstream absolute temperatures and temperature profiles are in very good agreement. In the example of figure 12, the upstream and downstream central temperatures are 1760 K and 1740 K, respectively. When only one laser is used, the temperature difference is larger than 200 K. This demonstrates that the axial temperature gradients are considerably reduced by using the double-sided heating technique. The radial temperature gradients in the present case



Figure 13. Diffraction spectra of tungsten in argon as the pressure-transmitting medium at 1950 K and 8 GPa. The reflections used for the cell parameters determination are shown.
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Figure 14. Typical Le Bail refinement of an iron sample at P = 63 GPa and T = 2250 (200) K. The observed and calculated spectra are shown. The lattice parameters are a = 3.273 Å for the fcc phase, and a = 2.3436 Å and b = 3.7563 Å for the hcp phase.



are less than 20 K across the area scanned by the X-ray beam; this temperature error is of the same order than the error derived from the Planck fitting. An in situ X-ray diffraction spectrum collected at P = 5 GPa and T = 2000 K on a Bruker 6500 CCD detector at X-ray wavelength of 0.3738 Å is presented in figure 13. The diffraction pattern is obtained by circular integration of the corresponding two-dimensional image using the program FIT2D [31]. The lattice parameter was then obtained from a Le Bail fit of the diffraction pattern to an accuracy of 3 × 10−4 . Preliminary experiments on solid iron have also been performed. The iron sample was loaded in a DAC with argon as pressure transmitting medium. An in situ X-ray diffraction pattern obtained at P = 63 GPa and T = 2250 K is shown in figure 14. Only single-sided laser heating was performed for this test because of the limited aperture of the DAC. The quality of the diffraction pattern was good enough to index all reflections. Two phases were identified in the diffraction diagram, γ -fcc and ε-hcp structures. The coexistence of these two phases is explained by the large axial temperature gradient due to the single-sided heating. References [1] R. Boehler, N. Von Bargen and A. Chopelas, J. Geophys. Res. B 95 21731 (1990). [2] G. Shen, H.K. Mao and R.J. Hemley, Geophys. Res. Lett. 25 373 (1998). [3] L.S. Dubrovinsky, P. Lazor, S.K. Saxena et al., Phys. Chem. Miner. 26 539 (1999).
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VP526A Three-Way High Pressure Water Valve 

See Fig. 1 for typical piping and Fig. 2 for space. 1-1/2 (38). 1. MIN. ... Fig. 1. Typical piping. H. MINIMUM FOR. REMOVAL OF VALVE. VALVE. SIZE ... COMMON.
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VP526A Three-Way High Pressure Water Valve 

1. ALLOW 1-1/2 IN. (38 MM) MINIMUM CLEARANCE FOR REMOVING. ACTUATOR. ALLOW 2-1/2 IN. (63 MM) TO FACILITATE STRAIGHT ON. TUBING.
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high blood pressure solution book pdf 

History In Exile Memory And Identity At The Borders Of The Balkans, and many other ebooks. Download: HIGH BLOOD PRESSURE SOLUTION BOOK PDF.
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