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Abstract: A key question to all high pressure research arises from the reliability of

pressure standards. There is some indication and discussion of an uncertainty of 10-20%

for higher pressures in all standards. Independent and simultaneous investigation of the

dynamical sound velocity and static compressibility by in situ X-ray diffraction (XRD) on

a sample reveal the possibility of a standard-free pressure calibration and, consequently,

an absolute pressure measurement. Ultrasonic interferometry is used to measure

velocities of elastic compressional and shear waves in the multi-anvil high pressure

device MAX80 at HASYLAB Hamburg. MAX80 enables XRD, X-radiography, and

ultrasonic experiments. Two of the six anvils were equipped with lithium niobate

transducers of 33.3 MHz natural frequency. NaCl was used as pressure calibrant, using

the EoS of Decker (1971), and sample for ultrasonic interferometry at the same time.

From the ultrasonic wave velocity data, vp and vs, we calculated the compressibility of

NaCl as a function of pressure independent from NaCl-pressure calibrant. To derive the

ultrasonic wave velocities from the interferometric frequencies of constructive and

destructive interference require precise in situ sample length measurements. For a NaCl-

sample this is of particular importance, because the sample is the most ductile part of the

whole set-up. We measured the sample length by XRD-scanning and by X-radiography.

The compressibility results, derived from the ultrasonic data, were compared with data of

static compression experiments up to 5 GPa (Bridgman, 1940) and up to 30 GPa (Birch,
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1986) using experimental data from Boehler & Kennedy (1980) and Fritz et al. (1971).

At 1.2 GPa and 5.3 GPa the results of static compression data agree with our velocity-

derived compressibility data. In the range between 2 and 4 GPa our dynamical data have

1.5 - 3 % higher values. In general the pressure revealed according to Decker (1971) is

in accordance to our standard-free pressure calibration. Consequently, up to 8 GPa the

NaCl pressure standard has a reliability of at least 1%. However, at higher pressures the

inaccuracy of the NaCl standard seems to exceed 1 %.

Key-words: pressure calibration, ultrasonic interferometry, compressional wave

velocity, shear wave velocity, sodium chloride, multi-anvil high-pressure cell, X-ray

diffraction, X-radiography.

INTRODUCTION

Multi-anvil devices are a very successful tool for experimental simulation of mantle

conditions with relatively large samples. Accurate pressure determinations are critical to

most high pressure measurements. However, pressure calibration and the reliability of

pressure standards are discussed controversially.

The formation and the development of gaskets between the anvils causes a deviation

between load per anvil surface and pressure inside the set-up because of friction, material

variation of the pressure transmitting medium, minor fit variation in the set-up, minor

adjustment variation of the set-up and the anvils to each other, and different

compressibility of the samples. Recent pressure determinations in a gas piston-cylinder
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apparatus successfully reduced the uncertainty to 0.2 %, which is as low as that of free

piston gages at 2.5 GPa (Getting, 1998). Therefore, in situ pressure measurements and

precise standards are very important for this type of experiment. 

Different options for pressure calibration exist 

- using the known pressure of mineral reactions due to phase transitions, e.g., by

measuring the change of electrical conductivity or using petrological experiments to

determine mineral reactions. Several discrete measurements result in a pressure

calibration curve (Luth, 1993),

- spectroscopic observation of a pressure dependent absorption band or peak, e.g., ruby 

chip ( Piermarini et al., 1975; Mao et al., 1986)                                                             

 (standard method for diamond anvil cells, not suitable for multi-anvil cells),

- continuous determination of the pressure dependent unit cell size of a standard by X-

ray diffraction, using the pressure marker’s equation of state (EoS) (Decker, 1971;

Chen et al., 200). 

The most common material to calibrate for conditions simulating the upper mantle is

NaCl, following the equation of state published by Decker (1971), recently revised by

Brown (1999). The other high-pressure calibrants like ruby-chips are usually calibrated

against NaCl at low pressure. Progress in indirect pressure scale measurements has led to

precision which exceeds the accepted uncertainty of the practical pressure scale by a

factor of as much as five. A new indirect pressure scale would become available from the

over-determination of the equation of state of a reference material by simultaneous X-ray

and ultrasonic measurements (Ruoff et al., 1973; Getting, 1998; Zha et al., 1998).

MAX80 is a single-stage multi-anvil apparatus (Yagi, 1988) equipped for ultrasonic

interferometry (Mueller et al., 2002, 2003) and permanently located at HASYLAB,
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Hamburg for having access to synchrotron radiation for in situ XRD measurements. We

present simultaneous XRD- and high-pressure ultrasonic interferometry measurements of

compressional and shear wave velocities of polycrystalline NaCl to determine a standard

free pressure scale and to test the existing EoS by Decker (1971 and Brown (199). In

situ sample length measurement, necessary for high precision ultrasonic interferometry,

were performed by scanning both sample interfaces to the adjacent buffer and reflector

and evaluating the XRD-spectra, as well as by X-radiography, i.e. taking X-ray shadow

graphs of the set-up, recently installed at MAX80.

2.    TECHNIQUES, METHODS AND MATERIALS DESCRIPTION

2.2. Multi-anvil high-pressure apparatus MAX80

MAX80 (Figure 1) is a single-stage multi-anvil high-pressure apparatus with six

tungsten carbide anvils to compress a cubic sample volume of max. 8 x 8 x 8 mm. The

anvils are driven by a 2,500 N uniaxial hydraulic ram, the top and bottom anvil directly,

the lateral anvils by two load frames and four reaction bolsters, see Figure 2. Three anvil-

sets with different truncations exist - 6 mm, 5 mm, 3.5 mm. The maximum attainable

pressures using 3.5 mm tungsten carbide anvils reach 12 GPa at 2,000 K produced by an

internal graphite heater. The 6 mm truncation limits the maximum pressure to

approximately 7 GPa.

Diffraction patterns are recorded in an energy dispersive mode (XRD) using white

X-rays from the storage ring DORIS III at HASYLAB. MAX80 is equipped with a

germanium solid state detector analyzing the diffracted white beam at a fixed angle with
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a resolution of 135 eV for 6.3 keV and 450 eV for 122 keV. Using a double-crystal,

fixed-offset monochromator with silicon (311) single crystals, calibrated in the

wavelength range of 0.4 to 0.6 Å, and a 2048 x 2048 pixels CCD-camera angle-

dispersive X-ray diffraction (not used in this study) is also available.

The pressure is measured by energy-dispersive XRD using the high-pressure

equation of state for NaCl (Decker, 1971). The method uses the observation of the

elementary lattice cell compression of cubic NaCl crystals to derive the pressure in situ.

These data are implemented in an in-house PC-program to calculate the resulting

pressure at normal or given temperature. For details see Zinn et al. (1997), Vaughan

(1993), and Shimomura et al. (1985). 

The high pressure cell consists of a cube made of epoxy resin mixed with

amorphous boron with the weight ratio 1:4 for better compressive strength containing

the ultrasonic configuration, the heater, the pressure standard and the thermocouple.

Although the graphite heater was not necessary for the experiments presented here it was

not removed from the set-up for 6 mm anvil truncation to use the standard ultrasonic

configuration of MAX80 (Mueller et al., 2002). Removing the heater would result in

pressure data not representative for the standard configuration. On the other hand, the

5 mm cube set-up was especially designed without heater to keep the sample surface

bigger for stronger ultrasonic reflections, and to enhance the signal-to-noise-ratio. All

interfaces between the sample and the close-fitting buffer rods / reflector bars are

polished for optimal ultrasonic coupling (Figure 3). Additional coupling media were not

used. Copper rings contact the heater at the top and bottom anvils. The sample is

surrounded by rings made from boron nitride or glass ceramics for electrical insulation

and as a quasi-hydrostatic pressure transmitting medium. Further details of the apparatus
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are described on page ....., this volume and also by Mueller et al. (2002). 

2.2. Ultrasonic interferometry

Ultrasonic interferometry, using the interference between the incident and reflected

waves inside the sample, was first described by McSkimin (1950). Piezoelectric

transducers for the generation and detection of ultrasonic waves are cemented at the

polished rear anvils’s side outside the true pressure cell. One or two of the original

MAX80 anvil spacers (see Figure 2) were replaced by redesigned parts for ultrasonic

experiments. The new spacers have a cavity  in their center to keep the ultrasonic

transducer free of any stress. In principle two types of ultrasonic set-ups were used in the

presented experiments.

Asymmetrical set-ups are characterized by the optimization of buffers and

reflectors, i.e. the buffer is made of a material resulting in intermediate acoustic

impedance contrasts at both interfaces (anvil - buffer, buffer - sample) and the reflector

material is selected for maximum reflection at the rear side of the sample. At ambient

pressure the reflection coefficient for the NaCl-Pt interface is 80%, the reflection

coefficient for the Pt-TC interface only 20%. This means, that only a minor amount is

reflected between anvil and platinum, but most energy is reflected between NaCl and Pt,

resulting in an optimized amplitude in the interference pattern. For the massive NaCl

samples used in this study, powders were pressed, cut and re-machined. Buffers made

from iron, aluminum, and Al2O3 ceramics were used. Platinum was found to be the

optimum reflector material. To measure at one the velocity of compressional and shear
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waves simultaneously with asymmetrical set-ups, requires the assemblage of both P- and

S-wave transducers at one anvil or the use of a two-mode transducer as published by

Kung et al. (2000). To ensure the maximum ultrasonic energy emission of the optimum

cut transducers we used separate transducers for generation and detection, arranged in a

circle as close as possible to one another (Figure 4). The geometrical error introduced by

the eccentricity of 6.5 degrees is less than 0.5 %.

The other option - symmetrical set-up, i.e., buffer and reflector are made from the

same material - requires ultrasonic measurements from the top and bottom anvil. Only

one transducer for each wave type is concentrically assembled at one anvil’s rear side.

The advantage of this set-up is the optimum interference between direct and reflected

waves because the transducer receives the reflected and interfered waves without any

angular loss. On the other hand the symmetrical set-up results in additional energy losses

due to non-optimum impedance contrasts between sample and buffer / reflector. For

symmetrical set-ups we used platinum at both sides, which is an optimum reflector, but a

poor buffer resulting in additional reflection losses, especially at the platinum-NaCl

interface. In case of measurements at elevated temperatures, not performed in this study,

only one of the “ultrasonic” anvils can be grounded. Even by using a dc-power supply

small fluctuations of the current result in interference with the ultrasonic signals. 

For generation and detection of the ultrasonic waves we used lithium niobate

transducers, cold covered, overtone polished with a natural frequency of 33.3 MHz and a

diameter of 5 mm. They were cemented at the polished rear anvil side using epoxy resin

diluted by acetone to reduce its viscosity for minimizing the thickness of the glue film.

This is of fundamental importance for the interferometric method to ensure rigid

coupling to the anvil, because it requires a broad band characteristics of the transducer as
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a result of strong attenuation. The ultrasonic anvils are equipped with one P-wave or S-

wave transducer, or with two couples of P-wave and S-wave transducers respectively,

depending on whether an asymmetrical set-up and two-transducer method, or a

symmetrical set-up and single transducer method was used. First tests were performed

with 3.5 mm truncation anvils made from cubic boron nitride. 

Figure 5 shows the electronic equipment for ultrasonic interferometry at MAX80. A

PC-program controls the frequency sweep of the rf-generator by a frequency step of

100 kHz. An arbitrary waveform generator cuts wavelets (Shen et al., 1998) or double

wavelets (Li et al., 1998) of a duration of 20 ns to 4 :s from the continuous sinusoidal

signal of the rf-generator. The ultrasonic generator delivers the master trigger pulse and

amplifies the received signal. For single transducer configurations, i.e., the transducer

acts sequentially as generator and receiver of ultrasonic waves, a directional bridge is

used to prevent the strong excitation wavelet from hitting the sensitive input of the

receiving amplifiers. A power amplifier and pre-amplifier are used for samples with high

damping or strong reflection losses at the interfaces. The multi-channel oscilloscope

displays and digitizes the interference signals, finally stored on the PC’s hard drive. The

evaluation using an in-house computer program includes the selection and copying of the

critical signal ranges, i.e., the buffer and sample reflections, their subtraction to isolate

the interference between the signals, digital filtering, displaying the resulting periodic

energy levels (constructive and destructive interferences) as a function of frequency, and

finally displaying the resulting travel time curves as a function of frequency as well

(Mueller et al., 2003). The determined two-way travel time or its multiple inside the

sample is represented by the bold straight line between the curves of opposite curvature

in Figure 6.
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2.3.   Determination of Sample Length

The result of ultrasonic interferometric measurements is an equidistant sequence of

critical frequencies for constructive and destructive interference of the reflected waves

from the plane-parallel surfaces of the sample rod. Unfortunately the interference pattern

does not only depend on the material properties of the sample, but also on sample length.

Due to the sharp interference pattern, the travel time is determined with high precision -

better than 0.4 % - and the accuracy of the velocity determination mainly depends on the

precision of the length measurement (Li et al., 2001). In situ sample length measurement

in multi-anvil devices is not trivial, as it cannot simply be derived from measurements of

thel advance of anvils. Therefore sample deformation models, derived from direct length

measurements prior and after the experiment (Knoche et al., 1997, 1998) are common

usage, or it is assumed that the sample deforms purely elastically. The so called Cook’s

method (Cook, 1957) calculates the in situ sample length from the compressibility

derived from measured elastic wave velocities. Our measurements with different samples

in a variety of configurations showed that this assumption is only valid, if the sample is

the strongest part of the buffer - sample - reflector combination. Knoche et al. (1997,

1998) had a hot isostatically pressed forsterite sample between two platinum buffer rods.

Consequently the condition mentioned can be a good approximation for high-strength

samples, as it was also the case in our experiments with San Carlos olivine, anorthite,

clinoenstatite, and quartz (see Mueller et al., page ..., this volume), but not if a ductile

sample is taken into account.
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2.3.1 XRD-Scanning

Contrary to experiments with high-strength samples, a NaCl-specimen between

Al2O3 ceramics or iron and platinum buffers is the most ductile part and will

accommodate large parts of the total deformation (Mueller et al., 2003). Because

sodium chloride deforms as a combination of ductile and elastic behavior, simple

deformation models are not useful and measurements under in situ conditions are

necessary. An advantage of ultrasonic measurements at a radiation source is that the

sample length can be determined independently from the ultrasonic experiments. The first

option is to scan the buffer - sample - reflector combination stepwise, crossing both the

interfaces and determine the sample length by evaluating the in situ XRD-spectra (Figure

7). The circles represent the X-ray beam radius of about 50 :m. The XRD-spectra close

to the interface are a superposition of two spectra, because the X-ray beam penetrates

both materials,  i.e. Pt and NaCl, to some degree. The whole press (including the multi-

anvil device) can be lifted by stepper motors with an accuracy of 1 :m. By calculating

the interface from the last and first pure spectrum the sample length can be determined

much more precisely than the beam diameter is that is an accuracy of 5 to 10 :m. An

advantage of this method is, it requires no additional equipment and results in sufficient

accuracy. The drawback is, it is highly time-consuming, about 20 minutes using the

lowest step rate.

2.3.2 X-Radiography
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Li et al. (2001) used X-radiography to measure the sample length in multi-anvil

devices under in situ conditions, after the method was established in the nineties by other

authors to observe under high-pressure conditions falling spheres in melts for viscosity

measurements. At the latest when we introduced an ultrasonic data transfer function

technique at MAX80 (see page ...., this volume) the XRD-scanning method was no

longer adequate as the only available length measurement technique. A digital ultrasonic

sweep for vp and vs lasts about 90 minutes. Consequently a duration of about 20 minutes

for a XRD-scan of both interfaces was acceptable. But if the recording of two data

transfer functions representing the whole vp- and vs-data requires only some seconds, the

length measurement becomes the limiting factor. 

As the first step to establish a X-radiography system the fixed double-slits unit of

MAX80 was exchanged by an adjustable slits system. We used a four-blade high-

precision slits system of ADC (Figure 8) equipped with four independent stepper motors

including all the control electronics onboard. The maximum slits opening is 1 inch. The

motion repeatability is 1 :m with a motion resolution of 0.4 :m. The MS Windows

compatible IMS terminal software allows to control the slits system simply by the PC,

already installed for the ultrasonic measurements. Because the four blades can be moved

independently from each other the slits system is able to define the X-ray beam position

and size. Differently from the original state the X-ray beam position can be controlled by

the slits and the positioning table of MAX80 now. For X-radiography the blades are

opened so far, that the X-ray beam covers the whole sample length including a part of

the adjacent buffer and reflector rods. Using tungsten carbide anvils absorbing the

synchrotron radiation (intense X-rays) the maximum vertical opening of the beam is

adapted to the maximum available gap between the lateral anvils, of about 1.5 mm at
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normal pressure and less than 0.5 mm at maximum conditions. To limit the scattered

radiation inside the hutch the slits is only opened to the size necessary for the sample

length measurement.

First of all the X-radiography system (Figure 9) consists of an 0.1 mm thick

Ce:YAG-crystal (by courtesy of IKZ) of 15 mm diameter in an adjustable aluminum

mounting. It partially converts the X-ray shadow graph after passing through the set-up

by fluorescence to an optical image of about 540 nm wavelength (light green), which is

redirected to a CCD-camera by an aluminum-coated mirror. A beam-stop behind the

mirror absorbs the non-converted X-rays. The Ce:YAG-crystal should be made as thin as

possible to limit the warming up by X-ray absorption and to keep the optical image as

sharp as possible, because the fluorescence creates optical images at all atomic planes

inside the crystal. Extensive use of aluminum for X-ray exposed components is

recommended to limit the warming of the parts by absorption. The decoupling of the

optical image from the X-ray shadow graph by the mirror is necessary to prevent the

CCD-camera from direct X-ray flux. The whole system is covered by a 2.5 mm thick Pb-

casing for shielding from scattered radiation inside the hutch (Figure 10).

For taking images optimum for the following evaluation each shadow graph was

recorded with three different exposition times, differing from each other by the four-fold

exposition. The automatic exposure control failed because of the high intensity contrasts

of the images. The evaluation of the shadow graphs is performed by densitometry

profiling, i.e. the image processing software analyzes the brightness of the image along a

pre-defined line. Figure 11 shows the shadow graph and the related image processing

result for a NaCl-sample at 5 GPa pressure in linear and logarithmic scale. At the

optimum exposition time the low-dense NaCl is displayed as pure white. The sample
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length, i.e. the number of zero density pixels at the central part of the image, is 149

pixels. Because of the small, but existing divergence of the X-rays, the shadow graphs

and the sample have not necessarily the same size. Therefore the shadow graphs are

calibrated, before the high pressure run starts, because at this time the sample length is

exactly known from the preparation. From this calibration we know that the 149 pixels,

displayed at Figure 11 represent a sample length of 1.94 mm. That means the accuracy is

1 pixel, i.e. 0.013 mm.

What are the accuracy limits for X-radiography? The principle limit is the

wavelength of light, i.e. about 0.5 :m. But in reality it gets worse, because the aperture

of the objective is less than 0.5. To keep the camera outside the intensive X-rays, the

working distance must be about 40 mm, very large, i.e. very disadvantageous for a micro

objective. That limits the practical accuracy to about 1 :m, what is a half order of

magnitude better than X-ray scanning at the minimum. First results with a conventional

consumer 5 Megapixels color camera with a minimum working distance of 70 mm

demonstrate the potential of the used set-up and confirm the results of XRD-scanning.

Because the image processing only uses the density of the image, first the color image is

converted to a grey scale one. Therefore in the next experiments a 6 Megapixels black

and white CCD-camera will be used at a working distance of 40 mm to guarantee a 1 :m

resolution.     

2.4.  Experimental Procedures

Three experiments were included in the evaluation. Run 2.2 is one of the first
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ultrasonic experiments at all performed simultaneously with synchrotron XRD-

maintenance in MAX80. Due to the similarity between the set-up of run 3.10 and 2.2 the

sample deformation measured by synchrotron radiation during run 3.10 was used for

both experiments. Set-up 2.2 had a buffer made of glass ceramics; set-up 3.10 had an

iron buffer. Both asymmetrical set-ups had platinum reflectors. To make the pressure per

load and deformation results comparable to other experiments the set-ups had a stepped

graphite heater which was not in use during these experiments. 

Run 3.27 used 6 cubic boron nitride (cBN) anvils with 3.5 mm truncation to

increase the maximum pressure. Because cBN is an electrical insulator the rear side of

the top and bottom anvil got a gold-platinum electrode for the transducers by sputtering.

The top anvil was equipped with pairs of p- and s-wave transducers. In addition to that,

the bottom anvil was equipped with a single p-wave transducer to compare the results of

both configurations (see Figure 4). Due to electrical contact failure at the bottom piston

only the symmetrical set-up with two platinum buffers could be used. The much smaller

anvil truncation require boron-epoxy cubes of 5.5 mm length. To enlarge the reflection

surface, i.e., to have a higher sample diameter a special set-up was designed without

heater and insulator tube (Figure 3). The experiment showed that the friction between

anvil’s surface and gaskets was much higher than using tungsten carbide anvils resulting

in a maximum pressure of 7.71 GPa.

2.5.  Gasket Insets - Anvil Support

In normal use MAX80 forms the gaskets between the anvils from the boron epoxy
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cube’s material during the runs. This allows a simple and rapid sample change, ensures

low X-ray energy loss by any additional materials and results in a good “high pressure

efficiency”, i.e., for a given load the pressures are relatively high, because the small

gaskets formed by the cubes reduce the additional surface and hence, the “unproductive”

part of the load. On the other hand a better lateral anvil support by an additional gasket

results in a more homogeneous stress distribution inside the anvils leading to a higher

maximum force to the sample cube and consequently higher pressures inside the set-up.

Prefabricated gasket insets, normal for all double-stage multi-anvil devices, are a way for

lateral anvil support at the expense of a lower pressure efficiency. For first tests we used

gasket strips made from Klinger SIL C-4400 (Figure 12), an industrial sealing material

made from NBR tied p-aramide fibres for tungsten carbide and cubic boron nitride anvils.

The post-experimental optical inspection of the tungsten carbide anvils showed that the

material starts to flow at the corners of the front face without any failure of the anvil.

Because the gap width between the anvils was larger at elevated pressures the X-ray

intensity was higher and the adjustment of the ray was easier. In other words, due to the

reduced pressure efficiency the maximum pressure could be enhanced and thw XRD

measurements could be improved. For cubic boron nitride anvils the friction between the

gasket material and the anvils was too high, resulting in a stick-slip behavior and material

failure. Material and shape of the gasket insets will further be optimized for future

experiments.

The first experiments with tungsten carbide anvils showed . 25 % higher maximum

pressures compared to the standard MAX80 configuration because of increased lateral

anvil support, reduced number of blow-outs, higher X-ray intensity, and a reduced

probability of thermocouple cut-off during the experiments.
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2.6.  Samples

Sodium chloride powder of 99.5 % purity (analytical grade by Merck) was used as

starting material. The medium grain size was 50 :m. The powder was pressed to a

sample cylinder of 10 mm diameter and a length of 20 mm using a load of 6 tons

resulting in an effective pressure of 0.25 to 0.3 GPa. The millimeter sized samples

(diameter 2.4 mm and 1.6 mm length for 6 mm anvil truncation, and diameter 3.1 mm

and 1.1 mm length for 3.5 mm anvil truncation) for the high pressure experiments were

shaped with a high-precision (± 0.5 :m) cylindrical grinding machine and polished at the

plane-parallel faces of the sample rod.

3.    RESULTS AND DISCUSSION

The digitized interferometric signals stored on a PC’s hard drive were processed

using an in-house program. The resulting sequence of maxima and minima represents the

frequencies for constructive and destructive interference. Picking all available maxima

and minima as a function of frequency < allows the determination of the travel time J

inside the sample as the regression result for the horizontal point sequence between the

curves of opposite curvature (Figure 6). The curvature is the result of an inappropriate

use of the order of interference n according to J = n 1/<.

The calculation of wave velocities requires the sample length as a function of

pressure. Consequently the precise measurement of sample deformation during the



-18-

experiment is essential for the accuracy of the whole method, because for higher degrees

of deformation this contribution to the critical frequency interval can be higher than that

of the change of sample’s elastic properties. Figure 13 is the plot of vp and vs for the

three experimental runs. The results for our runs are in agreement with previous results

published by Frankel et al. (1976) within the limit of experimental errors (-1.5 %). 

The velocities of run 3.27 are located between the values of the other two

experiments and are used as average value. This run reaches the highest pressure and

was used for further modeling.    

The measured elastic wave velocities vp (compressional wave) and vs (shear wave)

were used to calculate the adiabatic bulk modulus KS and the corresponding

compressibility 6S.

                                                                                                    (1)

and

                                                                                                                   (2)

This calculation requires the density D of the sample as a function of pressure which

is directly obtained by XRD measurements. In situ sample length measurement is the

important basis, but in addition to that the study of the lateral deformation is also

necessary. That becomes the more important, the less hydrostatic the pressure and the

more ductile the sample is. Therefore a user of any multi-anvil device have to take care

of set-up deformation. Different methods exist to meed the demands.
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The general form of the equation of state (EoS) is:

                                                                               (3)

where P1 refers to the isothermal equation of state, and PTH refers to the thermal pressure.

For small compressions, the isothermal bulk modulus KT can be approximated by:

                                                                 (4)

Here K0 , K0‘, and K0‘’ are zero-pressure values of K and its first and second pressure P

derivatives, at constant temperature. The first two terms usually suffice to represent

ultrasonic measurements, but K0'’ appears to be negative and of a magnitude such that a

quadratic in P leads to K = 0 (Birch, 1978). Therefore, only K0 and K0‘ are used. Using

published data for K, K’ and density at normal pressure D0 (Birch, 1978, 1986; Holland

and Ahrens, 1998) the density at given pressure can be calculated:

                                                                                                             (5)

and

                                                                                                               (6)

Another widely used approach is measuring and deriving the deformation of the

sample from the ultrasonic experiment itself, called Cook’s method (Cook, 1957; Kung et

al., 2001a, b).
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                                                                             (7)

                                                                                                                (8)

                             with    S  - linear compression

                                       "  - linear thermal expansion coefficient

                                       (  - thermodynamical Grüneisen parameter

                                       T  - absolute temperature

                                       P  - pressure                                       

                                       D0 - density at zero-pressure

                                       l0 - sample length at zero-pressure

                                       tp - travel time of compressional waves along the sample

                                       ts - travel time of shear waves along the sample

But this is only valid for

                                                                                                     (9)

which means the deformation is purely hydrostatic, i.e., uniform in all directions of space.

However our post-experimental examination of the set-up showed that this boundary

condition is not achieved for our set-up and non-encapsulated NaCl-samples, because the

sample is the most ductile part of the set-up. As a consequence of the gasket formation

there is a reel-shaped deformation of the sample, i.e., the length decreases, the diameter
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at half the sample length slightly decreases or keeps constant, but the diameter at the

front faces increases. Some minor parts of the material can be even squeezed out there.

Therefore we used a more generalized equation published by Frankel et al. (1976). For a

material whose equation of state is unknown, Katz and Ahrens (1963) showed that an

equation of state can be solved for by assuming that the geometry of the specimen

changes under pressure such that

                                                                                                               (10)

where

                                                                                                                   (11)

                             with    X  - geometry characteristics

The parameter n is any positive number and is assumed to be independent of

pressure. The change in the specimen density and thickness can be determined from the

data as follows:

                                                                       (12)

For n � 2, and

                                                                                       (13)

For n = 2, where
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                                                                                                 (14)

                                                                                                               (15)

                                                                                                                (16) 

                                                                                                        (17) 

                             with   )fp - frequency interval between two critical frequencies for 

                                                compressional waves

                                       )fs - frequency interval between two critical frequencies for 

                                                shear waves 

                                        Cp  - specific heat at constant pressure          

If the forces acting upon a specimen are perfectly balanced, such as they are in a

liquid pressure transmitting medium, the parameter n in equation (10) is equal to 3.0. All

strains are due to hydrostatic stresses. The assumption of hydrostatic compression led

Ahrens and Katz (1962) to use an expression as Cook’s method identical to equation

(12) with n = 3. If the deformation of the specimen is piston-like, i.e., the side walls are

rigid and only the thickness changes, then the value of n is 1.0. If the sidewalls - as in our

experiments - are rigid or easier deformable than the buffers in axial direction, n # 1.0.
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We found n = 0.622  for run 3.27.

A third possibility to determine density as a function of pressure is an iterative

numerical approach. The calculation of the adiabatic bulk modulus at the first pressure

step starts with the assumption D = D0 , i.e., the density do not change within this small

pressure-interval. The resulting compressibility is used to calculate the increased density

at this pressure, which is used for the next calculation cycle. The result is very close to

the data determined by using the EoS published by Ahrens and Katz (1962) and  Birch,

(1986).

The in situ density evaluation was performed while using unit cell parameters of

NaCl derived by XRD.    

K0 - and K’T - values published by Birch (1986) were used to calculate the isothermal

bulk modulus KT and the corresponding compressibility 6T using equation (2) and (4).

The V/V0 - values published by Bridgman (1940) were also used to calculate the

isothermal compressibility. Both values agree very well (Figure 14). The difference

between the adiabatic (KS ) and isothermal (KT ) bulk moduli is

                                                                                                    (18)

and  at room temperature (Kung and Rigden, 1999) was taken into

account. 

The detailed comparison of the data showed minor differences. The ultrasonic

curves cross the static compression graphs twice. At .1.2 GPa the compressibility graph

derived from the EoS-fitted ultrasonic data intersects the static compression graph first.

At ambient conditions the static compressibility is 7 % higher than the dynamical

compressibility derived from ultrasonic measurements. This seems to be the result of non-

intrinsic compression, e.g., due to a closure of microcracks at the early compression stage
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in static compression experiments.

Between 2 GPa and 4 GPa the graphs are nearly parallel with up to 3 % higher

compressibility derived from ultrasonic measurements. The high pressure intersection is

located at 5.3 GPa. At higher pressures the difference seems to increase. At our

maximum pressure of 7.71 GPa the static compressibility is again 6.6 % higher than the

presented value. This may lead to significant errors for the pressure standard at higher

pressure.

 In terms of pressure measurement the compressibility calculated from ultrasonic

data indicate at 3 GPa about 0.25 GPa higher pressures than derived from static

compression data by Bridgman (1940). The ultrasonic data are related to Decker (1971)

pressure scale.

The graphs for all calculated NaCl compressibilities, i.e., derived from static

compression and from ultrasonic measurements using the equation of state, the empirical

deformation model and the numerical approach, were polynomial fitted up to the power

of 5, which is required for the range between 1 GPa and 5 GPa. Table 1 presents the

coefficients of this fits according to equation (19).          

 

                                        (19)

Figure 15 shows the relation between the Decker (1971) pressure scale and the

pressure derived from the ultrasonic measurements of this study using the Eos by Birch

(1986). The data were also polynomial fitted up to the power of 5:
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      pus = 0.34611 + 0.6807 pDe + 0.01921 pDe
2 + 0.00246 pDe

3 + 8,4777*10-4 pDe
4       (20)

                                                                                               + 5.75971*10-5 pDe
5

   

                               with    pus - pressure derived from ultrasonic measurements of

                                                 this study

                                          pDe - pressure according to Decker (1971)

 

 

4.    CONCLUSIONS

The results demonstrate the ability to measure the pressure inside of multi-anvil

pressure cells standard-free by ultrasonic interferometry. The synchrotron radiation is

used to measure the pressure by XRD-techniques using EoS after Decker (1971). The

synchrotron radiation is also used for precise in situ sample length and density

determination required for the ultrasonic method. Different ways of density

determinations were used ( using the EoS for NaCl, published by Birch (1986),  analyzing

the deformation (Ahrens and Katz, 1962), and using an iterative numerical approach) and

agreed within <0.1%. Ultrasonic pressure measurement will probably not substitute the

XRD-determination completely, because of its higher technical expense, but might be

important for a calibrant-free pressure scale determined at very high pressures. However,

it seems to become a standard high-pressure method to determine elastic properties of

polycrystalline samples parallel to the growing amount and quality of ultrasonic

measurements on single crystals under experimental simulated Earth’s mantle conditions.
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Tables

TABLE 1.  Polynomial fit coefficients for the compressibility of NaCl measured by

ultrasonic interferometry and static compression.

static

compression

(Birch, 1986 

ultrasonics,

this work,

density from

EoS 

(Birch, 1986)

ultrasonics,

this work,

density from

deformation 

(Ahrens and

Katz, 1962)

ultrasonics,

this work,

density from

numerical

approach

A  0,04191  0,03907  0,03907  0,03907

B1 -0,0088 -0,00523 -0,00514 -0,00514

B2  0,0018  6.51178*10-4  6.50735*10-4  6.00421*10-4

B3 -2.43008*10-4 -1.09931*10-4 -1.02209*10-4 -9.2428*10-5

B4  1.93729*10-5  2.19162*10-5  1.86429*10-5  1.83552*10-5

B5 -8.72196*10-7 -3.17726*10-6 -2.56361*10-6 -2.71682*10-6
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Figures

Figure 1.  DIA-type multi-anvil apparatus MAX80 with Ge solid state detector. The load

frames are assembled at a 250 tons hydraulic ram. The Ge solid state detector is also

assembled at the press frame and follows the adjustment of the whole apparatus in

relation to the X-ray beam.

Figure 2.  Load frame, anvils and sample arrangement of  MAX80.

(a) Apparatus opened for sample exchange and

(b) vertical cross section with transducer installation at the top anvil.

The tungsten carbide anvils with a steel made keep ring are assembled to bolsters and

reaction bolsters, respectively. Driven by the vertical movement of the hydraulic cylinder

the load frame and the reaction bolsters generate the movement of the lateral anvils.

Figure 3.  Ultrasonic high-pressure set-ups for anvil truncations of 6 mm and 3.5 mm.

The smaller set-up was not equipped with a heater to keep the sample cross-section as

big as possible, because the strength of reflected ultrasonic waves is a function of the

sample diameter.

Figure 4.  Transducer arrangements on the rear side of MAX80 anvils.

(a) Two transducer couples for asymmetrical set-ups

(b) Single transducer for symmetrical set-up 
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Figure 5.  Electronic equipment for ultrasonic interferometry at MAX80. Rectangular

pulses made by an arbitrary waveform generator gate a signal generator resulting in rf

pulses or double-pulses. A directional bridge prevents the power burst from hitting the

sensitive pre-amplifier. The oscilloscope displays and digitizes the received ultrasonic

signals. Amplifiers and an integrated trigger source (5900PR) were used. Transducers

were installed on modified top and bottom anvils of MAX80. A computer controlled

switch selects the active transducer or transducer pair.

Figure 6.  Typical resultant travel time determination using interference pattern. Travel

time curves are plotted as a function of frequency at 7.71 GPa. Each point represents a

frequency for constructive or destructive interference, and hence can be considered as an

independent travel-time determination. The symbols fitted by the horizontal line represent

the revealed travel-time. The upper and lower curves represent neighboring fringes of

interference pattern.  

Figure 7.  Determination of sample length under in situ conditions by XRD-scanning.

The position of the interface is calculated as half the distance between the last and first

appearance of pure XRD-spectra.

Figure 8.  High-precision 4-blade slits system

Figure 9.  Scheme of X-radiography at MAX80



-34-

Figure 10.  X-radiography system without camera inside PB-shielding below the XRD-

detector.

Figure 11.  X-ray shadow graph (a) and its evaluation by density analysis in linear (b)

and logarithmic scale (c)

Figure 12.  Prefabricated gasket insets prior and after the high pressure run.

Figure 13.  Elastic wave velocities vp and vs of polycrystalline NaCl at high pressure.

Runs 2.2 and 3.10 use 8 mm set-ups for 6 mm anvil truncation; run 3.27 uses a 5.5 mm

set-up for 3.5 mm anvil truncation.

 

Figure 14.  Compressibility of NaCl measured by ultrasonic interferometry and static

compression: The calculation of compressibility from elastic wave velocities require the

density as a function of pressure. The in situ density was determined by analysing the

sample deformation (deformation fit), using published EoS (EoS fit) and successive

approximation. The X-axis is related to the Decker (1971) pressure scale.

Figure 15.  Pressure measured by ultrasonic interferometry in this study vs. Decker

(1971) pressure scale related to the EoS by Birch (1986).
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