
Laser Techniques in High-Pressure Geophysics 

Laser techniques in conjunction with the diamond-anvil 
cell can be used to study high-pressure properties of 
materials important to a wide range of problems in earth 
and planetG science. ~~ontaneoGs   ah an scattering of 
crvstalline and amor~hous solids at high Dressure demon- 
stiates that dramat; changes in stru;&re and bonding 
occur on compression. High-pressure Brillouin scattering 
is sensitive to the pressure variations of single-crystal 
elastic moduli and acoustic velocities. Laser heating tech- 
niques with the diamond-anvil cell can be used to study 
phase transitions, including melting, under deep-earth 
conditions. Finally, laser-induced ruby fluorescence has 
been essential for the development of techniques for 
generating the maximum pressures now possible with the 
diamond-anvil cell, and currently provides a calibrated in 
situ measure of pressure well above 100 gigapascals. 

T HE ORIGINS OF MANY GEOPHYSICAL PHENOMENA OB- 

served from our vantage point at the surface of Earth are 
controlled by forces deep within the planet. Such phenome- 

na-including ocean-floor spreading and continental drift, changes 
in Earth's magnetic field, deep-focus earthquakes, and regional 
volcanism-are in turn determined, at least in part, by the properties 
of the materials that compose Earth's interior. With increasing 
depth, rocks and fluids are subjected to increasing pressures and 
temperatures; at the center of the planet the pressures are believed to 
be close to 3.5 million atmospheres (-350 GPa) and temperatures 
are perhaps in the neighborhood of 7000 K. The properties of these 
materials under such extreme conditions are therefore difficult to 
determine from studies of rocks and fluids sampled at the surface. It 
has been established experimentally, for example, that densities, 
crystal structures, elasticity, and thermodynamic properties of min- 
erals below Earth's crust differ markedly in general from those 
properties measured under ambient pressures and temperatures at 
the surface. 

The fundamental properties of solids and liquids under conditions 
of extreme pressure and temperature are thus central to our under- 
standing of processes within Earth and other planets (1, 2). An 
important source of information on properties such as structure and 
bonding, equations of state, elasticity, and melting under these 
conditions derives from the application of laser techniques to 
laboratory studies of samples held under conditions that simulate 
those found within planetary interiors. The high pressures and 
temperatures that exist throughout Earth's interior can now be 
simulated statically in the laboratory by the use of techniques based 
on the diamond-anvil cell. Moreover, these techniques provide the 
means with which to make a variety of useful measurements under 
static high-pressure conditions (3, 4).  Optical studies with visible 
wavelength lasers represent one class of techniques that have been 

particularly successful in recent years. This success derives from the 
fact that the diamond anvils are transparent to visible radiation and, 
depending on the types of diamonds used, transparent to much of 
the ultraviolet and infrared spectrum as well (3). 

In the past several years the application of laser techniques and 
diamond-anvil methods to experimental geophysics has advanced as 
a result of important developments in both high-pressure and 
optical instrumentation. Ultrahigh pressures well into the 100-GPa 
range have been attained, and the quality of pressure distribution 
generated at high pressure has been improved by the use of gas 
media. On the other hand, micro-focusing and optical sampling 
techniques have been improved, and more sensitive detection 
instrumentation has been developed to measure weak signals from 
small samples under pressure. In this article we highlight these 
developments by focusing on four experimental techniques that 
have provided in situ high-pressure measurements useful to geo- 
physics: Raman and Brillouin scattering of minerals and condensed 
gases and liquids, laser heating of high-pressure phases in the 
diamond cell, and luminescence spectroscopy of ruby at high 
pressure. 

Raman Scattering 
It has long been known that the structure of minerals (such as " 

silicates) can be altered under pressure in a variety of ways to 
accommodate a more efficient packing of ions. Pressure-induced 
phase transformations in these materials, in fact, may be responsible 
for structural features of Earth's interior on a global scale. The 
question of how minerals compress and the details of high-pressure 
phase transitions, including the thermodynamic properties and 
mechanisms on an atomic scale, are thus of fundamental interest. 
Vibrational spectroscopy of solids pressurized in a diamond-anvil 
cell is a useful probe of structures and phase transitions at high 
pressure. In particular, high-pressure laser Raman scattering spec- 
troscopy (Figs. 1 and 2) has emerged as a powerful tool for studies 
into the 100-GPa range, which covers the range of pressures found 
within Earth's crust and mantle. The a~vlication of vressure vro- 
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vides an important extension of conventional laser Raman studies of 
earth materials under ambient conditions (5, 6). Along with infrared 
absorption spectroscopy, this technique serves as a useful comple- 
ment to high-pressure x-ray diffraction methods (4). The very high 
pressures possible for these measurements derive from the fact that 
very small samples (dimensions less than 10 pm) can be probed. 
Moreover, single crystals can be preserved with gas pressure- 
transmitting media to very high pressures (>50 GPa). These 
pressures, for example, are above the current range of single-crystal 
diffraction techniclues is 10 GPa). 

2 \ 

This technique was used in a recent study of the pressure 
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Fig. 1. Schematic dia- Triple 

gram for the high- Spectrograph OSMA 

pressure optical studies 
with the diamond-an- 
vil cell (7). The system 
is built around a Leitz- 
Ortholux-I microscope 
equipped with a vari- 
able diaphragm for im- 
aging excitation vol- 
umes of dimensions as 
small as 1 Fm. The mi- 
croscope also uses a 
penta-prism for simul- 
taneous viewing of the 
sample, diaphragm, 
and backlighted spec- 
trometer slits. Excita- 
tion is provided typi- Diamond.Anvil 
cally by continuous 
wave Ar+ and Kr+ la- 
ser. The laser beam is 
focused to a beam 
waist of -3 (*m with a 1 1 
microscope objective 
(Leitz UM or UT series) mounted within either of two beam-steerine 
attachments on the microscope. This figure shows the attachment th; 
provides a -45" angle of excitation with respect to the load axis of diamond, 
thus giving a - 135" scattering configuration. A second attachment provides 
vertical illumination of the sample (180" scattering). The 45" design is 
important for optical studies with diamond-anvil cells because spurious 
interference due to Raman scattering and possible fluorescence from the 
diamond anvils along the laser path can be significantly reduced. The 
scattered light is imaged through the microscope and focused on the slits of 
the spectrometer with a Micro-Nikkor camera lens. The light is dispersed 
with a triple spectrograph (Spex 1877) and detected with an optical scanning 
multichannel analyzer (OSMA). The spectrograph consists of a 0.22-m 
double-stage system and 0.6-m single-stage system. Typically, the spectra 
were measured with the entrance slits of the spectrograph set at 50 to 100 
Fm, for a resolution of 5 to 10 cm-'. The experiments are performed with a 
diamond-anvil high-pressure cell based on the Mao-Bell design (4). A detail 
of the diamond-anvil cell shown in the figure [MBC-L2 type ( 4 ) ]  appears in 
Fig. 2. 

dependence of Raman spectra of the crystalline polymorphs of SiOz 
(7). The spectra (Fig. 3, left) showed that below 30 GPa pressure 
affects the structure of these minerals by bending the linkages 
between Si04 tetrahedra. Above 30 to 35 GPa an interesting 
pressure-induced transition to a glassy state was observed on room- 
iemperature compression of quartz and coesite. This novel transi- 
tion is important for understanding both the intrinsic stability of 
crystal structures under compression and the mechanism of glass 
foimation from crvstalline siiicates in meteorite i m ~ a c t  events. In 
addition, the high-pressure measurements indicate that a low-frequen- 
cy vibrational mode in both stishovite and coesite softens (decreases in 
freauencv) under uressure. This soft-mode behavior indicates that the 
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structures weaken with respect to these vibrational coordinates, there- 
by providing a possible mechanism for observed and predicted high- 
pressure phase transitions in these polymorphs (Fig. 3, left). 

The study of silicate glasses at high pressure represents an 
important petrologic and geophysical application of high-pressure 
Raman spectroscopy. There has been a great deal of interest during 
the last decade in the use of Raman scattering. to obtain structural u 

information on silicate glasses for the purpose of understanding the 
properties of magmas at high temperatures and pressures (8). In 
many of these studies glasses have been quenched from melts at high 
pressure and probed under room conditions. Whether the proper- 
ties of the quenched glasses are similar to those of the melts or 
glasses at high pressure and temperature has remained an unan- 
swered question, principally because it was not possible to obtain 
reliable in situ measurements under high-pressure conditions. In the 

case of Raman spectroscopy, the problem arises from the low 
scattering cross section of glasses in comparison to that of crystals. 
Recent applications of Raman scattering of silicate glasses at high 
pressure have revealed part of this answer: for a number of silicate 
glasses the effect of pressure on the structure can be quite large, even 
at room temperature. Moreover, these structural changes can also be 
reversible, and hence nonquenchable. Thus, in situ high-pressure 
measurements are necessary to observe them. 

A particularly striking example of this behavior occurs in the 
Raman spectrum of SiOz glass (9). It has been known for years that 
silica glass has a number of anomalous high-pressure properties, 
including a compressibility that increases with pressure and the 
formation of an irreversibly compacted state at very high pressures 
( > l o  GPa). Very little is known about the structure of the material 
as a function of pressure, however. With a recently developed optical 
system (Fig. l ) ,  Raman spectra of Si02 have been obtained as a 
function of pressure under quasi-hydrostatic conditions. The in situ 
high-pressure Raman spectra show a marked narrowing of the 
strong, dif ise peak of the glass when subjected to 8-GPa pressure 
(Fig. 3, right). At higher pressure the bands begin to weaken and 
broaden such that by 30 GPa all features in the spectrum are 
virtually lost. This behavior indicates that a significant increase in 
intermediate-range order occurs under initial compression. Analysis 
of the spectra further suggests that a shift in the width and peak of 
distribution of intertetrahedral (Si-0-Si) angles in the structure at 
8 GPa. This behavior is observed in other silicate glasses under 
pressure in the 10-GPa range. At higher pressures, silica glass 
becomes densified with rearrangements of the Si04 tetrahedra in 
compacted configurations such as small, interconnected ring struc- 
tures (7, 9) .  

Another class of materials that has been studied successfully with 
high-pressure Raman scattering includes condensed gases and liq- 
uids. Hydrogen is the most abundant element in the universe and 
the principal constituent of the giant planets. The behavior of 
hydrogen in the 100-GPa pressure range has been of interest for a 
number of years, both from a fundamental point of view and for 
making models of the interiors of these planets (2). Raman spectros- 
copy has provided the most successfUl probe of the structure of 
compressed hydrogen at ultrahigh pressures. In the first high- 
pressure Raman studies in the gigapascal range the H-H stretching 

Fig. 2. Detail of the 
sample probed by the 
laser while under pres- 
sure in the diamond- 
anvil cell. Brilliant-cut, 
gem-quality type I and 
type I1 diamonds are 
used both as pressure 
anvils and as windows 
on the sample. Type I1 
diamonds are preferred 
for optical measure- 
ments because of a re- 
duction of both fluo- 
rescence and Raman 
scattering from defects 
in the diamond. The 
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/Laser 
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high-pressure chamber 
typically consists of a 30- to 300-km hole drilled in the metal gasket. Small 
chips of ruby are placed in the sample chamber for in situ pressure 
determinations. Samples are loaded with a transmitting medium, consisting 
of a condensed gas or fluid. Rare gases such as argon and neon have been 
shown to produce quasi-hydrostatic conditions to pressures above 80 GPa 
and are particularly useful because these materials lack a first-order Raman 
spectrum in the solid state and hence do not contribute to the background 
signal. Gas media are loaded in the high-pressure cell either cnogenically or 
by prepressurizing the gas at room temperature in a high-pressure apparatus. 
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mode, or vibron, in the solid was measured, and this measurement 
indicated that a weakening of intramolecular bond occurs above 30 
GPa (10, 11). In more recent studies (12), the solid has been 
pressurized to 147 GPa. Raman spectra indicate that the solid 
remains molecular, as evidenced by the detection of a well-defined 
vibron band, at.these pressures (F&. 4, top). A significant drop in 
the frequency of the band occurs above 30 GPa, however, which 
suggests a continued weakening of the H-H bond (Fig. 4, bottom). 
Moreover, an anomalously large isotope effect in the pressure 
dependence of the fre~uency was observed, which has recently been 

A ,  

explained as resulting from the large zero-point motion in hydrogen 
relative to deuterium (13). In an interesting application of Raman - - -  
spectroscopy of hydrogen at lower pressures, Loubeyre e t  al. (14) 
determined the phase diagram of fluid H z  and He, an important 
chemical svstem for interior models of the giant planets (2). 

~pectroscopic studies of other diatomic molechles at high pres- 
sure can give us some insight into the behavior of hydrogen. Raman 
spectra of solid N2 pressurized to 140 GPa (15) and 170 GPa (16) 
indicate a weakening of the N=N bond on comoression but also " 
show evidence for several phase transitions in the molecular solid. 
High-pressure Raman studies at both high and low temperatures 
have been useful for the determination of the ~ h a s e  dianram of solid 

U 

molecular nitrogen at lower pressures (17). The results of these 
static high-pressure investigations can be compared with recent 
spectroscopic measurements of materials under dynamic compres- 
sion (that is, shock wave) conditions. ~easurements of N2 spec;ra at 
high temperatures and pressures (4400 K and 34 GPa) have been 
performed recently by dynamic compression techniques (1 8). In this 
experiment, coherent anti-Stokes Raman scattering (CARS) spec- 
troscopy was performed on fluid N2 and shows the effect of very 
high temperatures on the frequency of the N-N vibron on com- 
pression. 

Finally, we note that the behavior of H 2 0  at high pressure has 
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Fig. 3. Pressure dependence of the Raman spectrum of SiOz phases with an 
argon pressure-transmitting medium. Samples of 10 to 50 km in length and 
10 to 40 km in thickness were used. Care was taken to prevent bridging of 
the sample benveen the diamond anvils. (Left) Coesite, a high-pressure 
polvmorph. Note the change in the spectrum between 22 and 25 GPa, 
lnd~cative of a phase transition, and the increase in difise scatter in the 
highest pressure spectrum due to pressure-induced amorphization [reprinted 
from (7) with permission, copyright Terra Scientific]. (Right) Si02 glass 
(vitreous silica) [reprinted from (9) with permission, copyright the American 
Physical Society]. 

been of broad interest as this material is believed to be a major 
constituent of the interiors of the outer planets and planetary 
satellites (2). Walrafen e t  al. (19) have obtained Raman spectra of 
the H 2 0  (ice-VII) to 36.0 GPa which indicate a lengthening of the 
molecular 0 -H  bond on compression. On the basis of Rarnan 
spectra, Hirsch and Holzapfel (20) have observed a discontinuity in 
the Raman spectrum of H 2 0  at 100 K between 30 and 40 GPa, and 
have suggested that this is indicative of the transition to the ice-X 
phase in which hydrogen bonding is effectively lost. In a set of 
dynamic compression experiments, Holmes e t  al. (21) succeeded in 
measuring the Raman spectrum of fluid H 2 0  to 26 GPa and 1700 
K. These data indicate the breakdown of the hydrogen-bonded 
structure above approximately 12 GPa. The principal conclusion of 
these studies is that H 2 0  at high pressures (and temperatures) is 
characterized by significantly different bonding, and hence markedly 
different physical properties, in comparison to liquid and solid H 2 0  
at near-ambient conditions. 

Brillouin Scattering 
The interpretation of seismic data in terms of component rocks 

and minerals requires information on the elasticity of minerals at 

1 138 GPa I 

t -4 0 L -L -1 -1- L 1. 
0 50 100 150 200 

PRESSURE, GPa 

Fig. 4. (Top) Raman spectra of solid normal hydrogen and deuterium at 
high pressure [reprinted from (12) with permission, copyright the American 
Physical Society]. (Bottom) Pressure dependence of the frequency of the 
intramolecular stretching mode in solid hydrogen and deuterium. The zero- 
pressure (low-temperature) reference frequencies are indicated. The dashed 
lines are fits to the earlier data of Sharma et  al. (10). 
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high pressure (1). From data on elasticin. as a function of pressure, 
eaiations of state can be determined. ~nformation on elasticin7 also 
piovides a microscopic view of the manner in which crystals respond 
to applied stress. The development of techniques for the measure- 
ment of elasticity of materials at high pressures is thus exceedingly 
useful in both solid-earth geophyiics-and mineralogy. One such 
technique is high-pressure Brillouin scattering spectroscopy, which 
involves the measurement of Doppler-shifted light that is inelastical- 
lv scattered bv acoustic phonons in a condensed medium. Acoustic 
velocities as a function of propagation direction are measured, from 
which elastic moduli can be calculated. The Brillouin scattering 
techniaue is readilv combined with the diamond-anvil cell for 
elasticity studies on materials under very high pressures (Fig. 5). A 
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visible wavelength laser provides the excitation, and a Fabry-Perot 
interferometer detects the scattered light. Because of the small 
sample size and the effects of spurious scattering from the cell, 
considerable effort must be espended to resolve the weak Brillouin 
components from the much stronger elastic peak. This is accom- 
plished by multipassing the laser through the interferometer (22). 

A number of minerals important to geophysics have been studied 
by Brillouin scattering techniques under ambient conditions, princi- 
pally by Weidner and colleagues (23). These phases include high- 
pressure polymorphs of SiOz (coesite and stishovite), MgzSi04 (P- 
and y-phases), MgSiOs (ilmenite structure), and silicate garnets 
(23). The most complete high-pressure Brillouin scattering study of 
a silicate mineral is that of forsterite (a-Mg2Si04) by Bassett et al. 
(24). Previous measurements of the single-crystal moduli at high 
pressure were made by ultrasonic techniques, which, although more 
precise, were limited to 1 GPa and below. Bassett e t  al. measured the 
elastic moduli to 4.0 GPa (Fig. 6)  and from the extended pressure 
range were able to estimate the sign of the second pressure 
derivatives of the single-crystal moduli. The data provide evidence 
for a weakening of the olivine structure with respect to shear stress 
on compression. These investigators proposed that this weakening 
of the structure may relate to the mechanism of the phase transition 
to the denser p- and y-phases at -14 GPa, which is believed to be 
responsible for the discontinuity observed in seismic waves at 400- 
km depth in the mantle (1). 

The determination of elastic moduli of condensed gases, such as 
hydrogen and deuterium, represents another applica~ion of high- 
pressure Brillouin scattering. These measurements are important for 
the calculation of high-pressure equations of state used in planetary 
modeling studies (2). Room-temperature Brillouin scattering spec- 
tra have been obtained for normal (para and ortho) fluid H 2  and D2 
pressurized to the freezing point at 5.4 GPa and for the solid phases 
from 5.4 to 20 GPa (25, 26). These data yielded the pressure 
dependence of the longitudinal and transverse sound velocities, 
from which the bulk modulus as a function of pressure and the 
pressure-volume equation of state were calculated. The equation of 
state of the solid in the lower pressure regime is in good agreement 
with that determined directly by single-crystal x-ray diffraction 
measurements (27), although at higher pressure the Brillouin scat- 
tering equation of state is somewhat softer. Recently, the technique 
of high-pressure Brillouin scattering has been applied to H20-ice, 
where evidence is found for a phase transition at -46 GPa (28), 
which is close to the pressure at which a transformation has been 
observed in the  ama an measurements 120). Information on the 
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pressure dependence of the elastic constants of solidified rare gases 

Fig. 5. (Top) Schematic diagram of the Brillouin scattering experiment for 
high-pressure elasticity measurements. Excitation is provided by light from 
an Arf laser, which is focused on the sample after passing through a beam 
splitter (B), mirror (LM,), and lens (L,) .  The scattered light is collected by a 
lens (L2), polarized with a polarizer (P), and spatially filtered with an 
aperture (A,). The light is then imaged on a pinhole (PI)  and directed into 
the Fabv-Perot interferometer with lenses L3 and L4. A pair of prisms (PR, 
and PR2) is aligned for five passes through the interferometer. Extraneous 
scattered light and fluorescence by a grating (GR), lenses (L5 and L6), and 
apertures ( A z )  The signal is detected by a photomultiplier tube (137 PM 
FW130), processed by a photon counter and displayed on an oscilloscope 
(OSC), and stored in a multichannel analyzer (MCA). Weak first-order 
diffraction from the grating is detected by a second photomultiplier (RCA 
PM IP28), which is used to stabilize the interferometer and to trigger the 
sweep of the multichannel analyzer. (Bottom) Design of the diamond-anvil 
cell used for high-pressure Brillouin scattering measurements. A sectional 
view of the piston-cylinder portion of the cell is shown on the left. The 
exploded view on the right shows the ports and the geometric direction 
indices in the tungsten carbide rockers that support the diamond anvils (parts 
1 and 2 on left). This cell was used for Brillouin measurements on condensed 
hydrogen and deuterium (25, 26). 
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at very high pressures has also been obtained in recent work with 
these techniques (29). 

Laser Heating 
Both high temperatures and high pressure are found within 

Earth. The geotherm of Earth is such that the pressure and 
temperatures at the core-mantle boundary, at a depth of -2900 km, 
are estimated to be 130 GPa and approaching 4000 K, respectively 
(30). The generation of extreme pressures and temperatures, togeth- 
er with accurate measurements of mantle and core materials under 
these conditions, is thus an important thrust of experimental 
geophysics. The combination of high temperature and high pressure 
can be generated under dynamic compression (shock wave) tech- 
niques for a variety of materials, as discussed above. The creation of 
these conditions in static experiments represents an alternative 
strategy, and one with potentially more flexibility in terms of control 
of temperature and pressure. 

These conditions have been realized in the laboratory by heating 
samples at high pressure in a diamond-anvil cell. In the lower 
temperature domain below -1200 K, the anvils can be heated 
resistively (3, 4).  To attain higher temperatures, samples in the 
diamond-anvil cell can be heated with an intense laser source. The 
most successful of the latter techniques uses a continuous-wave Nd- 

Fig. 6. (Top) A typical Incdent I gh t  

sample configuration 
for Brillouin scattering 
measurements. The 
high-pressure mea- 
surements formed on the were sample per- Lo +- 1 1 2 0 ~ m  

in a 4 :  1 methanol-eth- b' 

an01 pressure medium. 
I 

The letters a, b, and c 
refer to the cnrstallo- 
graphic axes of forster- Scattered I gh t  

ite, which is ortho- 
rhombic. The letter q 
represents the propa- 
gation direction of the 
thermal phonon. This 
configuration yields 
the spectrum shown in 
Fig. 5 .  (Bottom) The 
Brillouin spectra of 
forsterite oriented as in 
(top). The electric vec- % 
tor of the incident light E 
was horizontal for 
both spectra  he eiec- 
tric vector of the scat- 
tered light was vertical 2 
for the upper spectrum ,,I H H  
(HV) and horizontal I 
for the lower spectrum L A  

LA 
(HH) .  The central $ ' 

large peak is the un- c 
shified laser frequency ' 
due to Rayleigh scat- 
tering. The TA (LA) 
peaks are due to light 
scattered by transverse 
(longitudinal) acoustic 
phonons. The values 
for the elastic constants - 2 
C66 and C1 I Can be cd- FREQUENCY SHIFT ( lO '%zI  
culated from the upper 
and lower spectra, respectively [reprinted from (24) with permission, 
copyright Center for Academic Publications Japan]. 

YAG (yttrium-aluminum-garnet) laser (wavelength h = 1.064 km), 
which is focused with micro-laser optics on a sample in the cell (31). 
The diamond anvils are transparent to radiation at this wavelength, 
yet many minerals absorb near-infrared radiation and can be heated 
to temperatures in excess of those of the core with a sufficiently 
powerful laser. The coupling of the near-infrared radiation is 
particularly strong for iron-bearing phases, important for simula- 
tions of the mantle and core. To heat samples that may be 
transparent at this wavelength, strongly absorbing material such as 
graphite or platinum black may be mixed in with the sample under 
study. Typically, the temperature of the sample is determined by 
optical pyrometry. 

The earliest investigations of minerals heated by laser at high 
pressures in a diamond-anvil cell were important synthesis studies 
that were instrumental in detailing the rich chemistry of silicates at 
pressures and temperatures of Earth's transition zone and lower 
mantle (1). High-pressure silicate phases having the spinel, garnet, 
ilmenite, and perovskite structures were synthesized. Perhaps most 
significant was the synthesis and identification of the perovskite 
phase of MgSi03 by Liu in 1974 (32). This was followed by 
structural and equation of state studies of laser-synthesized MgSi03- 
perovskite by x-ray diffraction (33). Later studies established phase 
relations for much of the Mg0-Ca0-Fe0-AI2O2-Si02 system in 
the 1000°C and 50-GPa range (34, 35). Recently, Knittle and Jean- 
loz (36) have shown by x-ray diffraction that laser-heated 

/ Feedback Loop Analog-j ' 1  1 

EG+G 460 
Loser 

Power Meter 

Fig. 7. Schematic diagram for laser heating and temperature measurement of 
samples in a diamond-anvil cell. A Quantronix model 117 actively stabilized 
Nd-YAG laser with a maximum output of 25 watts at A = 1.064 pm (cw 
TEIMoo mode) is used. The TEMW mode gives a temperature distribution in 
the sample which is approximately radially symmetric. The power at the 
sample can be controlled by passing the beam through a A14 plate to rotate 
the plane of polarization and then through a Brewster polarizer. This feature 
serves as an optical-feedback isolation system to minimize instabilities of the 
laser. A low-pass filter (F,)  prevents visible and near-infrared light from the 
pump lamp from reaching the sample and spectroradiometer. The laser beam 
is reflected off a dichroic mirror (M), which is designed to reflect infrared 
and transmit visible radiation. The beam is then focused onto the sample 
with a Leitz UM-20 lens (L,) .  The focal spot is between about 10 and 30 pm 
in radius. The thermal radiation collected from the sample by the objective 
lens (L1) is focused with a biconvex lens (L2) onto the entrance slit of the 
monochromator. The dichroic filter (F2) filters out any stray laser radiation. 
The image of the entrance slit is focused onto the exit slit by a concave 
holographic grating; an order-sorting filter (F3) prevents the overlap of 
different orders of the dispersed spectrum. A slit width of 0.83 mm results in 
a spectral resolution of 10 nm. Detection is provided by an S-20 type 
photomultiplier tube (PMT) or silicon detector [reprinted from (38) with 
permission, copyright Terra Scientific]. 
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Fig. 8. Melting cunre 
of Mgo ,Fee 1Si03 pe- 
rovskite determined by -1 
laser anvil heating techniques. diamond- The A 4 0 0 0  IooO j Llquld 

solid diamonds and the 2 
solid triangles are the $ 1 0 .I 4 

A. A --A u 
highest tempera- 
ture observed before Mg,Fe,StO 

the appearance of 
prod;;ed by quekh-  
ing the melt. The open 
triangles are the lowest 
peak temperatures ob- Pressure (GPa) 
senred when glass is 
present. The diamond symbols represent the experimental determinations of 
the melting of ~ V g ~ , ~ F e ~ , , S i 0 ~  below 22 GPa. Above 22 GPa the perovskite 
structure is the stable solid phase. The open box (at 50 GPa) with an error 
bar represents a direct determination of the temperature of the liquid-crystal 
interface. The stability fields of the solid phases at lower temperatures and 
pressures are indicated and labeled as follows: OPx, orthopyroxene; CPx, 
clinopyroxene; Ms, magnesio-wustite; St, stishovite; Sp, spinel; 11, ilmenite; 
and Gt, garnet [reprinted from (39) with permission, copyright the Ameri- 
can Geophysical Union]. 

Mgo,g Feo.lSi03 remains in a perovskite-like structure to nearly the 
maximum pressure found in the lower mantle. On the basis of the 
large volume of lower mantle, they postulate that Mgo.9Feo,lSi03- 
perovskite may be the most abundant mineral in Earth. The room- 
temperature pressure-volume relations of the laser-synthesized 
MgSi03-perovskite were also obtained to over 100 GPa (36), and 
the results were consistent with the earlier equation of state deter- 
mined from low-pressure data (33). 

Recently, efforts have been made to improve the accuracy of the 
temperature measurement in laser-heating experiments. Single- 
channel photomultiplier tube systems have been replaced by fixed 
grating spectrographs equipped with multichannel analyzers, which 
permit reduced measurement time and potentially better accuracy in 
the determination of temperature fluctuations in the sample (37). 
Jeanloz and Heinz (38) have expended considerable effort to 
characterize the thermal state of a sample in a laser-heated diamond- 
anvil cell and have developed techniques for measuring temperature 
gradients across the heated region of the sample (Fig. 7). This 
development is particularly significant because temperature gradi- 
ents can be large as a result of the high thermal conductivity of the 
diamond anvils in contact with the laser-heated sample. 

With this technique, the first data on melting curves of several 
important high-pressure phases at lower mantle pressures have been 
determined by this group (39, 40). Heinz and Jeanloz (39) have 
measured the melting curve of Mgo,9Feo,lSi03-perovskite to 60 
GPa. They found that the perovskite melts at 2900 * 300 K above 
25 GPa and that the melting curve is, within the stated error, 
independent of pressure to 60 GPa [Fig. 8; see also (30)]. This 
result has important implications for the relative densities of coexist- 
ing crystals and melts at these pressures and temperatures within 
Earth. Williams et al. (40) have measured the melting curve of iron 
to 100 GPa. Extrapolation of this curve to core pressures (130 to 
370 GPa) appears to be consistent with shock-wave results and 
gives, after an analysis of the effect of alloying in the core, an 
estimated temperature at the center of Earth of 6900 i 1000 K. 
This temperature is significantly higher than previous estimates 
based on much larger extrapolations of experimental data. 

Ruby Fluorescence 
The ultrahigh pressures generated within a diamond-anvil cell 

must be determined by in situ methods. An important and widely 
used in situ technique for pressure determinations is the ruby 
fluorescence method, which involves measuring the pressure shift of 
the R I  ( 2 ~ 1  + 4A2) luminescence band of ruby (&o3 with Cr+3 
impurity), which has a strong pressure dependence. The R I  band is 
relatively sharp and intense, particularly at low pressure where the 
quantum yield is =1 and can be excited with commercially available 
lasers (He-Cd at 442 nm and Ar+ at 458 to 488 nm, for example). 
Considerable work has gone into the calibration of the ruby R1 
pressure scale. As a resulcof the pioneering work performed in  part 
at the National Bureau of Standards in the early 1970s, the scale was 
calibrated to 30 GPa (41). In 1978 the pressure scale was extended 
to 100 GPa by calibrating the wavelength shift of the R I  band 
against molar volume of metal standards by x-ray diffraction (42). 
The pressure was calculated from the room-temperature pressure- 
volume isotherm of the metal determined by shock-wave tech- 
niques. 

?he calibration of the ruby scale has been extended in recent 
studies. In the first, the earlier calibration was continued to 180 GPa 
under nonhydrostatic conditions with samples consisting of ruby 
and either gold or copper (43). The pressure shift of the ruby bands 
against the equations of state of copper and gold has been calibrated 

Fig. 9. (Left) Lumescence 30 7 T- TT--~- - T--- 
spectra of ruby m a sohd argon 
medum at a n o m a l  pressure 

1 
of 75 GPa The inset sketch 
shows the posiuon of two rubv / - grams des~gnated A and B 

.;.d - withm the h~gh-pressure cham- os' 
ber of the damond-anvd cell 
The central, hatched reglon m- -/" 1 

- 
dicates the posluon of the pow- 
dered copper sample probed by 5 
u-rav dffraction [reprmted /.'A 

from (44) w ~ t h  pemsslon, 
-1 

copyr~ght Amer~can Geophvsi- 2 
cal Un~on]. (Right) Cahbra- - 
tion of the wavelength of the 
rubv K,  band (the more m- 
tense peak m the spectrum) as a 
hncuon of pressure, P Fdled 40 60 80 

circles are data with powdered Wavelength, nm Pressure, GPa 

copper sample (44) and filled 
triangles are data w~th  powdered sdver sample (45) The h e  represents a fit to the data with the followmg formula, P = a/b[(l + (AAIA,,))~ - 11, w ~ t h  a = 1904 
GPa, b = 7 665, and A. = 694 2 nm, whch represents the quasi-hvdrostauc rubv pressure gauge 
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to 80 GPa in an argon medium, which provides a quasi-hydrostatic 
environment at very high pressures (44,45). The lack of broadening 
of the R ,  (and RZ) bands at high pressure with the use of such media 
results in greater precision in the measurement of pressure (Fig. 9). 
This pressure scale gives higher pressures for a given wavelength 
shift than the earlier scales, particularly above 100 GPa. The quasi- 
hydrostatic pressure scale is of obvious relevance to the spectroscop- 
ic studies of minerals and gases described above because the use of 
similar media in these experiments results in similar (and in many 
cases identical) stress conditions at high pressure. The pressure 
dependence of secondary spectral bands in the region of the R I  and 
RZ bands has also been examined in quasi-hydrostatic compression 
experiments and shown to not interfere with the primary lumines- 
cence bands to above 100 GPa (46). The measurement of the 
pressure distributions in the diamond-anvil cell with the ruby 
technique has been applied to the study of the yield strength of 
materials under pressure (47, 48). This work is important both for 
the development of ultrahigh-pressure techniques, by detailed mea- 
surements of stress conditions in the diamond-anvil cell, and for the 
determination of the yield strength of mineral samples in the cell 
under mantle and core pressures. 

During the past 2 years, efforts to generate maximum static 
pressures with the diamond-anvil cell have resulted in ultrahigh- 
pressures that are beyond the range of the current ruby calibration. 
Initial studies of ruby fluorescence at higher pressures were compli- 
cated by the observation that above -200 GPa the intensity of the 
ruby fluorescence decreased markedly with increasing pressure (49). 
In addition, increasing intensity of spurious fluorescence from the 
strained diamond anvils precluded the measurement of the ruby 
signal and hence the calculation of pressure. In a series of ultrahigh- 
pressure experiments with beveled diamonds, pressure gradients 
given by the ruby scale were carefully measured across the sample 
under pressure. Extrapolation of the pressure gradients, together 
with load calculations, indicated peak pressures in excess of 275 GPa 
were obtained (49). In subsequent work with more sensitive optical 
instrumentation and a more intense Ar' laser source (Fig. 2), ruby 
fluorescence at considerably higher pressures could be measured. 
Recently, pressures of 550 GPa on the extrapolated (nonhydrostat- 
ic) rub$ pressure scale have been measured at the Geophysical 
Laboratory (50). Ultrahigh pressures (460 GPa) have also been 
reported in similar experiments at Lawrence Livermore National 
Laboratory (51). 

Conclusions and Outlook 
Raman scattering spectroscopy can reveal detailed changes in 

structure and bonding in a variety of earth and planetary materials 
under geophysically relevant, in situ high-pressure conditions. This 
development is particularly well illustrated by high-pressure Raman 
studies of silicate glasses and condensed gases, materials that are 
difficult to study by other high-pressure techniques such as x-ray 
diffraction. On the basis of preliminary work at lower pressures, 
Raman techniques appear to have great potential for in situ phase 
equilibrium studies of both minerals systems and condensed plane- 
tary gases in the 100-GPa range. There have been comparatively few 
Brillouin scattering studies of minerals at high pressure, but it is 
expected that the need for accurate interpretation of seismic data in 
terms of the properties of constituent minerals will promote contin- 
ued development and application of this technique at mantle 
pressures. The ruby fluorescence method has been instrumental in 
the continued development of static ultrahigh-pressure techniques, 
and remains a viable secondary standard for studies in the 100-GPa 
pressure range. 

Applications of new spectroscopic techniques, such as double 
resonance, ultrafast kinetics, Fourier-transform Raman, and nonlin- 
ear optical methods, are likely prospects in future work on geophysi- 
cal problems with the diamond-anvil cell. Recent high-pressure 
studies involving the use of picosecond spectroscopy (52) and 
hyper-Raman scattering of perovskites (53) may be representative 
of this trend. Time-resolved studies may permit the detailed investi- 
gation of the kinetics of high-pressure phase transitions and the 
rheology of minerals under in sin1 deep-earth conditions. Finally, 
the combination of spectroscopic and x-ray diffraction probes with 
laser-heating techniques may yield detailed structural information 
on earth materials at high temperatures and pressures. This informa- 
tion may play an important role in advancing our understanding the 
connection between atomic-scale properties and global deep-earth 
processes. 
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Laser Spectroscopy of Trapped Atomic Ions 

Recent developments in laser spectroscopy of atomic ions 
stored in electromagnetic traps are reviewed with empha- 
sis on techniques that appear to hold the greatest promise 
of attaining extremely high resolution. Among these 
techniques are laser cooling and the use of single, isolated 
ions as experimental samples. Doppler shifts and other 
perturbing influences can be largely eliminated. Atomic 
resonances with line widths of a few parts in 10" have 
been observed at frequencies ranging from the radio 
frequency to the ultraviolet. Experimental accuracies of 
one part in 1018 appear to be attainable. 

A TOMIC SPECTROSCOPY DATES FROLM THE I ~ T H  CENTURY, 

when it was discovered that atomic vapors emitted and 
absorbed light at discrete resonance wa\lelengths, character- 

istic of each chemical element. When the quantum theory of atoms 
was developed in the 20th century by Niels Bohr and others, it was 
realized that these characteristic patterns of resonances, called 
spectra, were due to the quantum nature of the atom. The atom 
normally exists only in certain states of definite energy. Transitions 
benveen these allowed states are accompanied by the absorption or 
emission of quanta of light, called photons. The frequency v of the 
light is related to the energy change AE of the atom by the formula 
hv = lUl, where h is Planck's constant. Accurate and detailed 
information about atomic spectra was crucial to the development of 
the modern theory of quantum mechanics. 

Traditional (that is, nonlaser) optical spectroscopic methods, such 
as dispersing the light emitted from a gas with a diffraction grating, 
are limited in resolution by Doppler frequency shifts. Doppler shifts 
are the result of the motions of the atoms in a gas and cause the 

resonance absor~tion or emission lines to be much broader than the 
natural line widths (the line widths that would be observed if the 
atoms were motionless and isolated from perturbing influences such 
as collisions). Under typical laboratory conditions, the Doppler 
broadening results in a line width of about one millionth of the 
transition frequency, whereas the natural line widths are typically at 
least 100 times narrower. For example, the 280-nm first resonance 
line of Mg+, which has a frequency of about 1.07 x 10'' Hz, has a 
Doppler-broadened line width at room temperature of about 3 
GHz, whereas the natural line width is only 43 MHz. For a 
transition with a stable lower level, the natural line width (in hertz) 
is the inverse of the mean lifetime of the upper level (in seconds), 
divided by 27~. 

The development of tunable lasers in the 1970s led to great 
advances in the resolution and accuracy with which optical atomic 
spectra could be observed. Laser light sources have high intensity 
and narrow line width. These properties make it possible to use 
various nonlinear spectroscopic techniques, such as saturated ab- 
sorption or multiphoton absorption, that cancel the effects of first- 
order Doppler shifts, that is, Doppler shifts that are linear in the 
velocities of the atoms (1). The natural line width and the second- 
order Doppler shift, which is quadratic in the atomic velocities, still 
remain, however. The second-order Doppler shift is a result of 
relativistic time dilation. The atomic resonance is shifted like a clock. 
which runs at a rate that is slower for a moving atom than for an 
atom at rest. For typical laboratory conditions, this shift is very 
small, about one part in lo'*. Sometimes, even this shift can be 
troublesome. A example is the work of Barger e t  al, on the 
657-nm transition of calcium, which has a frequency of 4.57 x l O I 4  
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