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Measurement of refractive index and equation of state in dense He, H2, H2O, and Ne
under high pressure in a diamond anvil cell

A. Dewaele,1 J. H. Eggert,1,* P. Loubeyre,1 and R. Le Toullec1,2
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We present an accurate determination of the refractive index of hydrogen, helium, H2O, and neon up to 35
GPa at ambient temperature. The experimental method is based on the combination of two interferometric
signals of the Fabry-Perot cavity containing the sample in the diamond anvil cell. The data are put in perspec-
tive through the variation of the molecular polarizability with density. Significant electronic changes are
observed. Interesting possibilities of the method are also illustrated: the high precision to finely probe phase
transition; the simultaneous measurement of the volume to obtain the equation of state of transparent media
with around 1% accuracy.
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I. INTRODUCTION

There exist considerable evidence that pressure can
matically change the electronic properties of a system.
the atomic scale, the variation of the electronic kinetic a
potential energies with volume tends to make a contrac
of the atomic size and a delocalization of valence electro
Consequently, spectacular transformations have been
served, such as rehybridization of atomic orbitals, as in c
bon (sp2) to (sp3) across the graphite to diamond transitio
insulator-metal phase transitions, as in O2,1 Xe,2 or CsI;3 the
transformation of ice from an hydrogen bonded solid to
ionic solid in symmetric ice.4 Most changes of the propertie
of a system under pressure are related to the microsc
electronic reorganization, and the determination of the
fractive index over a large frequency domain is probably
most direct method to probe the electronic structure. T
refractive index expresses the response of the distributio
charges to a perturbing electric field. In order to extrac
detailed change of the charge distribution of a system w
pressure through the measurement of the refractive inde
large frequency domain has to be investigated. This is un
tunately very difficult at high pressure. However, already
teresting electronic evolutions have been obtained from m
surements of the refractive index performed in the visib
for instance, in hydrogen with the red shift of an electron
transition that parallel the closure of the electronic gap~see
references below!.

Also, an accurate determination of the refractive ind
under pressure has a clear metrological importance. In B
louin spectroscopy, where the refractive index of the sam
and of the pressure transmitting medium have to be know
extract the sound velocity from the frequency shift.5 In the
newly developed laser shock measurements on prec
pressed targets to extract the shock front velocity from
phase shift of the VISAR~velocity interferometric system fo
any reflector! diagnostics.6 Finally, to easily measure th
thickness of the sample chamber in the diamond-anvil
~DAC! with a single spectrometer, when the sample or
pressure transmitting medium is transparent. This can be
0163-1829/2003/67~9!/094112~8!/$20.00 67 0941
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rectly used to measure the equation of state~EOS! of the
sample~see below!, or help to control the experimental con
ditions, for instance by evaluating the strain of the stud
sample.

In the DAC, the tips of the diamond anvils that enclo
the sample form a Fabry-Perot interferometer. This geom
has already been exploited to measure the refractive inde
transparent samples at high pressure. Most of the experim
tal methods developed so far have been based on the
surement of fringes contrast.7–10Others were based on a con
trolled sample thickness.11,12 In one work,13 the combination
of the measurement of parallel white beam interference sp
trum and convergent monochromatic beam inferference ri
allowed the determination of both refractive indexn and
thicknesst of the sample. We present an improvement of t
method here.

With this setup, we have also been able to measure
equation of state of helium, by estimating the sample cha
ber volume changes upon compression. Such a method
been previously described for H2.8,10We show here that with
numerical photograph technology and the accurate dete
nation of the refractive index, its accuracy becomes com
rable to other techniques. Therefore, it becomes an inter
ing alternative to x-ray methods~x-ray diffraction and x-ray
absorption14! for lights elements, particularly light liquids, o
to adiabatic compressibility measurement of Brillou
spectroscopy.15

Three goals have mainly motivated the present accu
refractive index measurements on four systems He, H2, Ne,
and H2O. First, H, He, and H2O are the main constituents o
planetary interiors and the determination of their propert
up to planetary core conditions is motivating a lot of effo
Second, He and Ne are the most commonly used quasihy
static pressure transmitting media in DAC’s. In both cas
the determination of the refractive index should be usefu
analyze some spectroscopic measurements. Finally,
have simple electronic structures with different electronic
ganisations and the present data set could be interestin
test the confidence ofab initio calculations in predicting the
optical properties.
©2003 The American Physical Society12-1
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The experimental method and a discussion of the un
tainties is presented in Sec. II. The refractive index meas
ments are presented in Sec. III. The analysis of the dat
terms of the changes in the polarizability with density
presented in Sec. IV. Applications of the method to the
termination of the equation of state and to the study of ph
transitions are described in Sec. V.

II. EXPERIMENTAL PROCEDURE

A. High pressure techniques

In these experiments we used a membrane diamond a
cell described elsewhere16 with a large optical aperture
(630°) and equipped with 400 or 500mm table diamonds.
Samples have been loaded in a rhenium gasket at room
perature, by the use of high pressure loading techniques
the case of H2O, ultrapure water was inserted in the gask
hole using a syringe. As explained below, thick samples
needed for a better accuracy of the refractive index meas
ments. For this reason, double rhenium gaskets have
used in the highest pressure runs. These gaskets are pre
in the following manner: two rhenium gaskets are pre
dented, then polished on one side and glued together. W
this method, the thickness of an helium sample was of
order of 50mm at 200 kbar, 30% more than with a simp
gasket. The pressure gauge was ruby, calibrated with
quasihydrostatic pressure scale,17 that allows pressure mea
surement with an accuracy of the order of 0.5 kbar. T
absolute accuracy is the one of the ruby scale, i.e., at m
mum 2% over the pressure range investigated here.

B. White light interferences

The refractive index setup is modified from that
LeToullec et al. ~see Fig. 1!. The white light interference
pattern in transmission is recorded over the range 500 to
nm with a double substractive spectrometer~Dilor!. A small
area, varying between 20320 and 535 mm2, was selected
to perform the measurement. Under high pressuresP
.250 kbar), the contrast drastically decreased out of a c
tral flat region, because of the strain of the diamonds un
pressure. The wavelength difference between two inten
maxima

Dl5
l2

2n~l!t
, ~1!

where t is the thickness of the sample,n(l) its refractive
index, was determined. In that wavelength range, disper
could be observed only in H2O samples; in that case, a line
dependency of 1/n on l was assumed in order to fit Eq.~1!.

C. Monochromatic interferences

The setup presented in Fig. 1 allows the measuremen
the reflective Fabry-Prot rings produced by the cavity
tween the diamonds, when illuminated by a converg
monochromatic beam. We used an argon laserl
5488.0 nm) for helium samples 1 to 3, and a He-Ne la
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(l5632.8 nm) for H2O, H2, Ne, and He samples. The in
terference orderk at anglei is defined by

k5
1

l
2t~n22sin2i !1/2; ~2!

if k is an integer, a minimum in intensity is observed.
At the center of the pattern, the interference orderk0

52n(l)t/l, can be deduced from white light interferenc
measurement. The angular positioni p of the pth intensity
minimum has an interference orderkp5@k0#2p11. Refrac-
tive index and thickness can be deduced from two fringesp
andp8) angular positions

n25
kp8

2 sin2i p2kp
2sin2i p8

kp8
2

2kp
2

~3!

and

t25
l2

4

kp8
2

2kp
2

sin2i p2sin2i p8

. ~4!

Interference rings were projected and recorded by a C
camera (C1, see Fig. 1!. The radiusRp of the rings onC1 is
thus measured. Because of optical aberrations, mainly ca
by the objective lensesL2, the relationship betweenRp and
i p was nontrivial. To correct these abberations, a refere
spectrum was recorded. This spectrum consisted in frin
formed by an empty indented and drilled gasket, placed
the DAC. The adjustment of the optical setup was perform
as described below. First, the cell was centered and per
dicularly oriented on the laser beam. ThenM1, C1, L3, L2,
L1 and D1 were positioned and the calibration spectru
recorded. All theses elements were mounted on (x, y, z, u)
linear and rotation stages. After calibration, all the elemen
except the cell, remained fixed. In the first experiments,
cell was regularly removed to record the white light interfe
ences pattern. The best position of the cell~in thex direction!
was determined, within610 mm, by optimization of the
rings pattern stability with respect toY and X translations.

FIG. 1. Experimental setup. The light emitted by the lase
~He-Ne, 7 mW or Ar! is extended byL1 ~simple lens,f 530 mm)
and focused on the sample by the objectiveL2 ( f 550 mm); inter-
ference rings propagate throughL2, M1, M2, L3 ~objective, f
580 mm) and are recorded by the digital cameraC1. On the right,
the PRL setup~doubled YAG laser,F1: illuminating optical fiber,
C2: digital camera, S: spectrometer optical fiber! equipped with a
320 Mitutoyo objective, allows pressure measurement, imaging
the sample and white light interferences measurement.
2-2
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This allowed a reproducibility of the index measurement
Dn56531024. Each digital Fabry-Perot pattern was aut
matically processed by a program that evaluates thickn
and index for all available pair of rings. This procedure
lows the analysis of numerous spectra, and again, optim
tion of thex position of the sample. Tentative error bars ha
been estimated for each measurement, taking into acc
two factors: first, the uncertainty on rings radiusRp and sec-
ond, the scatter of the refractive index given by differe
couples of rings@Eq. ~3!#.

The precision of refractive index measurements is limi
by the following effects.

The precision of k0 measurement by white light interfe
ences. The relative precision onk0 estimate is better than
1023 (Dk,0.2) for weakly dispersive media~He, Ne, and
H2) and of approximately 231023 for dispersive media
(H2O). This measurement must also be carried out in
same sample region than the region illuminated by the la
beam for monochromatic interferences, in order to prev
any error caused by nonparallelism of the diamonds.

The number of Fabry-Prot rings. They must be as numer
ous as possible to statistically increase the precision of
measurement. In these experiments, a minimum of four ri
has been observed. For this purpose, the angular apertu
the optical setup was increased to 25°. The number of ri
is also proportional to the sample thickness; therefore, th
samples have been used.

The elastic strain (cupping) of the diamonds. This is the
main source of uncertainty of our measurements, that lim
the pressure range of this method. This cupping can be
observed by translating the cell iny or z directions and look-
ing at the modification of the rings pattern. It can be no
that these measurements constitute an accurate mea
studying the strain of the anvils. At the beginning of t
compression, inverse cupping, caused by the gasket stre
is observed. Upon pressure increase, the diamonds bec
flat and then cupping occurs. It has been observed appr
mately at the same thickness of a simple rhenium gasket~40
to 45 mm for H2O samples!, and for pressures varying be
tween 100 and 200 kbar. When pressure increases, it per
the rings pattern out of a central flat zone, up to a point t
makes measurements impossible. To reduce this intri
limitation, thick gaskets can be used because they incre
the pressure at which cupping appears. This elastic st
also makes the focusing diagnostic less precise.

The pressure gradients in the solid phase. The ruby chip
can not be directly located where the sample was illu
nated, because it perturbs the Fabry-Prot interferome
rings. It was located at.60 mm from the refractive index
measurement point. In separate runs we have estimate
radial pressure gradient in ice VII, in the same sample ge
etry; this gradient is negligible up to 200 kbar and reac
0.33 kbar/mm at 350 kbar. In ice, the pressure was correc
by this factor. Actually, this pressure gradient is also an
trinsic limitation of the method, because the extend of
source of interference rings is 100mm, if i ,25°; at high
pressure, rings withi ,15° are analyzed in order to reduc
this error.
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D. EOS measurement

An analysis of numerical images of the sample taken
transmitting light allows the measurement of the surfaceSof
the sample, with a precision of 1%. The volumeVS is then
obtained by multiplyingS with the thickness of the sample
obtained at the same time as its refractive index. The un
tainty on volume determination is mainly caused by the u
certainty onS. No corrections taking into account the cu
ping of the diamond was necessary for the measurem
presented in Sec. V, but these corrections are in princ
possible. We made the assumption that the amount of ma
trapped in the sample chamber remained constant upon p
sure increase. In that case, the EOSV(P) can be simply
deduced fromVS(P) by choosing a reference pointV0(P0).
For a given run, the molar volume of the sample can
expressed as

Vmol~P!5V~P!
Vmol~Pref!

V~Pref!
,

V(P) being the volume of the sample at the pressureP and
V(Pref) the volume of the sample at the reference press
Pref . We noticed that the precision of the volume measu
ment increased when the thickness of the sample decrea
A similar observation has already been made by Evans
Silvera.10 This is probably because the geometrical imperf
tions of the gasket hole, extensively described,8 are smaller
for thin samples.

III. REFRACTIVE INDEX DATA

A. Helium

The refractive index data obtained in four runs up to 2
kbar are shown in Fig. 2. During the same experimental r

FIG. 2. Upper: Refractive index of fluid and solid He as a fun
tion of pressure at ambient temperature. The first three runs h
been performed atl5488 nm, and the last one atl5632.8 nm.
The parameters of the fitted functions~dotted lines! are presented in
Table I. Lower: Difference, in %, between experimental data a
the fitted function.
2-3
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the orders of interference of the rings of the fringe patt
have been followed between each pressure steps. The
agreement between the data of the different runs data i
cates that the uncertainty associated to the white light de
mination of the order of interference is negligible. For
data shown in Fig. 2, the error bars are smaller than the
of the symbols. The difference between the fitted index l
and LeToullec measurements is smaller than 231023, ex-
cept for the highest pressure points where LeToullec m
surements were less precise.

B. Neon

One run has been performed with a neon sample, up to
GPa. The evolution of the refractive index of neon with pre
sure is plotted in Fig. 3. The refractive index of Ne had be
determined previously to a maximum pressure of 1 GPa fr
capacitance measurements.18 The present data are in ver
good agreement with this previous determination, in
pressure range of overlap.

C. Hydrogen

The evolution of the refractive index of hydrogen wi
pressure is plotted in Fig. 4. There is a systematic differe
between our data and previous determinations, either the
by Brillouin scattering19 ~1.5%! or the one by white light
interference10 ~around 1%, which is within their estimate
error bars!. The matching of refractive index of ruby an
hydrogen has been observed~annulation of the contrast! at
3561 GPa. This provides an anchorage point to the refr
tive index curve. At this pressure, the refractive index
ruby is expected to be 1.77.12 This value is in good agree
ment with the present measurements and that gives a g
confidence in our highest pressure runs.

FIG. 3. Same plot as Fig. 2, for neon. Experiments have b
performed atl5633 nm.
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D. Water and ice

For H2O, five experimental runs have been made, up
35 GPa. Due to the dispersion of the refractive index
H2O, of the order of 1% over the 500–800 nm range,
determination of the order of interference from white lig
measurements is less precise and consequently small d
tions between different experimental runs can be detecte
the fluid phase. However, our measurements agree very
with precise interferometric measurements in the flu
phase.20 At higher pressures, our data are within the sca
of a previous Brillouin scattering determination.21 At pres-
sures higher than 20 GPa, the strength of ice causes pre
gradients in the sample, that can perturb the pressure est
tion. To correct it, the pressure measured by the ruby chipPR
was then corrected by a factorDP5d3dP/dr, d being the
distance between the ruby chip and the center of the sam
and the last factor has been estimated in a separate ru
mapping the sample chamber with ruby~in kbar/mm):
dP/dr5(PR30.425)/t. The estimated error bars plotted
Fig. 5 increase drastically as pressure increases, showing
decrease of the quality of the fringe pattern associated to
strain in the diamonds. Refractive index matching betwe
ice VII and ruby has been observed atP540.561 GPa. At
this pressure, the refractive index of ruby is approximat
1.765,12 1.2% lower than the extrapolation of our measu
ments. That is within the uncertainty of our highest press
measurements.

The functions obtained by a fitting procedure to our e
perimental data are gathered in Table I. The use of po
laws is justified, to a certain extent, by the fact that t
Lorentz-Lorenz factor defined in Eq. 5 is approximately co
stant~see below!. We used as few parameters as possible
fit the data. The quality of the various fits is shown in t
various figures that present the refractive index of He, H2,
Ne, H2O versus pressure.

n
FIG. 4. Refractive index of H2 at l5632.8 nm. Inset: enlarged

region in the fluid phase.
2-4
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IV. DISCUSSION

A. Polarizability

The refractive index is generally related to the polarizab
ity of the molecular entities of the system through the
Lorentz-Lorenz formulation

LL5
1

r

e21

e12
5

4pNA

3
a. ~5!

In Eq. ~5!, NA is the Avogadro number,e the relative dielec-
tric constant, anda the molecular polarizability of the com
pound. In the static case, this equation is called the Claus
Mossoti relation. It arises from the expression of the lo
electrical field for dense materialsEloc(r )5Emacro(r )
14pP(r )/31E8(r ). P(r ) is the polarization andE8(r ) is
the field created by the close neighbors of the electro
cloud centered onr . Equation ~5!, corresponds toE8(r )
50. This is the case in the symmetry center of a cubic cr
tal. For hydrogen, helium and neon, Eq.~5! is commonly
used,10,13because they are constituted by spherical molec
entities ~in the case of hydrogen the molecules are fre
rotating!, organized in highly symmetric structures. Also, f

TABLE I. Fitted forms of refractive index vsP ~in kbar!.

Compound Refractive index P range
~kbar!

Fluid He n50.803410.20256(11P)0.12763 0.8–115
Solid He n520.10331(11P)0.052 117–202
Fluid Ne n50.66810.33(114.33P)0.076 7–47
Solid Ne n50.986010.08578P0.1953 50–270
Fluid H2 n50.94910.06829(1111.8P)0.2853 3–49
Solid H2 n50.9510.1144P0.3368 52–350
Fluid H2O n50.90010.4323(110.1769P)0.164 0.5–12
Ice VI n51.42510.00255P 12.7–22
Ice VII n51.17510.2615(110.101P)0.222 30–354

FIG. 5. Measured refractive index of water, ice VI and ice V
at l5632.8 nm, with the corresponding fitted functions~dotted
lines!.
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these systems in the pressure range covered here, the
tronic transitions are far from the visible. The imaginary p
of the refractive index should then be very small ande5n2

is a very good approximation.
In the case of water, the polarizability is generally writte

as the sum of three components: the polarizability due to
orientation of the permanent dipole of the water molecu
the polarizability due to the electronic changes associate
the intermolecular and intramolecular modes and the po
izability associated to the electronic transitions within t
water molecules. The contribution of the permanent dipo
operates at frequencies below 105 Hz. The contribution due
to the intermolecular modes is important below 1011 Hz in
the liquid and 105 Hz in the solid.22 The contributions due to
the intramolecular modes should be important below 1014 Hz
~the highest frequency vibration mode of H2O is a stretching
mode at 3656 cm21 in the gas phase!. Above 1016 Hz elec-
tronic transitions should be considered. The optical wind
covered here is just in between these dispersion phenom
which implies a small dispersion of the refractive index a
a small absorption. We did not observe any pressure effec
the dispersion. In Fig. 6, the Lorentz-Lorenz factor of wa
and ice calculated using the present data and published e
tions of state of liquid water, ice VI and ice VII~see Refs.
23–26! is plotted, as a function of molar densityr. It is
interesting to note that the variation ofLL plotted on Fig. 6
does not depend on the microscopic arrangement of the m
ecules but only of the density. This tends to prove that
hypothesisE8(r )50 in the local field is also reasonabl
valid in water. Consequently, Eq. 5 should be valid here
analyze the data. It is seen in Fig. 6 that theLL factor de-
creases by approximately 20% up to the maximum press
of investigation. The approximationLL constant, that is used
to analyze spectroscopic data of water under pressure,
as the Brillouin scattering sound velocity measurements,15 is
not correct because it leads to an underestimation of the
fractive index of the order of 3% at 35 GPa.

It has been proposed from experimental data below
GPa, that the evolution of the Lorentz-Lorenz factor of va
ous molecular systems should follow an universal cu

FIG. 6. Lorentz-Lorenz factor of H2O phases as a function o
molar density.
2-5
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when plotted in reduced units,18 after small statistical dipole
induced dipole corrections. In our case, their relative eff
on LL is smaller than 1023 and can be neglected. In Fig. 7
the change of the Lorentz-Lorenz factors of He, Ne, H2 ,
H2O vs density is plotted in reduced units, i.e., asLL/LLgas
~becauseLLgas, taken in Refs. 18,27,28, contains the is
lated atom polarizability! vs NArs3 ~where s is the
Lennard-Jones parameter of the considered compound!. The
following Lennard-Jones parameters have been used: Hs
52.556 Å,29 Ne, s52.83 Å,30 H2 , s53.06 Å,31 and H2O,
s52.85 Å.32 Calculations have been performed using t
following published EOS’s: He,13,33 Ne,30,18,34,35 and
H2.36–38The scatter of the points give an idea of the expe
mental errors. The large scatter at low pressure observe
He and H2, the most compressible materials, is main
caused by the uncertainty on density calculation; moreo
uncertainty onLL is larger whenn is close to one. At higher
compression, relative uncertainty decreases.

In Fig. 7, a common trend is observed, namely, a decre
of the polarizability with density for the four systems.
fact, the polarizability is related to the extent of the ele
tronic cloud. In a dense environment, the atoms and m
ecules themselves compress to lower their interactions
their neighbors, and a decrease of the polarizability is
pected. Over the compression range covered here, the s
LL factors of H2 and of He, two isoelectronic species, e
hibit the same density evolution. However, in that press
range, the fundamental difference between the density e
on electronic properties of these two media would be
tracted from dispersion data. In He, it has been shown
the main contribution of the change of polarizability wi
density is taken into account by the blue shift of the 1S-2P
transition energy.13 In contrast, the change of polarizabilit
in hydrogen has been related to the redshift of the excito
level X1Sg

1 to B1Su
1 that should lead to the meta

hydrogen.39,40 But different evolutions are observed in N
and H2O; the proposed universal behavior18 is nor valid nor
theoretically justified for a large perturbation by density.
the past 20 years, numerous computations and measurem

FIG. 7. Lorentz-Lorenz functions of the studied compoun
normalized to their gas value~Refs. 27,18,28!.
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have been performed for rare gas fluids~see Refs. 41,27,42
and references therein!, in order to reproduce, with succes
for rare-gas fluids, the two and three order refractivity vir
coefficients. Yet, they have not been extended in the de
fluid or the solid phases. We are not aware of any calcula
on the dielectric properties of water under pressure. On
other hand, the calculation of the dielectric properties of h
drogen is a subject of great current interest~see Ref. 43, and
references therein!. We present here an interesting databa
of the optical dielectric properties of lowZ compounds under
pressure. We hope that it could be helpful to validateab
initio approaches.

B. Gladstone-Dale relation

The Gladstone-Dale relation is expresses as44

dn

n21
5

dr

r
, ~6!

which leads ton511ar. It can be derived by differentiat
ing Eq.~5! and expanding it as a function ofu5n21, if the
polarizability is assumed to remain constant:

du

u S 12
1

6
u2

5

6
u21••• D5

dr

r
.

Thus, this relation corresponds to the zero-order trunca
series expansion ofdu vs dr. For n,1.8, the first order
term remains smaller than 13% of the zero-order term. Mo
over, the volume dependency ofa will tend to compensate
the effect of the first and second order terms.

The Gladstone-Dale relation has been widely used to a
lyze the shock-wave VISAR data. In fact, a transparent w
dow is often attached to the rear face of the sample, toge
whith an optically reflecting interface, to prevent the form
tion of a reflected rarefaction wave. The high pressure refr
tive index of this window is needed to determine the re
face velocity of the sample by the VISAR technique.44 It can
also been useful if the sample itself is transparent, and if

FIG. 8. Refractive index vs density of the studied compoun
The corresponded fitted linear functions are in Table II.

,
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shock front becomes reflective. This is the case for prec
pressed samples.6 An advantage of the Gladstone-Dale re
tion is that refractive index expresses as a function of
density of the material alone~intrinsic temperature effect is
not taken into account!, and very simply. In this peculia
form, it allows to express straightforwardly the actual velo
ity of the reflecting interface as a function of its appare
velocity, for a planar single shock wave.

For this reason, we think that a presentation of our res
in a form of Glastone-Dale fit could be useful for the hig
pressure community. They are presented in Fig. 8. The
are close to straight lines, even if a small curvature is ob
ous in all curves. The Gladstone-Dale relation is often p
sented under the following form:n5a1br.44 We used this
function to fit our data. The results are presented in Table

V. APPLICATIONS

A. Equation of state

The EOS of helium in the fluid and solid phase has be
measured up to 13 GPa, as presented in Fig. 9, during ru
to 3. The volume of the sample was obtained by the mu
plication of its thickness by its surface. Sample thickne
was varying between 37 and 23mm ~simple gaskets!.

TABLE II. Density linear evolution of the refractive index ob
tained in this work. The index is expressed asn5a1br.

Compound a b (cm3/mol)

He 1.00560.001 0.74960.006
Fluid Ne 1.00060.001 1.41360.009
Solid Ne 1.01160.003 1.2560.02
Fluid H2 0.99460.003 3.2660.03
Solid H2 0.95360.007 3.5360.04

Fluid H2O 1.0060.01 6.0560.2
Ice VII 1.08160.01 5.08360.13

FIG. 9. EOS of helium deduced from the sample thickness e
lution upon pressure increase for runs 1, 2, and 3. It compares
well with previous determinations~Refs. 45,13,33!, within 1%, ex-
cept for the lowest pressures.
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The evolution of the sample thickness during run
~double rhenium gasket! is also plotted in Fig. 10. It is inter-
esting to note that the thickness of the sample decrea
nonlinearly upon pressure increase but remained appr
mately constant upon pressure decrease: from 47
48.5mm. This can be used experimentally, when the sam
thickness knowledge is needed:14 one can perform measure
ments upon pressure decrease.

Our EOS is compared with Brillouin spectroscop
measurements13 in the fluid phase and x-ray data in the sol
phase.45,33At moderate pressures (P,3 GPa), it seems tha
the compressibility of the sample is overestimated; this eff
can be attributed to either leakage of the sample or geom
cal effects. Between 3 and 14 GPa, agreement with o
data is excellent. No evident leakage has been observe
that pressure range. This shows that this method for E
measurements is very interesting for liquids, where x-ray d
fraction measurements are still difficult to perform and whe
there is no radial pressure gradient in the sample. In part
lar, these measurements could be carried out for high t
perature and high pressure liquids.

B. Detection of phase changes

The volume discontinuities at each phase changes ca
deduced from measurement. In fact, we observed no
dence the theLL factor was discontinuous at any pha
change studied. Thus, we assumed that this function dep
on density alone. By differentiating Eq.~5!, Dr/r can then
be deduced from the observedDn. The results are summa
rized in Table III. Our data compare very well with thos

-
ry

FIG. 10. Evolution of the sample thickness upon pressure
crease and decrease for run 4.

TABLE III. Density discontinuities at phase changes; the te
perature of measurements was between 297 and 299 K.

Phase change P ~kbar! Dn Dr/r Dr/r
3103 ~%! literature~%!

Fusion He 116 362 261.3 3 ~Refs. 13,33!
Fusion Ne 47.7 662 3.561.2 3.8~Ref. 30!
Fusion H2 53 862 360.8 5 ~Refs. 36,38!

Fusion H2O 9.7 4164 9.761 8.9 ~Ref. 24!
Ice VI → VII 21.5 3764 8.060.8 8.4~Ref. 24!
2-7
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obtained by other techniques. Thus, careful refractive in
measurement can detect phase changes with volume cha
as small as 2%.

VI. CONCLUSION

We have performed accurate optical refractive index m
surements of H2O, He, H2, and Ne up to 35 GPa and a
ambient temperature in a diamond anvil cell. These d
should be useful to analyze some spectroscopic meas
ments on these systems at high pressure. The change o
refractive index has been expressed in terms of the chang
the polarizability of the molecular entities in their dense s

*Present address: Lawrence Livermore National Laboratory, Li
more, CA 94550.

1S. Desgreniers, Y. Vohra, and A. Ruoff, J. Phys. Chem.94, 1117
~1990!.

2K. A. Goettel, J. H. Eggert, I. F. Silvera, and W. C. Moss, Ph
Rev. Lett.62, 665 ~1989!.

3M. Eremets, K. Shimizu, T. Kobayashi, and K. Amaya, Scien
281, 1333~1998!.

4A. Goncharov, V. Struzhkin, M. Somayazulu, R. Hemley, a
H.-K. Mao, Science273, 218 ~1996!.

5M. Grimsditch and A. Polian, inSimple Molecular Systems a
Very High Density, Vol. 186 of NATO Advanced Study Institute
Series B: Physics~Plenum Press, New York, 1988!, pp. 237–
257.

6K. K. M. Lee, L. R. Benedetti, A. Mackinnon, D. Hicks, S. J
Moon, P. Loubeyre, F. Occelli, A. Dewaele, G. W. Collins, a
R. Jeanloz, inShock Compression of Condensed Matter, AIP
Conf. Proc. No. 620~AIP, Melville, NY, 2002!.

7J. VanStraaten, R. J. Wijngaarden, and I. F. Silvera, Phys. R
Lett. 48, 97 ~1982!.

8J. vanStraaten and I. F. Silvera, Phys. Rev. B37, 1989~1988!.
9R. J. Hemley, M. Hanfland, and H. K. Mao, Nature~London! 350,

488 ~1990!.
10W. J. Evans and I. F. Silvera, Phys. Rev. B57, 14 105~1998!.
11J. Eggert, L. Xu, R. Che, L. Chen, and J. Wang, J. Appl. Phys.72,

2453 ~1992!.
12N. Balzaretti, J. Denis, and J. DaJornada, J. Appl. Phys.73, 1426

~1993!.
13R. LeToullec, P. Loubeyre, and J. P. Pinceaux, Phys. Rev. B40,

2368 ~1989!.
14G. Shen, N. Sata, M. Newville, M. Rivers, and S. Sutton, Ap

Phys. Lett.81, 1411~2002!.
15M. Grimsditch, S. Popova, and A. Polian, J. Chem. Phys.105,

8801 ~1996!.
16R. LeToullec, J.-P. Pinceaux, and P. Loubeyre, High Press. Re1,

77 ~1988!.
17H.-K. Mao, J. Xu, and P. Bell, J. Geophys. Res.91, 4673~1986!.
18M. Lallemand and D. Vidal, J. Phys. Chem.68, 4776~1977!.
19H. Shimizu, E. M. Brody, H. K. Mao, and P. M. Bell, Phys. Re

Lett. 47, 128 ~1981!.
20K. Vedam and P. Limsuwan, J. Chem. Phys.69, 4762~1978!.
21H. Shimizu, T. Nabetani, T. Nishiba, and S. Sasaki, Phys. Re

53, 6107~1996!.
09411
x
ges

-

ta
re-
the
of

-

roundings. It is still challenging to compute such electron
properties. The present set of data could be useful in vali
ing the various theoretical approaches. Our method also
lows the direct measurements of the equations of state
transparent media: this has been carried out for fluid
solid He, with less than 1% error. This method should th
be interesting to determine the equation of state of de
fluids or dense amorphous media.

ACKNOWLEDGMENTS

We thank M. Berhanu for his help during Neo
experiments.

r-

.

e

v.

.

B

22F. Petrenko and R. Whitworth,Physics of Ice~Oxford University
Press, Oxford, 1999!.

23A. Saul and W. Wagner, J. Phys. Chem. Ref. Data18, 1537
~1989!.

24P. Bridgman, Proc. Am. Acad. Arts Sci.74, 399 ~1942!.
25R. Hemley, A. Jephcoat, H. Mao, C. Zha, L. Finger, and D. C

Nature~London! 330, 737 ~1987!.
26P. Loubeyre, R. LeToullec, E. Wolanin, M. Hanfland, and

Hausermann, Nature~London! 397, 503 ~1999!.
27H. Achtermann, J. Hong, G. Magnus, R. Aziz, and M. Slaman

Chem. Phys.98, 2308~1993!.
28P. Schiebener, J. Straub, J. L. Sengers, and J. Gallagher, J.

Chem. Ref. Data19, 677 ~1990!.
29J. Barker,Interatomic Potentials for Inert Gases from Experime

tal Data ~Academic Press, New York, 1976!, Chap. 4, pp. 212–
264.

30W. Vos, J. Shouten, D. Young, and M. Ross, J. Chem. Phys.94,
3835 ~1991!.

31M. Ross, F. Ree, and D. Young, J. Chem. Phys.79, 1487~1983!.
32A. Belonoshko and S. Saxena, Geochim. Cosmochim. Acta55,

381 ~1991!.
33P. Loubeyre, R. LeToullec, J.-P. Pinceaux, H.-K. Mao, J. Hu, a

R. J. Hemley, Phys. Rev. Lett.71, 2272~1993!.
34L. Finger, R. Hazen, G. Zou, H. Mao, and P. Bell, Appl. Phy

Lett. 39, 892 ~1981!.
35P. Kortbeek, S. Biswas, and J. Schouten, Int. J. Thermophys.803,

803 ~1988!.
36R. Mills, D. Liebenberg, J. Bronson, and L. Schmidt, J. Che

Phys.66, 3076~1977!.
37R. J. Hemley, H. K. Mao, L. W. Finger, A. P. Jephcoat, R. M

Hazen, and C. S. Zha, Phys. Rev. B42, 6458~1990!.
38G. Pratesi, L. Ulivi, F. Barocchi, P. Loubeyre, and R. LeToulle

J. Phys.: Condens. Matter9, 10 059~1997!.
39J. vanStraaten and I. F. Silvera, Phys. Rev. B37, 6478~1988!.
40A. Garcia, M. L. Cohen, J. H. Eggert, F. Moshary, W. J. Evans,

A. Goettel, and I. F. Silvera, Phys. Rev. B45, 9709~1992!.
41P. Dacre, Can. J. Phys.60, 963 ~1981!.
42C. Hattig, H. Larsen, J. Olsen, P. Jorgensen, H. Koch, B. Fern

dez, and A. Rizzo, J. Chem. Phys.111, 10099~1999!.
43I. Souza, R. M. Martin, N. Marzari, X. Zhao, and D. Vanderbi

Phys. Rev. B62, 15 505~2000!.
44R. Setchell, J. Appl. Phys.91, 2833~2002!.
45H.-K. Mao, R. J. Hemley, Y. Wu, A. P. Jephcoat, L. W. Finger,

S. Zha, and W. A. Bassett, Phys. Rev. Lett.60, 2649~1988!.
2-8


