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Measurements of the Equation 
of State of Deuterium at  the 

Fluid Insulator-Metal Transition 
G. W. Collins, L. B. Da Silva, P. Celliers, D. M. Cold, M. E. Foord, 

R. J. Wallace, A. Ng, S. V. Weber, K. 5. Budil, R. Cauble* 

A high-intensity laser was used t o  shock-compress liquid deuterium t o  pressures 
from 22 t o  340 gigapascals. In this regime deuterium is predicted t o  transform 
from an insulating molecular fluid t o  an atomic metallic fluid. Shock densities 
and pressures, determined by radiography, revealed an increase in compres- 
sibility near 100 gigapascals indicative of such a transition. Velocity inter- 
ferometry measurements, obtained by reflecting a laser probe directly off the 
shock front in flight, demonstrated that deuterium shocked above 55 gigapas- 
cals has an electrical conductivity characteristic of a liquid metal and inde- 
pendently confirmed the radiography. 

Hydrogen is the si~nplest and most abundant 
element in the universe, yet at high pressure, 
it is one the nlost difficult to understand. 
Ha\-ing only a single electron. it shorvs char- 
acteristics of both the group I alkalis and the 
group VII halogens ( I ) .  At low pressure, 
hydrogen isotopes are halogenous, co\-alent 
diatomic molecules that fornl insulators. 
With increasing pressure, the isotopes trans- 
form into alkali metals. Although most theo- 
ries predict <300 GPa for the insulator-metal 
transition pressure along the 0 K isotherm (2); 
static experi~nents at even higher pressures 
have not detected evidence of metallization 
(3). El-idence of high electrical conductivity 
was observed at an unexpectedly low pres- 
sure (140 GPa) at finite temperahire (3000 K) 
where the isotope is in a molecular fluid 
phase (4). There is no accepted theoretical 
description of the tra~lsfoinlation of hydrogen 
from an insulator into a conducting atomic 
fluid at high pressures and high temperatures. 

The metallic transition and its effects on 
the equation of state (EOS) at pressures near 
100 GPa are integral to models of Inany 
hydrogen-bearing astrophysical objects (5), 
including the Jovian planets ( 6 ) ,  extrasolar 
giant planets ( 7 ) ,  brown dwarfs (8; 9), and 
low-mass stars (10); as well as to the design 
of deuterium-tritium-burni~lg targets for iner- 
tial confi~le~ne~lt fusion (11). The phase space 
of hydrogen in the vicinity of the finite- 
temperature insulator-metal transition (Fig. 
1) is difficult to address theoretically: it is a 
dynamic; strongly correlated, partially degen- 
erate composite of HZ, H; Ht;  and electrons, 
as well as other components such as H,, 
where no simple approxi~nation is a\-ailable. 
This ~nakes reliable experimental data essen- 
tial as a guide to theory, but meaningful 
measurements on the Hugoniot (12) in this 
regime have until recently been unattainable. 
Using a high-power laser, we have accessed 
this regime by shocking liquid D, to pres- 
sures at and above the metallic transition 
where we measured the thermodynamic prop- 

C. W. Collins, L. B. Da Silva, P. Celliers, D. M. Cold, erties of the shocked state, M. E. Foord, R. J. Wallace, S. V. Weber, K. S. Budil, R. 
Cauble, Lawrence Livermore National Laboratorv, Liv- At high pressures; 
ermore, CA 94550, USA. A. ~ g ,  University of British and ionization can be activated through high 
Columbia, Vancouver V6T 1Z1, BC, Canada. density as well as thennal effects. Early EOS 
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predicted that their consequences for the EOS 
would be small (13, 14). More recent theories 
predict that significant modifications to the 
EOS can occur either through a continuous 
dissociative transition (15) or a first-order 
phase transition (16-18) from the molecular 
to the metallic phase. 

Shock wave (SW) experiments with light- 
gas guns have produced Hugoniot data on D, 
(initial density p, = 0.17 g cmP3) up to 23 
GPa (p = 0.58 g cmP3 and temperature T = 
0.39 eV), below the transition (19, 20). Re- 
cently, radiographic measurements were made 
on the Hugoniot of liquid D, near 100 GPa by 
using a strong shock driven by an intense 
laser beam (21). The sparse data indicated 
that the shocked density of the isotopes at 100 
GPa was much higher than had been predict- 
ed by established EOS theories (13, 14). The 
reason was attributed to the effects of molec- 
ular dissociation resulting from the high den- 
sity (21). 

We used the Nova laser (22) to shock 
liquid D, to pressures between 22 and 340 
GPa, a wider range of pressure than the ear- 
lier experiments. In addition, we verified that 
this range spans the metal-insulator phase 
boundary. For each experiment, we deter- 
mined the SW pressure P and density p from 
measurements of the shock wave speed Us 
and the particle velocity behind the shock Up 
using the Hugoniot relations P = poUsUp and 

Fig. 1. Model phase diagram of hydrogen (27) in 
the regime of the fluid metal-insulator phase 
transition. A measure of the inter article correla- ! tion strength is r = e2(4-rn/3)'/ /kT, where n is 
the particle density and k is the Boltzmann con- 
stant; a value of r > 1 signifies strong coupling 
between the fluid constituents and a commensu- 
rate lack of simplifying assumptions that enable 
theoretical calculations. The Fermi energy is E,; 
for temperatures kT < E,, matter is partially 
degenerate. Hz and H are regions that are mainly 
molecular and atomic hydrogen, respectively; 
outside of these regions hydrogen is primarily 
an ionized fluid. ] is a model isentrope for 
Jupiter (27) and C1229 B is an isentrope for 
brown dwarf C1229 B (9). H,,, and D,,, are 
model hydrogen and deuterium Hugoniots 
(72, 75). 

p = p,U, /(Us - Up). Liquid D, at 20 K was 
contained in a 1.5- or 1-mm-diameter, 0.45- 
mm-long cylindrical cell machined into a 
copper block. One end of the cell was sealed 
with an A1 or Be disk that acted as a SW 
pusher and the outside of each pusher was 
coated with 20 pm of either a polystyrene or 
Be ablator. The pushers were 180 to 250 pm 
thick with a root mean square surface rough- 
ness of 30 nm for A1 and 90 nm for Be. 
X-ray-transmitting windows consisting of 
5-pm-thick Be foils allowed us to perform 
radiography transverse to the shock direction 
through the sides of the cell. We also viewed 
the sample from behind through a 0.5-mm- 
thick sapphire window. A spatially smoothed 
Nova laser beam (wavelength A, of 527 nm) 
with an intensity of 1013 to 3 X 1014 W/cm2 
irradiated the ablator for 5 to 10 ns. The 
ablator served to minimize production of 
high-energy x-rays in the laser plasma. Sev- 
eral laser spot size configurations were used 
over the course of the shots, from a 400- by 
600-pm elliptical spot to a 1-mm-diameter 
circular footprint. The rapidly heated ablator 
drove a SW into the metal pusher. Ideally, 
when the SW reached the rear of the pusher, 
the pusher-D, interface released into the D, 
at the speed Up while the SW propagated 
ahead at the speed Us. 

Using transverse radiography, we tracked 

the positions of the shock front and the 
pusher-D, interface as a function of time to 
obtain measurements of Us and Up for each 
experiment. The radiography source was a 
laser-heated Fe foil located 12 cm from the 
cell. X-rays from the Fe backlight source 
passed through the cell and into a Kirk- 
patrick-Baez microscope (bandpass of 
800 2 50 eV) and then into a streak cam- 
era. The streak camera slit subtended a strip 
300 pm long by 5 pm wide at the target. 
The slit image was magnified 82 times, 
resulting in a spatial resolution of 3 pm 
over the field of view. Two-dimensional 
hydrodynamic simulations showed that 
edge rarefactions would attenuate the SW 
around its periphery. However, the simula- 
tions indicated that the SW remained spa- 
tially uniform and temporally steady in the 
center of the SW for sufficient time to 
obtain accurate data. 

The earlier experiments used only A1 
pushers to obtain a maximum pressure of 210 
GPa (21). Here we extended the measure- 
ments to higher pressure using Be pushers, 
which have a lower density than Al. The 
significance of higher pressure is that on the 
Hugoniot above the metal-insulator transition 
regime, the compression must eventually ap- 
proach a value of 4 (12). Failure to exhibit 
this effect would call the experimental meth- 

Fig. L (A) Transverse streak trammission radio- 
graph of a D, EOS target with a Be 
laser intensity of 7.6 X loT3 WlzatR 
lease into the D3 is at t = 0. The image shorn a 
shock decelemhng until t = 3 ns where it be- 
comes steady and where the slopes of the 
interface and shock are U and Us, respective- 
ly. (B) Face-on streak veracity interferogram 
of the same target as shown in (A). Deceier- 
ation of the shock is evinced as fringe motion 
from t = 0 to t = 3 ns. (C) Comparison of 
shock osition measured from the radiograph 
(boxes7 in (A) with the shock trajectory de- 
termined by interferometry (line) in (B). The 
slope is U,, 33 2 0.5 pm/ns. 

200 250 300 350 !& 
Distance (prn) 
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odology into question. Because Be is rela- 
tively transparent to kiloelectron volt-energy 
x-rays produced in the laser plasma (and thus 
more likely to preheat the D, sample), we 
inserted an x-ray4locking layer of 1 - ~ m -  
thick Au between the ablator and pusher. The 
Au did prevent preheating of the D,, but it 
also caused SW reverberations in the pusher 
that were not completely damped by the time 
the SW released into the D,. The higher 
pressure SWs achieved with Be exhibited 
more temporal variation immediately after 
release than those produced with Al, resulting 
in larger uncertainties in measurements of Us 
and Up. 

A streak radiograph of shock-compressed 
D, with a Be pusher is shown in Fig. 2A. The 
pusher is opaque to backlight x-rays, so the 
interface is the boundary between the light 

-(ocms) 

Fig. 3. Hugoniot data presented as (A) mea- 
sured Us versus Up and (B) inferred pressure 
versus density. Gas gun data (triangles) are 
shown (79, 20). The EOS model of Ross (75) is 
shown as the solid red line. Other theoretical 
Hugoniots in (B) are from the widely used 
SESAME tabular EOS (black solid) (73), the hy- 
drogen EOS of Saumon and Chabrier that is 
used extensively in modeling of low-mass stel- 
lar objects (blue dash) (76) the ACTEX theory 
which is known to be accurate at high temper- 
atures (chain double dot) (25) path integral 
quantum Monte Carlo simulations (dots) (77), 
and tight-binding molecular dynamics simula- 
tions (dot dash) (26). 

and dark regions. At time t = 0, the SW 
crosses the interface and the interface surface 
begins to move; by 3 ns, the interface is 
moving at the final speed Up. Grazing inci- 
dence refraction of backlight x-rays at the 
density jump across the shock front occurs at 
angles larger than the acceptance angle of the 
microscope so that the shock front is visible 
as a dark line propagating ahead of the inter- 
face. The slope of this line is Us. Absolute 
uncertainties in Us and Up were determined 
from uncertainties in sweep speed (0.3%), 
magnification (0.5%), and point selection and 
deviation of the trajectories from linearity 
(1'Yo). 

The sapphire window at the back of the 
cell admitted a probe laser. In the original 
experiments (21) the probe was used in a 
Michelson interferometer configuration, which 
imaged the rear of the pusher through the 
unshocked D,. The interferometer monitored 
the surface position for evidence of radiative 
heating of the target. The demonstrated lack 
of preheating of the sample allowed us to use 
laser-driven SWs for EOS measurements 
(23). 

For these experiments, the probe laser 
(A, = 1.064 ~ m )  was used for velocity in- 
terferometry, a technique that measures the 
Doppler shift of light reflected from a mov- 
ing surface (24). The reflected beam was 
imaged onto the slit of a streak camera after 
it was passed through the interferometer. 
The recorded fringe shift is directly propor- 
tional to the Doppler shift and, therefore, to 
the velocity of the reflecting surface (Fig. 
2B). Before SW breakout at t = 0, the 
reflected light originates from the motion- 
less pusher surface, and the fringes are 
stationary. For t > 0, the pattern shifts to a 
new phase because the reflecting surface is 
no longer the pusher surface but the shock 
front moving at Us in the D,. The measured 
velocity is Us = k,F(t)/h, where T (= 76.3 
ps) is a delay time set by the configuration 
and F(t) is the fringe count. A shift of one 
fringe is 7 pmlns with a resolution of <0.1 
fringe. We verified that the reflected light 
originates from the shock front (and not the 
pusher) by comparing the trajectories mea- 
sured by radiography with those deter- 
mined from interferometry. These indepen- 
dent measurements produced results that 
agree within their respective experimental 
errors (Fig. 2C). 

In addition to Us, the interferometer also 
supplied instantaneous measurements of the 
(single-wavelength) reflectivity of the shock 
front. At low shock pressures (20 GPa), the 
reflectivity is a few percent. However, above 
55 GPa the measured reflectivities are -60%, 
characteristic of a metal. Because the temper- 
ature of the shocked D, is -0.75 eV, much 
less than the ionization potential, the high 
reflectivity is due to free electrons produced 
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by a combination of density and thermal ef- 
fects. In plasma physics, this is referred to as 
pressure ionization. The temperature is also 
much less than eF (-15 eV), so the term 
metal is appropriate. 

At the lowest compression, the laser data 
agree with the gas gun results (19, 20) (Fig. 
3). The most striking feature is the pro- 
nounced compressibility observed at the 
same pressure that D, becomes metallic. At 
100 GPa, the SESAME (13) D, Hugoniot 
density is 0.68 g/cm3 (p/po = 4), whereas 
the data show a density of 1.0 g/cm3 (p/po 
= 5.88), an increase of 47%. This softer 
EOS is similar to the models of Saumon- 
Chabrier (16) and Ross (15). All of these 
models use minimization of the free energy 
of a mixture of molecular, atomic, and 
ionic species to determine species concen- 
trations and establish thermodynamics of 
the mixture. The methods and in particular 
the interspecies potentials are different in 
each case. Ross uses the expedient of a 
term determined by gas gun SW data. The 
Monte Carlo simulations (1 7) are the clos- 
est to ab initio, that is, an integration of the 
interactions of a finite set of individual 
nuclei and electrons. They show a high 
compression but at a low pressure. The 
high-temperature ACTEX model (25) also 
predicts a high shock density. However, the 
paths to higher pressure of these latter mod- 
els lie to the low density side of the data. A 
tight-binding molecular dynamics Hugo- 
niot (26), like SESAME, predicts only 
slight effects of dissociation and ionization. 

Above the turnaround on the Hugoniot, 
D, is a fully dissociated, partially ionized 
metallic fluid, so that as the pressure increas- 
es, the shock density is expected to move 
closer to that of an ideal gas (12). This trend 
was unclear in the original experiments. 
Here, the compression data above 200 GPa 
show a trend toward the ideal gas compres- 
sion (Fig. 3B). 

These data offer an independent assess- 
ment of the EOS of hydrogen isotopes on 
both sides of the metal-insulator phase tran- 
sition. We have seen that hydrogen is -50% 
more compressible at the transition than some 
theories predict (13, 14, 26). There is still the 
question of whether this transition is contin- 
uous. The flattened Hugoniots for two EOS 
models (16, 17) are the result of the Hugoniot 
passing through a predicted first-order phase 
transition from the molecular to the metallic 
state (Fig. 3B). The other methods assume a 
continuous transformation. There is no evi- 
dence in the Hugoniot data for a first-order 
phase transition; shock trajectories and re- 
flectivity display a continuous variation from 
25 to 70 GPa. Although there are uncertain- 
ties in the data, they suggest that the metal- 
insulator transition is continuous along the 
Hugoniot. 
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Dimensionality-Driven 
Insulator-to-Metal Transition in 

the Bechgaard Salts 
V. Vescoli, L. Degiorgi, W. Henderson, C. Criiner, K. P. Starkey, 

L. K. Montgomery 

Optical experiments were conducted on a series of organic linear chain con- 
ductors wi th  different values of the interchain single-electron transfer integral 
t,, which quantifies the degree of anisotropy. Electron-electron interactions 
together wi th  Umklapp scattering resulted in a correlation gap and an insulating 
state for small t,. An insulator-to-metal transition was observed when t, 
exceeded a critical value, on the order of the correlation gap E,,,. The absence 
of a plasma edge on the insulator side of the transition for polarization per- 
pendicular t o  the chains suggests that the electrons are confined t o  the chains. 
The optical features of the metallic state, when contrasted wi th  the magnetic 
properties, are suggestive of spin-charge separation. 

Interacting electrons in reduced dimensions 
exhibit an enhanced tendency toward the 
formation of various broken symmetry 
ground states; whose properties have been 
explored by various techniques. The "nor- 
mal" state, that is, the state at temperatures 
above the transition temperatures of the 
broken syrnmetry states, is of interest in 
part because a strictly one-dimensional (ID) 
interacting electron system cannot be de- 
scribed by Fesmi liquid (FL) theory, the 
framework of which has been the cornerstone 

of the theoiy of interacting electrons in met- 
als and semiconductors for the last half cen- 
tury. The theory is based on the recognition 
that when interactions can be treated as a 
perturbation, the low-lying excitations of an 
interacting electron gas are the same as those 
of the noninteracting case, only with the en- 
ergy scales renormalized. FL theory has been 
thoroughly tested on a variety of materials 
and is usually valid in higher than one dimen- 
sion; one well-known exceptioil is the normal 
state of the two-dimensional (2D) copper ox- 
ide-based high-temperature superconduc- 
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for a small transfer integral between chains of 
interacting electrons. a new state of rnatter 
may emerge where the low-lying excitations 
are confined to the chains and single-electron ., 
interchain transfer is not possible but where 
tunneling of pairs may occur. An analogous 
scenario has been suggested to occur in high- 
temperature superconductors. Additional in- 
teresting effects arise when the lattice period- 
icity is involved (3; 4). In this case, electron- 
electron interactions together with Umklapp 
scattering result in a correlation gap in the 
charge excitation spectrum for commensurate 
band filling (that is, for electron density per 
unit cell n = plq withp and q integers). The 
appearance of this gap also has a marked 
influence on the interchain electron transfer 
and on confinement. 

The isostructural conductors, based on 
linear chains of the organic rnolecules tet- 
ramethyltetrathiafulvalene (TMTTF) and 
tetrarnethyltetraselenafulvalene (TMTSF); 
with different interchain counterions X 
(such as PF,, ClO,, and Br), have been the 
subject of intensive studies recently, to a 
large extent because of the novel concepts 
described above. Shortly after they were 
first synthesized by Bechgaard in 1979, 
they were found to undergo transitions to 
various broken symmetry ground states 
(such as antiferrornagnetic, spin density 
wave, and superconducting states) at low 
temperatures, typically below 20 K (4). 
The states above the transition temperature, 
which we will refer to as T.., are unusual. 
For example, the resistivity p of the 
(TMTTF),X salts has a minimum at a tern- 
perature Tor which is in the range - 100 to 
300 K. Below To, but above T,,. p increases 
with decreasing 7. In contrast; the 
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