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The shock-compression curve (Hugoniot) of D2 near 100 GPa pressures (1 Mbar) has been contro-
versial because the two published measurements have limiting compressions of fourfold and sixfold.
Our purpose is to examine published experimental results to decide which, if either, is probably correct.
The published Hugoniot data of low-Z diatomic molecules have a universal behavior. The deuterium
data of Knudson et al. (fourfold limiting compression) have this universal behavior, which suggests that
Knudson et al. are correct and shows that deuterium behaves as other low-Z elements at high tem-
peratures. In D2, H2, N2, CO, and O2, dissociation completes and average kinetic energy dominates
average potential energy above �60 GPa. Below �30 GPa, D2, H2, N2, CO, and O2 are diatomic. D2

dissociation is accompanied by a temperature-driven nonmetal-metal transition at �50 GPa.
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reported a preliminary Hugoniot point using a converg-
ing shock wave generated by high explosives.

shown in Fig. 1. Limiting shock compressions of sixfold
[1] and fourfold [2,4] of initial density are reported.
Hydrogen at high pressures and temperatures in the
fluid state is of great interest because of the condensed
matter physics of these newly accessible extreme states of
matter, for understanding interiors of giant planets in this
solar system and the �90 such planets which have been
discovered recently around other stars, as fuel in inertial
confinement fusion, and as a possible route to the syn-
thesis of novel materials such as solid metallic hydrogen.
Two Hugoniots have been measured recently for deute-
rium at 100 GPa pressures and temperatures of several
1000 K [1,2]. These Hugoniots have limiting compres-
sions, because as single-shock pressure increases, so too
does temperature, which inhibits further compression.
The observed limiting compressions differ by �50%, a
substantial discrepancy. This difference has been a subject
of great controversy. In addition, minimum metallic con-
ductivity has been observed in tenfold compressed liquid
hydrogen at 140 GPa and 3000 K [3]. These conditions
were achieved by multiple shock compression, which is
quasi-isentropic, lower in temperature than on the
Hugoniot, and has no limiting compression. This non-
metal-metal transition under multiple shock compression
is density driven in a disordered, highly degenerate fluid.
The purpose of this Letter is to assess which of the two
single-shock Hugoniots of deuterium is probably correct,
to demonstrate universal behavior of low-Z diatomics
under single-shock compression, to determine if hydro-
gen behaves as heavier low-Z atoms on the Hugoniot, and
to determine the conditions of temperature-driven mo-
lecular dissociation on the Hugoniot.

The deuterium Hugoniot measurements were per-
formed at two extremely large facilities. Da Silva et al.
[1] used the Nova laser and Knudson et al. [2] used the
pulsed-current Z machine. Both these experiments focus
energy on a sample thickness of a few 100 �m for ex-
perimental lifetimes of �10 ns. Recently, Trunin et al. [4]
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Shock pressures, densities, and specific internal ener-
gies were determined in all the experiments using the
Rankine-Hugoniot jump conditions across a thin shock
front. These equations relate flow velocities and thermo-
dynamic variables in the shocked state to those of the
initial state:

P� P0 � �0usup; (1a)

V � V0�1� up=us�; (1b)

E� E0 � 1=2�P� P0��V0 � V�; (1c)

where P is shock pressure, V is specific shock volume, E
is specific internal shock energy, us is shock velocity, up
is mass or material velocity behind the shock front, and
� � 1=V is mass density. Zero-subscripted variables refer
to the initial state ahead of the shock front. Shock im-
pedance Z � �0us.

Da Silva et al. [1] measured the Hugoniot up to 150 GPa
using an intense laser pulse to drive a strong shock into an
Al baseplate, which was then transmitted into a liquid
deuterium sample. A second laser beam produced a soft
x-ray source to sidelight shock velocity, material velocity,
and compression (�=�0). Knudson et al. [2] measured the
Hugoniot up to 70 GPa using a pulsed current to generate
a magnetic field B, which generated a pressure P� B2,
which accelerated an Al impactor plate to a velocity as
high as 21 km=s, which impacted an Al baseplate. The
steady impact shock was then transmitted into a liquid
deuterium sample. Shock and impact velocities were mea-
sured; material velocity was determined by shock-
impedance matching. Trunin et al. [4] measured a
Hugoniot point at 55 GPa by driving a metal impactor
to very high velocity and using the shock-impedance-
match method. Their point is in good agreement with
Knudson et al.

The three experimental results for deuterium [5] are
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Various theories are shown as well [6–10]. Sixfold com-
pression was ascribed to dissociation [9]. High single-
shock temperature causes a decrease in compressibility
and, at sufficiently high shock pressures and tempera-
tures, a limiting compression. Since limiting shock com-
pression of an ideal monatomic gas is fourfold [11], the
data of Knudson et al. suggest that D2 is dissociating into
atoms. Higher limiting compression is possible only if the
diatomic molecule is maintained intact. Thus, significant
insight into the critically important issue of dissociation
is available immediately through comparison with other
diatomic systems.

The Hugoniots of diatomic molecules have a common,
systematic behavior in us-up space. Data are plotted in
Fig. 2 for D2 [2,4,12], H2 [12], N2 [13–15], CO [16], and
O2 [14] up to up � 18 km=s. The solid line is the fit to
deuterium data in the molecular phase [12]; the dashed
line is its linear extrapolation into the dissociation region.
Figure 2 illustrates that the us-up data of these diatomic
fluids lie on a common line, that dissociation of CO, N2,
and D2 is observed as a slight decrease in us (� 3%)
relative to this line, and that us then increases as disso-
ciation completes. The data of Ref. [1] (not shown) deviate
significantly from this universal behavior; values of up
are in the range 18 to 32 km=s and values of us are �7:5%
lower than the dashed line, except for one point on the
solid line at up � 10 km=s. Dissociation commences
when shock pressure and temperature are sufficiently
high, and this depends on initial mass density �0
FIG. 1. Deuterium Hugoniots plotted as pressure versus com-
pression, �=�0 (�0 � 0:17 g=cm3). Experiments (gray dia-
monds [2]; open squares [1]; solid diamond [4]; solid circles
[12]). Theoretical models (solid curve [6]; gray curve [7];
dashed curve [8]; dot-dashed curve [9]; dots [10]). After [2].
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[Eq. (1a)]. Figure 2 emphasizes that very high experimen-
tal accuracy is required to characterize dissociation.

By transforming the us-up relations in Fig. 2 via
Eqs. (1), Hugoniot data of deuterium, hydrogen, nitrogen,
carbon monoxide, and oxygen are plotted as shock pres-
sure versus relative compression in Fig. 3. Note that,
although oxygen dissociates above 30 GPa, it is not read-
ily apparent because its density change and dissociation
energy in going to the monatomic fluid are small relative
to those of N2 [17]. An important point here is that rela-
tively small variations in us-up space cause substantial
variations in P-V space. Hugoniot experiments are per-
formed in us-up space; theory is performed in P-V space.

Above �60 GPa, D, N, O, and C� O asymptotically
approach fourfold compression, limiting shock compres-
sion of an ideal monatomic gas, i.e., a dense fluid in which
the only relevant degrees of freedom are momenta of
atoms (kinetic energy). At the densities and temperatures
of these data, pressures are definitely not ideal. However,
the systematic approach to fourfold compression, within
10% for three diatomics, is strong evidence that dissocia-
tion to atoms is becoming complete and that average
kinetic energy dominates average potential energy above
FIG. 2. Hugoniots plotted as us versus up of deuterium (open
circles [2]; solid diamond [4]; solid circles [12]), hydrogen
(open inverted triangles [12]; �0 � 0:071 g=cm3), nitrogen
(open squares [13]; solid squares [14,15]; �0 � 0:81 g=cm3),
carbon monoxide (solid triangles [16]; �0 � 0:81 g=cm3), and
oxygen (solid inverted triangles [14]; �0 � 1:20 g=cm3). The
solid line is the fit to deuterium data for molecular phase [12];
the dashed line is its extrapolation. Dissociation of D2, N2, and
CO is observed as a slight decrease in us (� 3%) from the com-
mon line. Deuterium data in [1] (not shown) have values of up
in the range 18 to 32 km=s and us values �7:5% below
the dashed line, except for one point on the solid line at
up � 10 km=s.
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FIG. 3. Hugoniots plotted as pressure versus relative compres-
sion (�=�0) of deuterium (open circles [2]; solid diamond [4];
solid circles [12]), hydrogen (open inverted triangles [12]),
nitrogen (open squares [13]; solid squares [14,15]), carbon
monoxide (solid triangles [16]), and oxygen (solid inverted
triangles [14]). Curves were calculated with fits to us-up data
in Fig. 2 and Eqs. (1), except for a guide to the eye through the
open circles.
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�60 GPa, which for deuterium corresponds to a tempera-
ture of �0:5 eV [18]. Because a classical ideal gas has a
limiting shock compression and a degenerate electron gas
does not [19], the approach to fourfold compression must
be a direct consequence of the monatomic character of the
species present above �60 GPa. Below �30 GPa, D2, H2,
N2, O2, and CO are diatomic and thus dissociate conti-
nously between �30 and �60 GPa.

Evidence for the complete dissociation of D2 at a shock
pressure of �50 GPa is provided by the temperature data
which plateaus at �0:5 eV near 50 GPa [18]. A plateau in
temperature is characteristic of a latent heat of dissocia-
tion, as in nitrogen [15], and indicates that dissociation is
temperature driven on the Hugoniot. For both D2 and N2,
kBTd=Ed � 0:1, where kB is Boltzmann’s constant, Td is
dissociation temperature, and Ed is dissociation energy.
That is, at fourfold compression, Ed of D2 is 4.5 eV [20]
and Td � 0:5 eV [18]. For N2, Td � 0:8 eV [15] at a
dissociation energy of �7 eV [21].

Optical reflectivities of shocked deuterium also indi-
cate dissociation is complete by �50 GPa. Reflectivities
increase from <0:1 at 20 GPa up to saturation at �0:5 at
shock pressures above 50 GPa [22]. A reflectivity of 0.5 is
characteristic of a poor metal and, thus, temperature-
driven dissociation to a monatomic state is accompanied
165502-3
by a nonmetal-metal transition. It is very unlikely that
the large sixfold compression reported above 50 GPa can
be attributed to dissociation.

The above analysis indicates that fluid D2 undergoes a
diatomic-to-monatomic transition at 0:6–0:7 g=cm3,
5000–10 000 K, and �50 GPa on the Hugoniot, in ex-
cellent agreement with recent predictions [23]. Dis-
sociation does vary with density and temperature, which
are different off the Hugoniot.

Three conclusions can be drawn from the published
experimental data. First, the data of Knudson et al. are
probably correct because they agree with the universal
behavior of diatomic liquids (Fig. 2). Second, a control-
ling feature of dissociation is initial mass density, which
determines pressure [Eq. (1a)] and thus temperature to
satisfy kBTd=Ed � 0:1. The corresponding pressure-
compression curves are approaches to monatomic ideal
gases. This behavior is remarkably simple in view of the
fact that these systems were previously thought to be so
complex. Third, the fact that D has no core and is a light,
potentially quantum atom is of no consequence on the
Hugoniot. D behaves as its heavier neighbors in the peri-
odic table at high temperatures on the Hugoniot.

The question then remains as to possible causes of the
larger error bars than expected in the laser experiments. It
is important to speculate on such possibilities as bases for
obtaining smaller error bars in future experiments. First,
the distance-time trajectories of the shock front and
motion of the interface between deuterium and Al do
not have a common origin in space-time in the streak-
camera record [1], as they do in actuality. The offset of the
origins of the two trajectories could be caused by a �1	

tilt between the sidelighting soft x rays and the Al inter-
face, which would result in an apparently larger compres-
sion than actual. Historically, tilt has been a major issue
in Hugoniot measurements and apparently was not taken
into account in [1]; general distortion was taken into
account in [2]. Second, the use of the sidelighting method,
a transverse probe, adds constraints which are not present
in the shock-impedance-match method, which uses lon-
gitudinal probes [2,4,12,24,25]. The shock-impedance-
match method is not very sensitive to alignment of diag-
nostics and does not require a steady shock for large
distances behind the shock front. That is, the governing
equations (1) are jump conditions across a thin (� 100 �A
in deuterium) shock front. The sidelighting method re-
quires that measurements of shock and material velocities
be done by diagnosing shock-front and interface motions
separated by �20 �m. Achieving a steady shock over
such a large spatial scale is difficult, especially when
the driving laser pulse is not constant in time. In addition,
there should be no changes in the initial conditions caused
by the preheat which precedes shock compression, e.g.,
magnetic flux diffusion in [2] or fast electrons in [1].
Shielding of preheat appears to be the case in [2], but it
is not clear this condition is met in [1].
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Note added.—The slopes in the data in Fig. 2 are
readily estimated. Figure 2 indicates that the relation
between us and up is essentially linear; that is, us � C�
Sup, where C is a constant and S is the slope. The slope S
is readily estimated from (i) the Hugoniot relation for
specific volume [Eq. (1b)], (ii) the assumption that up is
large compared to C, and (iii) the limiting shock com-
pression of an ideal gas. The first two conditions yield the
relation S � ��=�0�L=���=�0�L � 1�, where ��=�0�L is
�=�0 in the limit up 
 C. For a diatomic ideal gas for
which all the vibrational and rotational degrees of free-
dom are excited, ��=�0�L � 7 and S � 1:17. The solid
line for D2 in Fig. 2 has a slope S � 1:21� 0:04 [12]. For
a monatomic ideal gas, ��=�0�L � 4 and S � 1:33. The
value of S measured for He is 1.36 [26]. These values of S
are in excellent agreement with the slopes in Fig. 2.
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