
Abstract. We review the results of shock compression of solid
protium to the pressure 66GPa, of liquid deuterium to 110GPa,
and of solid deuterium to 123 GPa in explosive devices of
spherical geometry. The results are compared with data ob-
tained by US scientists using traditional energy sources (ex-
plosives and light-gas guns), striker acceleration in a strong
magnetic field (Z facility at Sandia), and powerful lasers
(Nova at Lawrence Livermore National Laboratory (LLNL)
and Omega at the Laboratory for Laser Energetics, University
of Rochester). Results of density measurements of hydrogen
isotopes under quasi-isentropic compression are analyzed. The
absence of an anomalous increase in density under shock and
quasi-isentropic compression of hydrogen isotopes is demon-
strated. On the other hand, both processes exhibit a sharp
change in the compression curve slopes, at the respective pres-
sures 45 and 300 GPa.

1. Introduction

The interest in a number of high-pressure and high-tempera-
ture properties of hydrogen, including its thermodynamic
properties, stems from its rich abundance in nature and
applications in various technical high-power devices. For
example, adequate wide-range equations of state (EsOS) of
hydrogen are required for modeling the structure and
evolution of stars and giant planets of the Solar System, and
for calculations of the properties of highly compressed high-
temperature plasma in the matter of controlled thermo-

nuclear fusion and so on. However, regardless of the relative
simplicity of hydrogen, we still do not have reliable first-
principles computational models which would adequately
reproduce its thermodynamic properties in the condensed
state; this is mostly the result of difficulties in unambiguously
taking into account the interparticle interaction, the complex-
ities in the degeneration effects in strongly nonideal plasma,
and some other factors.

In view of this, it is relevant to obtain reliable experi-
mental data that would serve as a basis for working out
semiempirical wide-range equations of state for hydrogen and
as a testing material for theoretical models.

In the present review we drawmost attention to analyzing
precision data on the shock compression of hydrogen
isotopes at maximum parameters that are available with
today's explosive measuring devices. We also discuss the
results of studying the dynamic compression of hydrogen
under conditions of relatively gradual growth in pressureÐ
the so-called quasi-isentropic compression under which
heating is considerably lower than under shock compression.

To begin with, we shall briefly outline the chronology of
experimental research into shock compression. The first
measurements with liquid protium �H2� were carried out in
the USA in 1966 [1]. This was followed by publications [2, 3]
in 1980 and 1983. The maximum values of parameters
reported in these works corresponded to the pressure
P � 10 GPa. The first results for compression of liquid
deuterium �D2� were published in 1973 [4], and measure-
ments of Refs [2, 3] were later added to this. The maximum
pressure reached in Refs [2, 3] was � 23 GPa. Facilities with
high explosives (HEs) and so-called light-gas guns were used
as power sources for shock waves in these experiments.

No experimental research on the shock compression of
hydrogen isotopes was conducted at the time in the USSR, as
it had been assumed that the already available experimental
data, including the results on quasi-isentropic compression
[5±7], were sufficient for the determination of the hydrogen
EOS parameters.
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In 1997±1998, a team of researchers at the Livermore
laboratory (LLNL) in the USA published the results of
experiments [8, 9] on the compression of initially liquid
deuterium by strong shock waves generated by the radiation
of the Nova powerful laser facility. Anomalously high
compression was detected at pressures above � 50 GPa.
Several experimental points from the results of Refs [8, 9]
are plotted in Fig. 1. This figure also shows calculated
adiabats of liquid deuterium from the EOS of Refs [10, 11]
and appropriate equation [12] from the SESAME EOS
library (USA). The first feature to catch the eye is the large
discrepancy between calculations and experiments [8, 9] in the
range of pressures above 50 GPa. Notice also that the curves
as such are significantly different. Figure 1 also plots the
calculated curve from Ref. [8] built using the model EOS in
Ref. [13].

The unusual features of the Nova data caused serious
doubts both in this country and abroad. V E Fortov, actively
supported by R I Il'kaev, suggested testing the results of
Refs [8, 9] using the shock wave generators of the Russian
Federal Nuclear Center `All-Russian Research Institute of
Experimental Physics' (VNIIEF in Russ. abbr.). Through
efforts of W J Nellis our work on liquid deuterium also
received the support of the leaders of the Livermore
laboratory.

To evaluate the `scale of calamity' one had to deal with, let
us consider the characteristic values of kinematic parameters
encountered in such experiments: wave velocity D, and mass
velocity U. As follows from a comparison of the data of
Refs [8, 9] plotted on theDÿU coordinates with the results of
linear extrapolation of the shock adiabat of liquid deuterium
into the megabar pressure range [2±4], the corresponding
curves atD � 25 km sÿ1 (P � 90GPa) are at a distance of 8%
in mass velocity units. Hence, if we wish to prove the validity
of a specific result, the velocity measurement error must be
brought substantially below 8%.

To gain additional certainty that the results are correct, it
would be desirable to obtain adiabats of not only the liquid
but also the initially solid phases of protium and deuterium.
Joint analysis of such data would provide a better foundation
for answering the question of whether anomalous compressi-
bility develops in the megabar pressure range.

At about the same time, American researchers at the
Sandia National Laboratories began checking the Nova
data (in experiments with initially liquid deuterium) [14, 15].

To produce the required pressures, they used the facility in
which a strong magnetic field was applied to accelerate a
planar metal plate to velocities that lead to producing
megabar pressures in deuterium.

It will be shown in Section 4.1 that the results obtained at
the two laboratories (VNIIEF and Sandia) are in good
agreement.

The results of the shockwave compression of initially
liquid deuterium in the range from 45 to 230 GPa (DGHicks
et al. [16]) became known to us only after the present paper
was prepared for publication. High pressures were produced
in specimens by shockwaves from high-power radiation at the
Omega laser facility. Compression parameters weremeasured
in Ref. [16] just as in all our studies, by reflection technique
[17]. This work confirms that there is no density jump on the
shock adiabat of deuterium, in contrast to results reported
using the Nova facility at a pressure of � 50 GPa.

The first results of the investigation of the quasi-isentropic
compressibility of protium at VNIIEF in a wide range of
megabar pressures were published in 1972 [5]. Later on, some
of these results were updated [6, 7, 11]. The maximum
pressure implemented in these studies (still unsurpassed)
amounted to � 1:3 TPa (1300 GPa), the density was
� 2 g cmÿ3, and the degree of compression was approxi-
mately 200. Roughly at the same time, a single measurement
of the quasi-isentropic compression of hydrogen was
announced in Ref. [18]. In recent years, new papers have
been published in this field [19±22]; together with works [5±7,
11], they provide important data for undertaking a joint
analysis of experimental data.

The paper outline is as follows.We shall discuss the results
of quasi-isentropic experiments in Sections 4 and 5 after
describing the data on shockwave compression in Sections 2
and 3. In Section 6 we shall give the results of representing the
experimental data by two distinct semiempirical models of the
equation of state.

2. Selection of shockwave compression
measuring devices and their characterization

2.1 SC hemispherical measuring devices
In order to ensure independent checking of the Nova data, it
would be desirable to run it on devices that create shockwaves
not by laser action but, for example, utilizing high explosives.
Among such devices used at VNIIEF and based on accelerat-
ing impactors by the explosion products, a spherical device
known as a `soft charge' (SC or MZ in Russ. abbr.) [23]
produced parameters of state close to those implemented at
the Nova facility.

The schematic diagram of the SC is shown in Fig. 2. The
hemispherical HE charge is initiated at the same time across
the outer surface of the hemisphere using a special lens
systems. The products of the explosion of the overcom-
pressed detonation wave generated in the process expand as
they propagate across a narrow air clearance and acceler-
ateÐ relatively smoothlyÐ the shell-impactor made of low-
carbon steel of grade St-3 (because this steel consists
essentially of pure iron, and their densities coincide, we
make no distinction between these materials). As the wave
converges toward the center, the velocity of the shell increases
continuously, and in some SC devices at small radii reaches
values of � 23 km sÿ1, which corresponds to megabar
pressures in the initially condensed deuterium.
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Figure 1.Data on shock compression of liquid deuterium (known in 1988).

The results of experiments [2±4]Ð!, [8, 9]Ð~; calculated data: [10,

11]Ðcurve 1, [12]Ðcurve 2, and [8, 9]Ð curve 3.
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During the experiments, the sample is placed behind a
shield made of reference material, in accordance with the
reflection technique [17]. For the shield material our study
used aluminumÐthe only metal whose shock adiabat lies
relatively close to the shock adiabats of hydrogen isotopes
and whose EOS is known rather well. BesidesÐand this is
importantÐunloading isentropes of Al calculated from a
number of its recent semiempirical equations of state differ
insignificantly; this permits determination of mass velocities
in deuterium at acceptable accuracy. Other, `softer' sub-
stances, in particular alkali metals or alkali-earth metals
whose Hugoniots are located closer on the pressure scale to
the shock adiabats of deuterium and protium, cannot be used
as shield material since they have been investigated in much
less detail compared to Al and are technologically unfriendly
owing to their high chemical activity.

Three designs of soft charges were selected (seven in all
were designed): MZ-4, MZ-8, and MZ-18.

In MZ-4 and MZ-8 charges, the steel hemispherical shell
of thickness Dimp � 3:08 mm was initially located at a radius
R ext

imp � 77 mm. In the MZ-18 charge, Dimp � 3 mm and
R ext

imp � 130 mm.
In MZ-4, the outer screen radius was Rscr � 35 mm,

thickness of double-layer screen Dscr � 4 mm (1 mm�
3 mm), average measured radius Rm � �R2 � R1�=2 �
29 mm, gauge length (specimen thickness) S � R2 ÿ R1 �
4 mm, where R2 and R1 are the outer and inner radii of the
reference and investigated specimens, respectively, and R2

coincides with the inner radius of the screen.
In MZ-8, Rscr � 24:1 mm, Dscr � 4:5 mm (1.5 mm�

3 mm), Rm � 17:6 mm, and S � 4 mm.
In MZ-18, Rscr � 23 mm, Dscr � 6:5 mm (2.5 mm�

4 mm), Rm � 14:5 mm, and S � 4 mm. The HE radius in

this device was larger than theHE radius in the former two by
a factor of 1.4.

Estimates of the actual compression parameters in liquid
deuterium showed that pressure produced with the MZ-4
charge can reach � 30 GPa, which is not very far from the
pressure built up in experiments with initially liquid deuter-
ium [2±4]. The measurements were conducted to confirm the
agreement with measurements carried out with HE SCs in
Refs [2±4], particularly in order to correctly cover the effects
(see Section 2.2) caused by the nonstationary nature of
converging waves.

Estimates of pressure produced in deuterium in the MZ-8
(� 60 GPa) and MZ-18 (� 100 GPa) charges agreed with the
characteristics achieved in the Nova experiments.

Deuterium and protium, which were initially in the solid
state, were also investigated using the MZ-4, MZ-8, and
MZ-18 measuring devices.

Note the following advantage of SC systems in compar-
ison with laser facilities: the opportunity to study relatively
thick samples (approximately 20 times thicker than speci-
mens used in Refs [8, 9]). To a certain extent this eliminates
the possible influence of the nonuniformity of the laser
beam on the formation of waves at the interface between the
screen and the analyzed hydrogen isotope, which could
affect the measurements of wave characteristics in thin
samples.

2.2 Specificity of measurements
using spherical explosive devices
The main recorded parameter in the experiments in question
is the time of travel of the shock waves in investigated and
reference samples. At a known thickness of the samples (the
measurement base), the corresponding velocities of travel of
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Figure 2. Schematic diagram of the experimental device: (a) general view, and (b) central part.
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shock waves across the samples can be used as the experi-
mental parameters.

Using spherical systems for studying compression phe-
nomena involves certain factors. The major ones are as
follows

(1) There is a difference between the average velocity
Dav � S=Dt obtained from experiments and the local
(`instantaneous') shock wave velocity at the same measure-
ment radius Rm. The difference between them, DD1 �
Dloc ÿDav, is found by comparing the average and local
velocities at Rm from the corresponding calculated curve of
the wave transmission (obtained by simulating the real
geometry of the gas-dynamics problem). The obtained value
of DD1 taking into account the calculated difference between
Dav and Dloc is then added to the experimentally found value
ofDav. In the case of deuterium, themagnitude ofDD1 proved
to be negligibly small. For protium, DD1 was slightly higher,
but here too it generally did not exceed a few tenths of a
percent.

(2) There is a discrepancy between the radius of measure-
ment of wave velocities and the radius of the interface
between the aluminum screen and the substance under
investigation. We know that the parameters of the reference
(Al) and investigated substances (D2 or H2) need to be
compared at their interface (`at the discontinuity'), where
the condition of equality of pressures and mass velocities
holds in both substances. However, the known values are the
experimental parameters of the transmitted wave in the
reference Al and in D2 (or H2) at the radius Rm which differs
from the radius of the contact boundary by half the thickness
of the sample, S=2. Therefore, the next improvement in the
results involves `transferring' the actual hydrogen±screen
interface to the radius Rm. The corresponding correction
DD2 to the experimental quantity Dav is introduced from a
comparison of calculated velocities in the material under
investigation in the actual geometry of the experiment and
in the modified geometry in which the hydrogen±screen
interface has been moved over the radius Rm. In this
particular case, the correction, whose absolute value is at
most 1.5%, is positive (it should be added to the local
velocity).

(3) Finally, we should point to yet another feature of
measurements in SC systems. The asymmetry of the conver-
gence of shock waves in an investigated sample in zones of
independent recording of the quantities (there are three such
zones in each experiment; see Section 3) comes to about 50 ns,
with the total asymmetry in the measurement zone being
4 100 ns. As the range of experimentally covered time
intervals was 140±270 ns, this necessitated that series of 3 to
5 experimental runs be conducted to obtain correct results at
each experimental point in the shock adiabat of the substance
being investigated.

Let us also have a closer look at the important question
concerning the interpretation of experimental data, namely
how to use the expansion isentrope of Al, starting from the
states in the shock adiabat produced in Al at the radius Rm

(each soft charge corresponds to one such isentrope). Recall
that the states of hydrogen we are after are determined by the
intersection of this isentrope with the wave ray r0D of
hydrogen. The Al isentrope is calculated from its EOS. The
question is which of the equations of state of aluminum (there
are several) should be used for the calculation of these
isentropes.

Figure 3 plots isentropes calculated from five equations of
state of Al [24±28], which best conform with the totality of
experimental data. All the equations of state describe the data
on shock compression of aluminum just about equally well; in
fact, there is very little experimental data in the region of the
PÿU diagram of interest to us, suitable for testing the EOS
parameters, except shockwave parameters. Three experimen-
tal points are known, reported by American researchers for
isentropic expansion of aluminum from the initial pressures
of 500, 300, and 240 GPa [14] in the shock adiabat of Al up to
relatively low pressures corresponding to the shock adiabat of
low-density silicon aerogel (points in Fig. 3 at � 75, 42, and
35GPa).We also know the parameters of several points in the
isentropes of Al as it expands into air [29].

A comparison of model isentropes of Al, calculated for
various EsOS in Fig. 3, was carried out at the same initial
pressure (� 500 GPa) in the Al shock adiabat. In any close
description of the Al shock adiabat by each of the considered
EOS, there is a noticeable difference in the location of model
isentropes.

This difference is greatest for the initial states in the
P � 700 GPa adiabat of aluminum, roughly corresponding
to 110 GPa in deuterium. In this case, the maximum
difference in the mass velocity U is � 3% (for the isentrope
of Ref. [27] and for that of Ref. [28] U equals 17.7 and
18.3 km sÿ1, respectively).

Figure 3 demonstrates that the equation of state deduced
in Ref. [24] corresponds to the data of experiments with
aerogels somewhat better than others of the compared EOS
for Al. Therefore, this equation was chosen as preferable for
the interpretation of experiments with hydrogen [24]. This has
also taken into account that the position of the isentrope of
Ref. [24] practically coincides with the position of the
isentrope of Ref. [28], which was chosen for the interpreta-
tion of similar experiments in the USA.

Notice that the isentrope of Ref. [25] is also close to the
isentrope of Ref. [24], e.g., the difference between the
positions of the isentropes [24] and [25] on velocity axis U is
� 1% at the initial pressure of 720 GPa in the shock adiabat
of aluminum (maximumpressure inAl when using theMZ-18
device) and at pressures 65 and 115 GPa (at which the
maximum parameters of compression of protium and
deuterium have been measured, respectively) .

The selected equation of state of Al [24] was applied both
to determine the parameters of state in the screen, and in gas-

12

20

30

40

50

60

70

80

100

90

10

0
11 13 14 15 16 17 18 19 20 21 22

U, km sÿ1

P
,G

P
a

1

5
2

3

1

4

Figure 3. Expansion isentropes of aluminum: *Ðexperimental data [14,

29]; calculated isentropes based on EOS: [24]Ð 1, [25]Ð 2, [26]Ð 3,

[27]Ð 4, and [28]Ð 5.

580 R F Trunin, V D Urlin, A B Medvedev Physics ±Uspekhi 53 (6)



dynamics calculations of material flows in all measuring
devices. The parameters of compression of hydrogen iso-
topes obtained using other equations of state for Al will differ
slightly from those given in the present paper (within 2±3% in
U), although this distinction is not critical for the conclusions
concerning shockwave compression of the isotopes studied.

3. Experimental setup
for measuring shock compression

3.1 Sensors and their location
when registering shock waves
We used electrical pin contactors (sensors) prepared as bifilar
twisted copper wire coated with an insulating layer of varnish
(10 mm thick). The initial turn of the wire is the operating
point of the sensor. For strictly fixing the sensor in space, it is
placed in a miniature nickel tube (with diameter 4 0:8 mm).
The voltage applied to the sensor is 300±500 V. The grounded
body of the tube serves as the second electrode. The shock
wave arriving at the pin destroys the insulating layer, causing
electrical breakdown, so that the registering device records a
corresponding time mark. The simplicity and reliability of
this sensor, applied in practical dynamic measurements for
several decades now, were the main reasons for choosing it.
We also took into account that just such electrical pin
contactors were used in previous measurements on the
parameters of shock waves on selected explosive charges
(with other substances).

Our experiments used the so-called plug arrangement
(Fig. 4) in which three specimen plugs for investigation are
placed above the screen symmetrically in relation to the
vertical line (traced by a dash-and-dot line in Fig. 4); Fig. 4
shows one of the Al specimens. This is the traditional

arrangement of the samples in `hemispherical' (and `planar')
experiments: the vast majority of measurements followed this
placement mode [29]. The traditional scheme has a number of
advantages over other methods of placement of samples (e.g.,
in the form of a segment or full hemisphere). It should be
noted that in many cases the parameters of screens, especially
those made of light elements, including Al, were earlier
determined precisely in the `plug' version of placement of
specimens and contacts. It was therefore desirable, for the
sake of compatibility with earlier arrangements (with respect
to the initial states), to ensure, short of complete copying of
the measurement unit (the composition and initial density of
HE, the diameters of the plugs, the angle of their placement,
etc.), at least the preservation of a geometry which would be
close to the previous one.

States in the aluminum screen of the MZ-18 explosive
charge were not determined at an earlier stage, so it was
necessary to find them. It was natural to combine these
measurements with recording velocities directly in deuterium
(hydrogen). This could be done only in a plug version of the
placement of specimensÐotherwise, twice as many experi-
ments would have to be conducted.

The experimental times of travel of shock waves through
each specimen were calculated as the difference Dt between
the readings of sensors mounted on the specimen (upper
contacts) and averaged readings of sensors mounted on the
screen and surrounding the sample (lower contacts).Working
signals from sensors were recorded by HP54645D and
TDS5254B oscilloscopes.

It is known that to obtain reliable parameters for shock
compression of the substance under study in such systems it is
necessary to conduct several experiments and then average
their results. Typically, 3 to 5 separate experiments are
sufficient for obtaining correct data. Note that results are
defined as `correct' in the sense that this number of
experiments (and hence the number of plugs of the substance
under study) results, as a rule, in a mean-square error of the
arithmetical mean of not greater than 1±2% of the wave
velocity. We adhered to this criterion both in experiments
discussed in Section 4 and in all our previous studies, for any
of the charges used.

3.2 The system of condensation and temperature control
A special cryogenic device for the transfer of deuterium
(protium) from the gas phase to the condensed state,
developed by G B Boriskov and A I Bykov with colleagues
[30], was described in detail in Refs [30, 31±35] and
successfully applied in all experiments to measure the shock
compression of hydrogen isotopes. This device provides a
gradual cooling of the measuring cell containing the gas of a
tested isotope by liquid helium (and its vapor) to tempera-
tures necessary for the condensation of the gas. The
appropriate technological process permits regulation of the
amount of incoming helium for cooling and thereby allows
one to maintain the resulting condensate within the required
temperature and time intervals.

Typically, when specimens of hydrogen in the initial liquid
state were studied, the temperature of the gas-filledmeasuring
chamber was maintained constant (after the chamber cooled
down to the desired level of about 22 K) over the period
(about 20min) required for the preparation and detonation of
the measuring explosive charge.

When working with initially solid specimens, a two-stage
temperature regime was implemented: the specimen was first

Screen (¡l)

Reference plug (¡l)

S

Thermometers

Sensors

Investigated material

Figure 4. Longitudinal section of the measuring cell. The figure shows the

Al plug. The substance under investigation (D2 or H2) occupies the entire

remaining area marked with cruciate hatching. In this area two plug zones

to be investigated are placed; their placement is symmetrical relative to the

Al plug, and the placement of measurement sensors is the same as the

placement of sensors on the Al plug. The locations of electrical pin

contactors and thermometers are shown by arrows. The arrows with

diagonal crosses indicate the locations of sensors on the inner surface of

the screen (four sensors distributed evenly around each plug). They record

the instant of time when the shock waves emerge from the screen into the

investigated substance. Arrows with hollow circles indicate the positions

of the sensors recording the arrival of the wave at the end of the

measurement zone �S� in Al, and arrows with dark circles indicate the

positions of the sensors recording the arrival of the wave at the end of the

measurement zone in deuterium (protium).
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kept for 5±10 min in the sustainable liquid state, then cooled
to the solid phase (5±10 K for protium, and 5±15 K for
deuterium), and remained at this temperature until the
explosive charge was detonated.

Strict adherence to the specified temperature regime was
the condition for producing the liquid or solid initial state of
the isotope required in the test program.

Monitoring the temperature of cooled specimens was
achieved by using miniature (characteristic dimension of
about 1 mm) semiconductor resistance thermometers, which
provided the determination of temperatures near the desired
values with an error not exceeding 2% of the measured value.

4. Measurement data

The parameters obtained for the shock compression of
deuterium and protium are listed in Tables 1 and 2.

Discussion of experimental results for shock compression.
Of the three types of initial states of investigated specimens
(solid H2, liquid D2, and solid D2), the best scrutinized was
liquid deuterium. The data for it were obtained in plane-wave
experiments [2±4] (using HEs and gas guns), in spherical
systems with an acceleration of liner-impactors by converging
products of explosion [31±33, 35], and also in new systems
using laser [8, 9, 16] and electrodynamic [14, 15] devices. The
results of experiments with initially liquid and solid deuterium
plotted on the DÿU coordinates are shown in Fig. 5. Notice
first of all the good agreement of our data for liquid
deuterium with the results of Sandia Laboratories [14, 15] in
almost the entire range of recorded velocities. A good match
is also observed for the parameters of the `lowest' experi-
mental point received in the MZ-4 device, and the data [2±4]
at relatively low pressures. As we have mentioned, the aim of
measurements with this explosive charge was to confirm the
correctness of low-density measurements of the compression
of condensed matter, in this caseÐcondensed hydrogen

isotopes, on hemispherical and flat measuring devices by
comparing them. The coincidence of the experimental point
for liquid deuterium with the data of American researchers
obtained for plane geometry removes this issue.

The experimental points for liquid D2 obtained at the
Nova facility, beginning withD5 17 km sÿ1, do not coincide
with the new D vs. U curve obtained at the VNIIEF and
Sandia Laboratories (curve 1 in Fig. 5). The slopes of the
adiabats also greatly differ. A specific test substance being
characterized by so vastly different experimental findings had
never happened before in dynamic measurements. It should
be emphasized that the results given in the present paper
cannot be brought into agreement with the Nova results by

Table 1. The parameters of shock compression of deuterium*.

Parameters of Al reference plug**
Device r0, g cm

ÿ3 D, km sÿ1 U, km sÿ1 P, GPa r, g cmÿ3

D, km sÿ1 U, km sÿ1

21.15
21.15
16.39
16.39
13.29
13.29

12.53
12.53
8.53
8.53
5.99
5.99

MZ-18
MZ-18
MZ-8***
MZ-8
MZ-4
MZ-4

0.171
0.199
0.171
0.199
0.171
0.199

28.87� 0.40
28.65� 0.40
28.38� 0.30

20.51� 0.20

15.25� 0.30

15.34� 0.30

22.05� 0.30
21.59� 0.40
15.38� 0.20

15.06� 0.15

10.95� 0.20

10.76� 0.20

109� 3

123� 2

53.6� 1.0

61.5� 0.9

28.6� 0.8

32.8� 0.9

0.724� 0.060
0.808� 0.060
0.697� 0.050

0.749� 0.030

0.606� 0.040

0.667� 0.050

* Wave velocities in deuterium and protium (Tables 1 and 2, respectively) are given with corrections for the differences between the mean
(experimental) wave velocities and the `instantaneous' values (over the measurement radius). The differences between measurement radii and the radii
of theAlÿD2 (orAlÿH2) boundarywere also taken into account. The total correction �DD1 � DD2� comes to� �50msÿ1 forMZ-4,� �70msÿ1 for
MZ-8, and � �175 m sÿ1 for MZ-18.
** The parameters of the initial states in the aluminum reference plug in Tables 1 and 2 refer to the adiabat of the initially `cold' Al (initial temperature

T0 � 15 K).
*** Parameters in bold were for the érst time discussed at the 6th Zababakhin's Scientiéc Session in 2001 [36].

Table 2. The parameters of shock compression of protium*.

Parameters of Al reference plug
Device r0, g cm

ÿ3 D, km sÿ1 U, km sÿ1 P, GPa r, g cmÿ3

D, km sÿ1 U, km sÿ1

21.15
16.39
13.29

12.53
8.53
5.99

MZ-18
MZ-8
MZ-4

0.088
0.088
0.088

31.30� 0.30
22.20� 0.50
16.67� 0.30

23.82� 0.30
16.43� 0.30
11.59� 0.20

65.6� 1.0
32.1� 0.9
17.0� 0.3

0.368� 0.030
0.339� 0.030
0.289� 0.020

* See footnotes to Table 1.
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any reasonable (i.e., falling within measurement errors)
variations of parameters in explosion experiments.

Two Hugoniots obtained for deuterium in the liquid and
solid initial states (see Fig. 5) and the adiabat of the initially
solid protium (Fig. 6) are in reasonable agreement. In DÿU
variables, the data for the initially solid H2 (r0 � 0:88 g cmÿ3)
and the solid (r0 � 0:199 g cmÿ3) and the liquid (r0 �
0:171 g cmÿ3) D2 can be approximated by roughly parallel
curves that are close to each other and which are then
characterized by qualitatively identical features.

Let us consider them using liquid deuterium as an
example. The deuterium adiabat can be described in the first
approximation by three linear segments:

D � C0 � sU :

The first section (up toU4 9 km sÿ1) corresponds to the data
of Refs [2, 4] and thus to C0 � 2:2 km sÿ1, s � 1:20. In the
second section (9 km sÿ1 4U4 13 km sÿ1),C0 � 3:2 km sÿ1,
s � 1:09. In the third section (13 km sÿ1 4U4 30 km sÿ1),
C0 � 0:8 km sÿ1, s � 1:27.

Already the representation of the curve D�U� in the form
of a broken line consisting of three linear segments at unequal
slopes is an unusual one, rarely encountered in the practice of
researching shock adiabats. Other representations are also
possible, of course, for example, a cubic description of the
second segment like that in Ref. [33] with a parabolic
description of the first segment, but this does not lead to a
drastic change (we prefer the simplest description). The
representation of the adiabat in the form of three segments
with sharply distinct slopes should have certain physical
causes. In this case, the most probable cause appears to be
the dissociation of hydrogen molecules, i.e., the transition of
the substance to the atomic state.

To carry out a data analysis (based on the formulas for
an ideal gas) which would extend the analysis started in
Ref. [33], look at the slopes of the adiabat in the second and
third segments. Figure 5 shows that the slope s of the
adiabat of liquid deuterium at the bend point joining the
second and third segments increases appreciably (by about
14%). Let us turn to analyzing the variation in the effective

thermal GruÈ neisen coefficient G in the selected segments of
the adiabats of liquid deuterium and to its connection to the
dissociation process that occurs during the compression of
deuterium. By definition, the coefficient G defines the ratio
of thermal pressure to thermal energy density: G �
�1=r��qP=qE �r. The temperature of the compressed matter
increases with increasing amplitude of the shock wave, and
thermal energy is redistributed between particles with
different degrees of freedom. For monatomic gases, with
only translational degrees of freedom, we have G � 2=3. For
a gas constituting a mixture of diatomic molecules and atoms
formed as a result of their dissociation, we obtain, after taking
into account rotational and vibrational degrees of freedom of
the molecule, the expression [37]: G � 2�1� b�=�7ÿ b�,
where b is the degree of molecular dissociation. In the range
of ultimate compression, one has G � 2=�slim ÿ 1� [for the
linear D�U� function], with slim � s=�sÿ 1�. In this case,
G � 2�sÿ 1� and, given the relation between G and b, we
obtain s � 8=�7ÿ b�. In the absence of dissociation, one finds
b � 0, G � 2=7, slim � 8, s � 1:14. After the dissociation is
completed, it is readily shown that b � 1, G � 2=3, slim � 4,
s � 1:33.

The experiment indicates that in the third region
(40 GPa 4P4 100 GPa) s � 1:27, which corresponds to
slim � 4:7, G � 0:54, and b � 0:7. Most of the molecules in
these conditions appear to be dissociated. The value of
s � 1:20 in the first pressure range (P4 20 GPa) corre-
sponds to b � 0:3, i.e., in this range only a relatively small
number of molecules are dissociated. A comparison of the
estimates of b in the first and third segments of the
adiabat shows that in the second pressure range
(20 GPa 4P4 40 GPa) an intense process of D2 thermal
dissociation probably occurs. This approximate analysis is
also confirmed by the results of model calculations [11, 38]
which suggest that the dissociation process behind the shock
wave front starts for P5 20 GPa, at a temperature of about
5000 K (this coincides with the lower boundary of the second
segment), and ends mostly at pressures of about 40±50 GPa,
at a temperature of about 15,000 K. The initial point of the
third segment of the D�U� curve corresponds to approxi-
mately the same pressures (U � 15 km sÿ1, D � 20 km sÿ1,
P � 50 GPa). These estimates do not contradict the data of
Refs [15, 38±41], either. The Hugoniots of solid protium (see
Fig. 6) and solid deuterium (see Fig. 5), as well as the
Hugoniot of liquid deuterium, can be represented on the
DÿU-coordinates by linear segments. Notice that all adia-
bats have nearly the same slope (in fact, the difference
between slopes falls within the measurement errors). Hence
it follows that the above estimates of the GruÈ neisen coeffi-
cient and of the degree of molecular dissociation are valid for
all three adiabats.

Consider the experimental data plotted on the Pÿr
coordinates. We have already mentioned that to obtain
reliable data on the compression of substance in each
spherical measuring SC device, it is necessary to conduct a
series of 3 to 5 separate experiments and then average the
results. This is illustrated in Fig. 7 which depicts, in addition
to mean values (stars), points for individual experiments
(circles and squares) with solid deuterium (MZ-8 and
MZ-18 devices). The parameters for each of the two groups
of points were obtained at different but fixed initial states in
the aluminum screen. Substantial difference in the position of
points for individual experiments is obvious (it grows even
larger when errors in the screen are taken into account).
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Figure 6.Data on shock compression of protium on theDÿU coordinates.

Experiment with liquid H2: Ð [1], Ð [2], &Ð[3]. Experiment with
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liquid and solid initial states, $Ðpoints for liquid protium, calculated

from experimental data for solid protium; 3Ðapproximation of calcu-

lated data for liquid protium.
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Therefore, a completely unrealistic picture of the compression
of matter can be produced if the study is limited to working
with isolated measurements of shock compression.

All results for deuterium are compared in Fig. 8. Here, we
see especially clearly the contradiction between theNova data
and the results obtained in this work and at Sandia
Laboratories. It has been suggested [42] that a possible
reason for the sharp increase in density in Refs [8, 9] could
be the nonstrict maintenance of geometry of the experiment
relating the direction of propagation of the shock wave
created by a laser beam and the direction of roentgeno-
graphic recording of the wave parameters in deuterium that
should be perpendicular to it. This could lead to overestima-
tion of the mass velocity and, hence, to increased compres-
sion. As evident from Fig. 8 (see also Ref. [33]), mutual errors
of the approximating curves caused by the aggregate error of
all our experimental points and the data of Ref. [15] do not
overlap with the Nova data (taking into account their own
errors). At the same time, their mutual coincidence is rather
satisfactory.We also need to emphasize the consistency of the
results on shock compression of the two phases of hydrogen

isotopes, obtained by a technique repeatedly tested in several
hundred independent experiments, including experiments
with gas guns and explosives. All this is convincing proof of
the fallacy of the results reported in Refs [8, 9].

Figure 8 also presents recently published data on the
shock compression of initially liquid deuterium at pressures
of up to 230GPa [16], obtained using the Omega laser facility.
Despite the relatively large experimental `spread' in the
positions of individual experimental points (representing
individual experiments), the new data on the whole agree
with the results found in Refs [14, 15, 33, 35] (in the
investigated common range of pressures P4 100 GPa) and
at the same time contradict the results obtained at Nova
facility [8, 9]. The data of Ref. [16] for pressures above
110 GPa deflect from a smoothly extrapolated curve towards
higher densities. Their position corresponds to a maximum
possible compression of about 5.

This figure also presents two experimental points for
deuterium reported in Ref. [43], which were obtained with
the MZ-18 explosive device; the design of the measurement
cell was modified in comparison with the one described in the
present paper. The experiments utilized gaseous deuterium
compressed at an initial pressure of 150 and 200 MPa
(densities equal to 0.133 and 0.153 g cmÿ3). To retain the gas
in the ampule at such high initial pressure, it was necessary to
use KhN35VTYu high-strength alloyed steel (`lined' on its
inner cavity surface with aluminum) as the load-bearing
envelope of the screen. One experiment was run with
deuterium for each of the above initial density values. As we
mentioned earlier, a single experiment is decidedly insuffi-
cient for obtaining a representative set of data on hemisphe-
rical measurement systems. Hence, the credibility of informa-
tion generated in these experiments is not high. The positions
of the experimental points themselves are good evidence of
this (see Fig. 8); for instance, deuterium compression
parameters with r0 � 0:153 g cmÿ3 coincide at equal
pressures with the parameters of condensed deuterium
(r0 � 0:171 g cmÿ3).

It would undoubtedly be useful to have data on the
compression of lower-density deuterium at megabar pres-
sures. Hopefully, the authors of Ref. [43] will be able to carry
out the necessary number of fully-fledged experiments to
achieve this goal.

The results of experiments on shock compression of the
originally solid protium, plotted on the Pÿr coordinates, are
shown inFig. 9,where they are comparedwith data ofRefs [1±
3], which represent the liquid initial state at significantly lower
pressures. Arrows indicate the estimated positions of the
experimental points normalized to the initial density
r0 � 0:071 g cmÿ3 (density of the initially liquid protium).

Such normalization for protium was carried out with
small linear extrapolation of the D�r� straight lines to the
density of its liquid state, r0 � 0:071 g cmÿ3. On the whole, we
received satisfactory agreement between Russian and U.S.
data for liquid protium. It should be noted that no one up to
the present has studied the shock compression of protium in
the originally solid state.

5. On the quasi-isentropic compression
of hydrogen

To date, experimental results have been published on
measuring the quasi-isentropic compression of protium and
deuterium under dynamic conditions, obtained by three
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groups of researchers at VNIIEFÐ [5±7, 11], [19±21], and
[22]. There is also a publication by American scientists from
LLNL [18]. Note, however, that publication [18] was of a
methodological nature and that the estimates of hydrogen
compression presented in it were treated as preliminary (e.g.,
the calculated values of hydrogen pressures at close range of
density measurements could vary from 100 to 300GPa).
Unfortunately, the authors of Ref. [18] have not published
their final results.

In works [5±7], the authors investigated gaseous protium
at an initial temperature of 323K. The initial values of
pressure, density, and entropy (in units of the gas constant
R) are given in Table 3. The experiments used a test design
with a spherical geometry (Fig. 10) containing an explosive
layer detonated simultaneously over the outer surface, a steel
shell in close proximity to the explosive layer, and a
contrasting heavy-metal envelope whose inner cavity was
filled with the protium to be investigated. After the explosion
of the charge, the products of the explosion accelerated the
shell, which was decelerated by the gas as the shell moved
toward the center. The trajectory of the shell motion until it
stopped (this instant of time corresponds to the maximum
compression of the gas) and reverse movement from the
center began was recorded on photographic films in a series
of experiments using the transmitting X-ray emission from a
powerful X-ray facility; the film was kept in a protective
holder. The average density of compressed hydrogen is
determined by the diameter of the inner cavity at a fixed
instant of time, and by the initial mass of gas. A direct result of
the experiments is a set of curves for the radius R of the inner
shell as a function of time t. Each of the functions R�t�

corresponds to a certain initial size of the shell compressing
the gas, and the initial gas pressure (density) in the cavity.
Papers [5±7] give, along with the experimental values of the
maximum (in fact averaged) hydrogen density r, the
calculated values of the mean pressure P corresponding to a
given density r. Pressure was found from calculations of wave
gasdynamic processes in the experimental device. In order to
find the pressure, an averaging procedure was applied to the
layer containing about 80%of themass of the compressed gas
(variability of pressure distribution in the gas could be as high
as 10 to 20%). During pressure computations, equations of
state of all substances included in the measurement system
were used, including the EOS of protium itself. Protium's
parameters were varied in such away that all the experimental
curves R�t� were faithfully reproduced (data from other
independent experiments, including those characterizing the
properties of hydrogen under static loading conditions, were
also involved to determine the model EOS). Notice that it has
been shown in comparative experiments performed with
hydrogen and deuterium that the two isotopes had equal
compressibility.

An important aspect is the determination of the effect of
selecting the equations of state of the substances and the
computation algorithms on the adequacy of the description of
gasdynamic motion of the shell in the absence of gas in the
cavity (i.e., the dynamics of the piston compressing the gas). A
special series of experiments demonstrated agreement
between calculated and experimental parameters at the stage

Table 3. Parameters of the quasi-isentropic state.

The initial values of parameters at T � 323 K The values of parameters at the instant the shell stops

P0, MPa r0, g cm
ÿ3 S=R rmin, mm r, g cmÿ3 P, GPa T, K

75
160
100
75
50
25
15

0.0390
0.0635
0.0470
0.0390
0.0292
0.0164
0.0104

9.4
8.6
9.1
9.4
9.8

10.5
11.0

29.0 ë 30.4
22.8 ë 23.6
19.1 ë 20.3
17.0 ë 18.0
14.5 ë 15.5
11.2 ë 12.0
9.1 ë 10.1

0.42 ë 0.48
0.64 ë 0.70
0.90 ë 1.06
1.04 ë 1.26
1.26 ë 1.54
1.54 ë 1.90
1.70 ë 2.30

38
110
320
340
490
870
1300

1800
2000
2800
3300
3700
5200
7000

3

1

2

4

Figure 10. Schematic diagram of experiments for studying quasi-isentropic

compression of hydrogen using spherical devices: 1Ðexplosive, 2Ð

contrasting foil, 3Ðsteel shell-impactor, 4Ðgas to be studied.
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of convergence of the shell without gas; they also pointed to
the possibility of studying the EOS of hydrogen isotopes in
the selected experimental design.

The initial values of pressure (published in Ref. [5]) were
to some extent corrected in subsequent publications by the
same team of researchers [6, 7, 11] (partly due to refinements
in the protium EOS). One value of average density r (at
P � 800GPa), for which by mistake a wrong value was given
in Ref. [5], has also been corrected. The data after final
processing were presented in Ref. [11] (see Table 3 where
calculated values of the mean P and T are given alongside the
experimental values of r for protium).

It should be emphasized that the process of hydrogen
compression in the experiments [5] (and similar ones) is of a
complex wave nature. It starts with the gas compression by a
shock wave with an amplitude of � 1:5ÿ3 GPa (subsequent
waves are characterized by substantially lower amplitudes).
The `post-compression' of the gas to the actually averaged
density is produced by a superposition of waves reflected
from the center and from the shell moving toward the center.
Under this relatively slow compression, the gas is heated
substantially less than in compression by a strong shock wave
at the same final pressure. This techniquemaintains the quasi-
isentropic nature of the process. The calculated protium
temperature in these experiments [11] was estimated as
� 1800ÿ7000 K (the lowest values of T correspond to
P � 38 GPa, and the largest to P � 1300GPa).

The design selected in Refs [19±21] used an explosive
cylindrical device in which the steel shell of the internal
cascade compressed gaseous deuterium via a mitigating
cushion of the same gas. Schematic diagram of the
experiment can be seen in Fig. 11. The initial density of
deuterium was 0.04 g cmÿ3. Just as in work [5], the final
results in Refs [19±21] are the number of experimental
values of the average density r and the calculated values
of the mean pressure P at the instant the shell expansion in

the second cascade stops (the calculation of P used the EOS
of Ref. [10] with the parameters chosen in such a way that
the results of calculations with them were consistent with
the experimental results obtained in Ref. [5]). A comparison
of data on quasi-isentropic compression of protium [5±7, 11]
and deuterium in Refs [19±21] was carried out assuming
that the ratio of their densities in the isobars equalled two.
Estimates of the final temperature of deuterium (several
thousand kelvins) are on the same order of magnitude as in
Ref. [11].

The images of compressed gas in both types of devices
were obtained using the roentgenographic recording techni-
que. Unfortunately, the image quality decreases as pressure
grows. This is best seen at pressures starting from 100±
150GPa. According to our estimates, the accuracy of
recording density under these conditions is never better
than � 15±20%. Approximately the same error (20%) is
also typical of the calculated values of pressure (mostly
because of the variability of pressure when the shell stops
expanding). The cause of large density errors seems to
reflect the instability of the shell flight, particularly shell
separation into layers at the above-mentioned pressures
(5 100ÿ150 GPa). At any rate, a number of photographs
at high pressures show stratification quite clearly. The
obvious consequence is loss of accuracy in determining the
radius when the shell stops, i.e., the density of the gas.

The data on quasi-isentropic compression of initially solid
deuterium and protium (at an initial temperature of� 5K) by
a metal shell accelerated by a strong magnetic field produced
by the MK-1 generator were published in conference
proceedings [22]. A cylindrical system of compression was
employed, in which the magnetic field transfers its energy to a
copper shell which compresses the material to be tested. The
cavity radiusRwas determined (as it was in Refs [5±7, 11, 19±
21]) by a roentgenographic recording technique. The mean
hydrogen density r was found by measuring the radius R
determined at the moment of X-ray exposure. The mean
pressure P in experiments conducted in Ref. [22], correspond-
ing to the experimentally established r, was obtained not
from calculations as in Refs [5±7, 11, 19±21] but from
experimentally found average compression of the aluminum
reference specimen located above the specimen with the
hydrogen isotope. The difference between mean pressures in
hydrogen and aluminum was taken into account by calcula-
tions. Therefore, two state parameters of the substance under
investigation were determined in Ref. [22]: the mean r, and P.
In contrast to the corresponding values in Refs [5±7, 11, 19±
21], these values do not necessarily correspond to the
maximum compression of the gas by the shell (X-ray radio-
graphy in Ref. [22] was executed at the instants of time at
which the pressure differences between hydrogen and
aluminum were relatively small). In principle, the multiframe
mode of X-ray radiography [22] makes it possible to obtain
information on the hydrogen compression in a single
experiment consecutively and virtually in the entire range of
pressures implemented in the experimental device in the
course of compression.

Owing to a low initial temperature of the substance in the
experiments carried out in Ref. [22], the finally achieved
temperature was also relatively low (estimated not to exceed
several hundred Kelvin degrees at maximum recorded
pressures).

Figure 12 gives all available results on quasi-isentropic
compression of protium and deuterium on the Pÿr coordi-
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Figure 11. Cylindrical geometry of experiments: 1Ðgas, 2Ðexplosive,

3Ðplexiglas spacer, 4, 5Ðsteel shells, 6Ðblank flanges, 7Ðelectrical
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nates (for the sake of comparison, the experimental density of
deuterium was reduced by a factor of 2). The data of Refs [5±
7, 11] are nonmonotonic, with compressibility behavior
changing at � 300 GPa, which was treated in these studies
as a transition of molecular protium to the atomic state. The
results of Refs [19, 20] in the first segment (up to � 300 GPa)
are in good agreement with those of Refs [5±7, 11]. On the
whole, the results obtained in Ref. [22] do not contradict the
data of Refs [5±7, 11], and this former group can also be said
to point to the nonmonotonic behavior of the compression
curve with changing compressibility at P � 300 GPa. Notice
also that since the temperature realized in experiments [22]
was lower than in Refs [5±7, 11], the substance density
recorded in Ref. [22] was higher than that observed in
Refs [5±7,11] (in isobars), which is quite normal.

We therefore see that, in the matter of changing hydrogen
compressibility behavior at P � 300 GPa, satisfactory agree-
ment over the totality of results found in papers [5±7, 11, 19,
20, 22] is reached.

The results presented in Ref. [21] differ essentially from all
data presented above as paper [21] reports an approximately
20% jump in density atP � 150GPa.We think that the cause
of the disagreement is the overestimation by the authors of
Ref. [21] of the accuracy of their results. Indeed, an analysis of
their data shows that the error in the experimental determina-
tion of density and in calculations of pressure in paper [21]
considerably exceeds the level given in this publication. The
following fact provides evidence of this. The same group of
authors as in Ref. [21] comes to a conclusion in Refs [19, 20]
that their data agrees to within experimental errors with the
data of work [5±7], while in the next publication [21] (without
comment or citing earlier conclusions [19, 20]) they report a
drastically different behavior of the isentropic compression
curve.

6. Equations of state of protium and deuterium

In this section, we shall give a description of the results of
experiments conducted using two different forms of the
equation of state. First we consider the equation of state
developed in Refs [11, 24], which reflects the behavior of
matter in the solid and liquid states.

6.1 Equations of state of protium
and deuterium in solid and liquid states
6.1.1 Equation of state of solid phase. The free energy of a
crystalline solid is given by

Fsolid � Ecold�r� � 1:125Ry

� RT

(
3 ln

�
1ÿ exp

�
ÿ y
T

��
ÿD

�
y
T

�)

� Fvib rot�r;T � � Felec�r;T � ; �1�

where T and r are temperature and density, R is the gas
constant, y�r� is the Debye temperature, D�x� is the Debye
function defined as

D�x� � 3xÿ3
� x

0

x 3 dx

exp xÿ 1
:

The first term on the right-hand side of formula (1)
corresponds to the interaction potential of molecules in the
crystal, while the second and third describe the zero-point and
thermal fluctuations in the crystal. The fourth and fifth terms
describe the rotation and vibration of atoms, respectively, in a
molecule located in the crystal lattice cell, and the thermal
excitation of electrons. The following expressions proved the
most suitable for practical purposes:

Ecold � 3

rcr

X
i

ai

�
d i=3 ÿ 1

i

�
;

y � y0d
1=3

�
C 2

cold ÿ
2nPcold

3r

�0:5

;

where d � r=rcr, Pcold � r 2 dEcold=dr, C 2
cold � dPcold=dr, rcr

is crystal density atPcold � 0, and n is an empirical parameter.
The four coefficients ai in formulas forEcold are also empirical
parameters. Three of them are determined from the condi-
tions imposed on the description of the density of the solid
phase at zero temperature and melting temperature at
atmospheric pressure, and from the known value of the
binding energy. The fourth factor is determined from the
condition on the description of one experimental point in the
isotherm. The parameter y0 is obtained from the experimental
value of the Debye temperature. The accepted value for
hydrogen isotopes is n � 1:5. With this value of n, the
experimental low-temperature isotherms in the solid phase
are somewhat better described.

The rotational temperature of diatomic molecules invol-
ving hydrogen isotopes is significantly higher than the normal
melting temperature: yrot 0 � 87:6 K for H2, and yrot 0 �
43:8 K for D2. Hence, the rotational component in the
equation of state must be taken into account already when
describing the melting curve. The vibrational temperature of
a hydrogen molecule is significantly higher than the rota-
tional temperature: yvib 0 � 6331 K for H2, and yvib 0 �
4483 K for D2. At high temperatures, one also needs to take
into account ionization and the dissociation of molecules
located at lattice sites of molecular hydrogen. Here, this
component is presented in the analytical form suggested in
Ref. [12], which takes into account the density dependences of
dissociation and ionization energies:

Fvib rot � RT �lnQvib ÿ lnQrot� ;
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Figure 12. Quasi-isentropic compression of deuterium and protium:
~ (H2)Ð [5], ! (H2)Ð [6], * (H2)Ð [7, 11], & (D2)Ð [19, 20], & (D2)Ð

[21], $ (D2), and $ (H2)Ð [22].
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where

Qvib � 1ÿ exp �ÿo=T �
1ÿ exp �ÿj=T � ;

o � yvib
1� TCT

; j � ydis
1� TCT

; CT � 0:125yvib
y 2
dis

;

yvib � yvib 0

�
r
r1

�Gvib

; Gvib � 0; 1 ;

ydis � ydis 0

(
1ÿ exp

"
2:885

�
1ÿ rd

r

�1=3
#)2

;

Qrot � �1� x 2 � x 3�1=3 ; x � T

yrot

�
1ÿ exp

�
ÿ ydis

T

��
;

yrot � yrot 0

�
r
r1

�Grot

; Grot � 0; 1 ;

r1 � 0:088 g cmÿ3, rd � 4 g cmÿ3 for H2, and r1 �
0:199 g cmÿ3, rd � 8 g cmÿ3 for D2, and ydis 0 � 28;000 K
for both isotopes.

At temperatures above 1 eV in condensed molecular
hydrogen, it is necessary to take into account the contribu-
tion of the electronic component to free energy. In
accordance with the band theory, this component for
insulators has the form

Felec � ÿ 4kT

r
����������
npnn
p �

2pm �kT
h 2

�
exp

�
ÿ W

2kT

�
;

where m � is the geometric mean of the electron and hole
effective masses, k and h are the Boltzmann and Planck
constants, np and nn stand for the orbital degeneracy in the
bands, W �W0 ln �re=r�, and re is the density at which the
energy gap closes. The choice of re is currently problematic.
The value of W0 stems from the experimental value of W at
normal density. In this paper we assume re � 3 g cmÿ3 forH2,
and re � 6 g cmÿ3 for D2, and W0 � 3:6 eV for both
hydrogen isotopes.

6.1.2 Equation of state of the liquid phase. The equation of
state of the liquid phase and the method for determining its
parameters taking into account the melting curve were
proposed in paper [24]. Their successful application has been
shown with ionic crystals, metals, and noble gases as
examples. The central idea of the approach proposed in
Ref. [24] is to assume that the structure and equation of
state of the liquid phase near the melting curve are very close
to the structure and equation of state of the crystal. This
means that the elastic components in the equations for the
solid and liquid phases are identical but that the equation of
state for the liquid phase should have a correction describing
the presence of `holes' in the structure of this phase. The free
energy of the liquid assumes the form

Fliq � Fsol ÿ 3RT ln a�r;T � : �2�

Here, function a�r;T � satisfies two limiting conditions:
(1) Fliq at high temperatures transforms smoothly into the

free energy of an ideal gas;
(2) jumps in entropy DS � Sliq ÿ Ssol and specific volume

DV � Vliq ÿ Vsol at the melting point at atmospheric pressure
correspond to known experimental values. To meet these

conditions, the function a�r;T � is taken in the form

a � �1� z�ÿ0:5 exp
�
b�T � ÿ f �s� T0

T

�
;

where

z � LzRT

C 2
cold ÿ 2nPcold=�3r� ;

Lz is a constant, and T0 is the melting temperature at P � 0.
Limiting conditions do not impose restrictions on the
functions f �s� and b�s;T �. To carry out specific calcula-
tions, the two are chosen as

f �s� � c0 �
X
i

ci�s i ÿ 1� ; b�T � � b0 � b1

�
T0

T

�2

;

where s � r=rliq, rliq is the density of the liquid phase at T0,
while c1ÿc4 and b0, b1 are empirical constants which are the
values of thermodynamic parameters in the melting curve at
normal pressure and at one or two points at high pressure; the
quantities b0 and b1 determine how the heat of melting
depends on pressure along the melting curve. The heat
capacity of the liquid at the melting point at atmospheric
pressure was also taken into account. It should also be noted
that the function f �s� effectively takes into account the
emergence of `holes' in the structure of the liquid phase and
the related change in the energy of elastic interaction of
atoms.

6.1.3 The equation of state of solid atomic hydrogen. Theore-
tical calculations of the properties of atomic hydrogen were
conducted by Yu M Kagan and co-workers [47]. Here, we
give the formulas they used for the energy of the elastic
interaction of atoms and zero-point oscillation (ZPO) energy
as functions of density with the parameters calculated in the
same paper:

Ecold�r� � aa0 � aa1x
2 � aa2x� aa3x

ÿ1

� aa4x
ÿ2 � �aa5 � aa6x

ÿ1� ln r ;
EZPO�r� � 1:125Ry � �Ba1x

2 � Ba2x� Ba3�xÿ0:5 � Ba4 ;

where x 3 � r [g cmÿ3].
The solid and liquid atomic hydrogen are described by

equations (1) and (2), respectively (naturally, without the
component Fvib rot). When calculations are made in this
section, condensed atomic hydrogen is considered to be
metallic. In metals, the effect of electrons at low temperatures
begins to occur in the solid phase. The electron component of
free energy of the metal adopted in this article is chosen as

Felec � ÿ1:5RTZ
� x

0

ln �cosh x� dx ;

where x � belecT=�1:5RZ�, belec is the coefficient of electro-
nic specific heat, Z is the number of electrons in the
conduction band per atom, and R is the gas constant. For
hydrogen, one has Z � 1. According to the band theory of
metals, belec � 1:36� 10ÿ4 J gÿ1 Kÿ2 for H, and belec �
1:08� 10ÿ4 J gÿ1 Kÿ2 for D.

All the parameters for the solid and liquid phases of the
molecular and atomic isotopes of hydrogen are given in
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Table 4. On the basis of these characteristics, Figs 13±15
compare calculated shock adiabats, isentropes, isotherms,

and the melting curve with experimental data. Satisfactory
agreement is obvious, suggesting that the equation of state we

Table 4. Parameters of the equations of state of solid and liquid phases of molecular and atomic hydrogenÐprotium and deuterium.

Molecular phase* Atomic phase**

H2 D2 H D

rcr, g cm
ÿ3 0.1167 0.2487 aa0, kJ molÿ1 1300 1305

n 1.5 1.5 aa1, kJ molÿ1 1486.5 1486.5

y0, K s kmÿ1 73.81 87.63 aa2, kJ molÿ1 ÿ2535 ÿ2535
a1, GPa ÿ0:24 ÿ0:33 aa3, kJ molÿ1 ÿ26:9 ÿ26:9
a2, GPa 2.8 3.66 aa4, kJ molÿ1 ÿ90:8 ÿ90:8
a3, GPa ÿ7:16 ÿ8:99 aa5, kJ molÿ1 ÿ20:2 ÿ20:2
a4, GPa 4.6 5.66 aa6, kJ molÿ1 ÿ10:9 ÿ10:9
Lz 4 3 Ba1, kJ molÿ1 49.2 49.2

b0 0.4527 0.4271 Ba2, kJ molÿ1 ÿ50:8 ÿ50:8
B1 0.05 0.03 Ba3, kJ molÿ1 ÿ16:9 ÿ16:9
c0 0.4028 0.3699 Ba4, kJ molÿ1 43.0 35.2

c1 ÿ150:98 ÿ143:86
c2 140.2 137.93

c3 ÿ55 ÿ56
c4 10 10

T0, K 13.8 18.6 TTP, K 2379 2529

Tboil, K 20.4 23.6 rTP, g cm
ÿ3 1.0899 2.20625

r1�T � 1K�, g cmÿ3 0.0880 0.1990 PTP, GPa 388.3 388.5

rsol�T � T0�, g cmÿ3 0.0875 0.1965

rliq�T � T0�, g cmÿ3 0.0780 0.1760

rboil�T � Tboil�, g cmÿ3 0.0705 0.1709

y�r1�, K 105 105

* Subscript `boil' marks the parameters corresponding to boiling (at P � 0:1MPa).
** Subscript `TP' (triple point) marks the parameters of the triple point on the phase diagram in Fig. 16.

Isentrops of solid D

Isotherm of D

Isotherm of D2

Isentrops
of liquid D2
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Figure 14. Isentropes and isotherms of molecular and atomic deuterium.

The results of calculations using the EOS fromSection 6.1. The notation of

experimental data is similar to that in Fig. 12. The density of protium was

increased by a factor of two. Curves fit calculated dependences. Thickened

portion of the curveÐan isotherm [48].
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Figure 13. Shock adiabats of initially liquid and solid deuterium and

protium. Solid curves give the results of calculations from the EOS of

Section 6.1, and dashed curves from the EOS of Section 6.2. The isotherms

for T � 20;000 K were calculated from the EOS of Section 6.2. The

notation for experimental data is similar to the notation in Figs 8 and 9.
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are considering allows a description of most of the thermo-
physical properties of hydrogen without creating contra-
dictions.

6.2 Modified van der Waals equation of state
A modified van der Waals model (VdW) applicable also to
mixtures was used for describing the experimental data on the
compressibility of hydrogen isotopes [25, 45, 46, 50]. When
constructing an EOS for hydrogen, the authors considered
the components H2, H, and for the EOS of deuterium, D2, D.
The model can, in principle, take into account not only
dissociation but also ionization; in this context, however, the
latter is ignored.

The thermal equation of state (the PÿTÿV-connection)
of individual components is described in a parametric form
(by introducing an additional internal variableÐ repulsive
pressure P rep) by the following expressions:

P � P rep ÿ a

�
N0

V

�2

; �3�

P rep � N0kT

Vÿ VC
; �4�

VC � VC�P rep� ; �5�

where N0 � const is the number of particles per unit mass,
and V � 1=r; k is the Boltzmann constant, and a � const is
the attraction parameter. The covolume VC is an empirical
function of the variable P rep [for VC�P rep� � const, model
(1)±(3) transforms into the original VdW model]. To express
the covolume (5) in the range of states 0 < P rep < P�
(P� � const is a parameter), the following expression was
employed:

VC � V0

�
1ÿ ln �P rep=A�

a

�
; �6�

where V0, A, a are empirical constants (V0 is the effective
specific volume of fluid at T � 0, P � 0). Equation (4) for
T � 0 implies that V � VC. In this case, relations (3), (6)

define the `cold' pressure Pcold of the liquid as

Pcold�V � � A

�
exp

�
a
�
1ÿ V

V0

��
ÿ
�
V0

V

�2
)
: �7�

The derivation of formula (7) assumed that in Eqn (3)
a � AV 2

0 =N
2
0 . A suitable choice of constants in formula (7)

makes it possible to reflect the experimental compressibility
of the liquid in the framework of model (3)±(5) in the range of
moderate densities. Equation (7) becomes of little use when
the density is much higher than the cryogenic value. There-
fore, the following expression for VC was utilized instead of
Eqn (6) in the range P rep 5P�:

VC � B

�
P�
P rep

�d

� C

�
P�
P rep

�f

; �8�

where B, d, C, f � const. The value of one of these constants
(namely d ) is fixed, and the others are determined from the
condition of smooth matching of expressions (6) and (8) (in
the values of the function VC and its first two derivatives) for
P rep � P�. The chosen values of the parameters �r0 � 1=V0�
for the components are given in Table 5.

Free energy F corresponding to the thermal EOS (3)±(5) is
determined [in its natural variablesV, T jointly with formulas
(4), (5)] by the expression

F � E rep�P rep� � E att�V � ÿN0kT ln
eT 5=2s�T �r

P rep
; �9�

where

E rep � ÿ
� P rep

0

P rep

�
dVC�P rep�

dP rep

�
dP rep ;

E att � ÿ
� V

1
P att�V � dV ;

e is the base of natural logarithms, r � k 5=2�m=�2p�h 2��3=2,m is
the particle mass, �h is the Planck constant, s�T � is the internal
partition function of an individual particle, and P att �
ÿa�N0=V �2 is the attraction pressure.

To determine s�T �, the data relative to the reduced Gibbs
potential F0�T � in the P � P0 � 1 atm isobar and the
enthalpy of formation H0 (at T � 0) of atoms and molecules
were provided by handbook [51]. The function s�T � is related
to them by the expression

ln
T 5=2s�T �r

P0
� TF0�T � ÿH0

NAkT
;
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Figure 15. Phase diagram, Hugoniots, and isentropes of deuterium

calculated with the equation of state of Section 6.1: 1 and 2 are a single

and a doubled adiabat, *Ðexperimental data [3], 3Ðmelting curve,

thickened portion of the curveÐexperimental data [49].

Table 5. The parameters in formulas (7), (8) for protium and deuterium.

Parameter H2 H D2 D

r0, g cm
ÿ3 0.094 0.7 0.208 1.4

A, GPa 0.0552 40 0.0781 40

a 7.335 5 7.298 5

P�, GPa 3.588 200 3.122 200

B, cm3 gÿ1 4.5926 1.8755 2.4677 0.9376

d 0.33 0.5 0.33 0.5

C, cm3 gÿ1 ÿ0:00848 ÿ0:9072 ÿ0:08995 ÿ0:4536
f 7.680 0.719 1.729 0.719
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whereNA is the Avogadro constant. The range of representa-
tion of F0�T � in handbook [51] is limited by the temperature
T � 20;000 K.

To describe mixtures, model (4), (5), (9) is generalized as
follows

F � E rep
ÿ
P rep; fNg�� E att

ÿ
V; fNg�

ÿ kT
Xn
i� 1

Ni ln
eNT 5=2si�T �ri

NiP rep
; �10�

V � VC

ÿ
P rep; fNg��NkT

P rep
; �11�

where

E rep � ÿ
� P rep

0

P rep

�
qVC

ÿ
P rep; fNg�
qP rep

�
fNg� const

dP rep ; �12�

E att � ÿ
� V

1
P att

ÿ
V; fNg�fNg� const

dV : �13�

Here, i is the number of the particle kind; n is the total number
of kinds taken into account in the model (in the cases of
protium and deuterium considered here, n � 2); Ni is the
number of particles of each kind �i � 1; . . . ; n� per unit mass
of matter; fN g denotes the series N1;N2; . . . ;Nn fixing the
composition of the mixture, and N �P n

i� 1 Ni is the total
number of particles. Expressions (10)±(13) take into account
the dependence of the mixture's covolume VC and attraction
pressureP att on the composition fN g. The integrals (12), (13)
are taken for every Ni � const. Formulas (10)±(13) imply the
expression for the pressure:

P � ÿ
�
qF
qV

�
T; fN g

� P rep � P att ;

which together with formula (11) is a generalization of the
thermal EOS (3)±(5).

The functions VC and P att in expressions (10)±(13) were
found from similar characteristics of individual components
using rules that proved fairly reliable when using the VdW
model for mixtures [52]. For the mixture covolume, the
additive expression

VC

ÿ
P rep; fN g� �Xn

i� 1

Ni vCi�P rep�

was used, where the covolume vCi refers to a single ith particle.
The attraction of the mixture is given by the expression

P att � ÿamix

�
N

V

�2

;

where

a
1=2
mix �

1

N

Xn
i� 1

Nia
1=2
i :

Here, ai is a characteristic of attraction of the ith component
[the quantity a on the right-hand side of formula (3)].

Equilibrium values of Ni are found (at fixed values of the
variables P rep and T and using balance relationships) from

the equationsX
r

n lr mr �
X
s

n ls ms ;

where n lr�s� are stoichiometric coefficients, l is the number of
the chemical reaction, r and s are indices of the initial and
the final reaction products, respectively, and mj �
�qF=qNj�V;T; j 6� i is the chemical potential of the jth particle.

After determining the composition, the necessary thermo-
dynamic quantities are calculated from the model formulas.

Figure 16 depicts the results of experiments on the
isothermal compression of protium in the range of relatively
low pressures, and data on protium evaporation [53] in
comparison with the corresponding calculated values. The
same satisfactory agreement between experimental and
computed results was also observed for deuterium.

A comparison of the results of model calculations with the
data of isothermal (T � 300 K) experiment [54, 55] at higher
pressures is drawn in Fig. 17. The model describes the results
of experiments [54, 55] in approximately the same way at
temperatures below room temperature.

Figure 13 gives the experimental and calculated data on
shock compression of initially liquid (at initial densities
r0 � 0:071 and 0.171 g cmÿ3) and initially solid (r0 � 0:088
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Figure 16. Pressure as a function of density along the isotherms and the

liquid±vapor equilibrium curve for protium. The symbols show the data of

Ref. [53], and curves plot the results of calculations (isotherms are
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and 0.199 g cmÿ3) protium and deuterium. Nonmonotonic
behavior of the calculated shock adiabat is caused by
dissociation.

The model described in this section was aimed at
reproducing the data of Ref. [11] in the range of states
studied in quasi-isentropic experiments. Figure 18 exhibits a
number of model isotherms, including isotherms for� 2000±
7000 K which correspond, according to the EOS of Ref. [11],
to the conditions of the quasi-isentropic experiments we
discuss here. The nonmonotonic behavior of the calculated
isotherms is caused by protium dissociation (a phase transi-
tion of the first order occurs below the critical point with the
model parameters T � 6620 K, P � 445 GPa, and
r � 1:16 g cmÿ3). Model isotherms of deuterium behave in a
similar manner.

As may be seen from Figs 13±18, on the whole both of the
considered types of equations of state are in satisfactory
agreement with the experimental data.

7. Conclusion

We shall formulate the main results outlined in this article:
� Hugoniots of initially liquid and initially solid deuter-

iumwere obtained at pressures of up to 120GPa, as well as for
solid protium at pressures of up to 66 GPa. The data for solid
deuterium and protium are unique for research projects of
this kind;
� the data of VNIIEF and Sandia National Laboratories

do not confirm the anomalously high compressibility of
deuterium discovered with the laser facility Nova at LLNL;
� slight extrapolation of the curve D�r0� to the density of

liquid protium produced its shock adiabat in the pressure
range corresponding to pressures in experiments with solid
protium;
� an analysis of the results of shock compression of

hydrogen isotopes showed that the more likely explanation
for the obtained curves is the transition of hydrogen
(deuterium) to the atomic state as a result of molecular
dissociation driven by temperature and pressure in the shock
wave;
� an analysis of data on the quasi-isentropic compression

of protium and deuteriummakes it apparent that at pressures
of � 300 GPa the slope of their compression curves changes;
� actual errors in the experimental data on quasi-

isentropic compression do not support the conclusion that

an abrupt change in density in the deuterium adiabat occurs
at pressures of about 150 GPa;
� the description of experimental data for hydrogen

isotopes using two equations of state reveals satisfactory
agreement between the experimental and calculated curves
under the assumptions that underlie the model calculations.

Intense work by a large team on the staff of the Institute
was required for completing this research project. An
important role was played at the first stage of the project
(the study of shock compression of hydrogen isotopes) by
G V Simakov, A N Shuikin, A Ya Matveev, S I Belov,
GVBoriskov, A I Bykov, and their assistants. They were able
to solve very quickly the very complicated problem of using
cryogenic technology in the specific conditions of spherical
explosive measuring systems and to conduct numerous
complex experiments with shock compression of hydrogen
isotopes. Much of the experimental data on quasi-isentropic
compression was obtained by the team of S B Kormer and
F V Grigor'ev in the 1970s. Many of their pioneering results
remain unsurpassed for research of this caliber. The recent
data obtained by the teams of Zhernokletov±Mochalov
(V A Arinin, S I Kirshanov, A B Mezhevov, and some
others) and Bykov±Boriskov (S I Belov, N B Luk'yanov,
and some others) with systems using cylindrical acceleration
of shells added essential chapters to the pioneering measure-
ments of Kormer±Grigor'ev and made it possible to conduct
an overall analysis of the results in this field. The studies of
`cold' compression of deuterium and protium conducted by
the Bykov±Boriskov team, using a strongmagnetic field as an
energy source for shell acceleration, were especially out-
standing.

The authors greatly appreciate the interest in the results of
their work shown by V P Kopyshev and V V Khrustalev, as
well as useful discussions with them of the theoretical aspects
of the work. The authors are grateful to W J Nellis from the
University of California for the useful discussions of all the
experimental aspects of the project, which contributed to the
successful completion of the program. O L Mikhailova,
I R Trunin, I A Tereshkina, and members of their teams
carried out a large amount of computational work, both for
the optimization of the arrangement of experimental work
and for processing the results obtained in the course of this
work. L I Kanunova was extremely helpful to the authors
during the preparation of the results for publication.
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RFBR, project No 09-02-00375.
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