
Abstract. History of creation and schemes of Arzamas-16 ex-
plosive laboratory devices for dynamical compressibility mea-
surements at pressures up to 2 ± 2.5 TPa are described, in which
a thin, metallic impactor of spherical geometry is accelerated by
the explosion products in converging detonation waves. The iron
shock adiabat obtained with these devices over the period from
1948 to the early 60s and used as a dynamical standard in
megabar and terapascal compressibility studies of other sub-
stances, is presented. In deriving its parameters for up to
10 TPa, iron compressibility data from underground nuclear
explosions of the 70s, and calculated results from the modified
quantum-statistical model have been employed.

1. Introduction

Dynamical compressibility measurements at pressures of
several tens of GPa were conducted at the Los-Alamos
Laboratory since 1945 and widely published beginning the
mid-50s [1 ± 3]. In the Russian Federal Nuclear Centre
(Arzamas-16), systematic studies were initiated indepen-
dently in 1948, and already the earliest reports about that
work (later in [4,5]) contained data on then huge pressures of
400 GPa. By the early 60s, these pioneering results were
refined [6], and the laboratory pressure range was extended

up to� 1000 GPa (10Mbar) [7 ± 9]; today, the upper pressure
limit is close to 2500 GPa [10, 11].

In the USA, specimen impact pressures of order 500 GPa
were achieved by using two-stage light-gas artillery systemsÐ
guns Ð which impart the impactor to maximum velocities of
about 8 km sÿ1 [12, 13].

As to the Russian ultrahigh pressure experiments [4 ± 11],
the interested reader was to be content solely with low-
informative assertions of the type ``... 400-GPa pressures
were attained using steel impactors at 9.1 km sÿ1'' [6] or ``...
a cumulative device was used, in which the products of the
explosion of high-power explosive propel a steel impactor (a
specially shaped liner) to a velocity of 18.5 km sÿ1'' [10]. The
scarcity of experimental information on the Russian ultra-
high pressure studies was noted, in particular, in a 1988
Livermore National Laboratory paper [14] on ultrahigh
pressure physics of metals. In its authors' words, ``... the
compressibility data of Kormer et al. [8] and Al'tshuler,
Bakanova, and Trunin [7] on copper and lead near 10 Mbar
are obtained using unknown shock pressure generators and
have not yet been reproduced''. The situation is much the
same today.

The experimental devices developed in the Russian
Federal Nuclear Centre (Arzamas-16) will be discussed in
terms of the absolute compressibility measurement with the
dynamic standard (Fe) using the `braking' technique [4, 15]. It
will be reminded that the quantities measured in this
approach are the impactor velocity W, and the shock wave
velocity D in a fixed target of the same material as the
impactor. At the collision, the interface symmetry condition
implies that the mass velocity behind the shock wave front in
such a target is U � �1=2�W. By the conservation laws at the
shock wave discontinuity surface, the fixed values ofU andD
determine the thermodynamic parameters of the compressed
state. The pressure attained in the standard material (iron, in
our case) is the basic characteristic of the explosive laboratory
devices we are considering. For a plane geometry and normal
detonation regimes, it is found [6, 15] that plates accelerated
by the explosion products acquire velocities of � 6 km sÿ1,
and pressure in iron targets is � 200 GPa.

Much larger shock wave amplitudes were realised with
explosive measurement systems using convergent over-com-
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pressed detonation waves. For a spherical geometry, the
detonation wave front pressures grow continually towards
the centre. Therefore, in the arsenal of dynamical methods,
the hemispherical charge simultaneously primed on its outer
surface is an ideal tool for studying materials at ultrahigh
pressures.

The schematic diagram of themeasuring device developed
for this purpose is shown in Fig. 1. This is a hemispherical
charge containing an inner recess into which a thin-walled
metallic (steel) shell is inserted. When acted upon by the
explosion products in the convergent detonation wave, the
shell-impactor is accelerated (`converges') to the centre of the
device, its velocity being increased with decreasing radius.
Placing targets (screened specimens) at different depths
(radii) allows different pressures up to 10 ± 20 Mbar to be
achieved in their bulks. While the braking method basically
has no pressure limitations, at the interpretation stage the
following features of the spherical experiment must be taken
into consideration:

Ð the relationU � �1=2�W is exact at the impact surface,
i.e. for screen radius rs exceeding the radius rm of the specimen
wave velocity measurement [15]. However, as hydrodynami-
cal iron shell ± iron target impact analyses have repeatedly
shown, the convergence increases virtually to the same extent
the `free run' iron-shell velocity W�r�, and the mass velocity
behind the shock front in the iron screens and iron specimens.
We therefore assume that the mass velocity at rm is also
U�rm� � �1=2�W�rm�;

Ð as the convergent detonation wave reflects from the
shell, irreversible shock heating takes place at the shell
position radius. As a consequence, in cascade acceleration
systems a few percent difference between W=2 and U forms
(see below);

Ðat the large gauge lengthS of velocitymeasurement, the
average wave velocity �D recorded in the specimen may differ
from the local velocity D�rm� at the nominal radius rm in the
middle of the specimen. In tabulating experimental data, both
the average �D and the corrected D�rm� are indicated.

Scanty information on dynamical experiments using shell
acceleration by the explosion products in convergent sphe-
rical detonation waves was first given in a 1962 British
publication [16]. There was no further development of this
method abroad.

In the following sections we describe the Russian Federal
Nuclear Centre measuring devices which have provided
impact compressibility and equations-of-state information
for a number of substances in the pressure range 200 to
2500 GPa. For all variants investigated, major geometrical
parameters and dynamic characteristics are tabulated, which
include the relative radii rsh and thicknesses Dsh of the shells
and the relative radii rs of the screens; wave velocity gauge
lengths S; free-run shell velocities W�rm� over measurement
radii rm; shock wave mass velocities U�rm� in iron specimens;
the average �D and local D�rm� wave velocities; and, finally,
the thermodynamical parameters of compressed states of iron
(compression ratio s � r=r0 and pressure P) as calculated
from the conservation laws for shock wave discontinuity
surfaces. The last column lists references, the `�' sign
indicating that the present is the first publication of the result.
The probable measurement error is about 1 ± 1.5% for mass
and wave velocities, and 1.5 ± 2% for pressure.

2. BM devices for producing pressures
of 200 ± 400 GPa in iron

The hemispherical measuring device described above (Fig. 1)
has come to be known as the `Big Model' and was developed
by LVAl'tshuler, E I Zababakhin, Ya B Zel'dovich, andKK
Krupnikov [17, 4] along with V I Zhuchikhin, B N Ledenev,
and M I Brazhnik [4]. Already back in 1948 devices of this
type yielded impact compression ratios for iron, uranium and
other metals at P � 400 GPa. Later, to compare plane
geometry [6, 15] and spherical data, a relatively slow IC
(`intermediate charge') model was developed. The major
geometrical parameters and dynamical characteristics of
these two devices are listed in Table 1. Analysis shows that,
for similar pressures, IC data are in good agreement with
`plane' experiments. It is to be noted that, for both devices, the
calculated corrections to D are negligible and those to U are
insignificant. The impact compression ratios obtained with
the BM charge yielded the position of the standard iron
adiabat at these pressures, which was used for measuring the
impact compressibility of other metals by the reflection
technique [5].

In 1966, the results for gold [5] and tungsten [18] were
confirmed [12] by precision experiments on pneumatic
measuring systems.

3. Devices for producing pressures
of 300 ± 900 GPa in iron

The SC (`soft charge') devices developed in the late 50s by LV
Al'tshuler, A A Bakanova, and R F Trunin [6, 7] made the
measurements more accurate and easier to interpret andmore
than doubled the pressure range (to 900 GPa). The latter goal
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Figure 1. Schematic diagram of BM and IC devices: 1 Ð hemispherical

explosive charge; 2 Ð shell (Fe); 3 Ð screen (Fe); 4 Ð specimens under

study; 5Ð electrical pin contactors for shock wave velocity (D) measure-
ments.

Table 1. Parameters and dynamic characteristics of IC and BM devices

Device rsh Dsh, mm rm W�rm�;
km sÿ1

U�rm�,
km sÿ1

rs S, mm �D,
km sÿ1

D�rm�,
km sÿ1

s P, GPa Ref.

IC
BM

0.40
0.40

6.6
4.8

0.170
0.137

6.20
8.64

3.08
4.26

0.197
0.177

4
8

8.78
10.67

8.78
10.67

1.540
1.664

210
357

+
[6]
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was achieved by taking thinner shells and placing the target
specimens at smaller radii. To improve the symmetry of the
convergent detonation waves, better synchronisation of sur-
face charge priming, and explosives of more homogeneous
composition were employed. This made the motion of the
shells and shock waves in the target more symmetrical which,
in turn, made it possible, with no loss in accuracy, to decrease
specimen thickness, and hence to reduce corrections for
convergence.

The next step was to lower the shock-induced shell
heating. This was achieved by allowing small air clearances
between the shell and the explosive. This method of reducing
pressures (and hence temperatures) was suggested by E I
Zababakhin and Ya B Zel'dovich.

The schematic diagram of an air-clearance SC measuring
device is shown in Fig. 2. A number of SC versions have been
developed (see Table 2). One group of them involves a shell
thickness of Dsh ' 3 mm and an air clearance of 12 mm.
Devices of this group differ in target position radii and hence
in measurement radii: rm � 0:186, 0.132, and 0.07Rexpl. In
accordance with the pressures attained at these radii, the
charges were called SC-3, SC-3.5, SC-4, and SC-8-1 [here 3,
3.5, 4, and 8 being the pressures (in Mbars) in iron in these
devices].

In SC-8-2 and SC-9, thinner (Dsh � 1:5 mm) iron shells
with a 9-mm air clearance above them were used. Measure-
ments were carried out at rm � 0:08 and 0.07Rexpl, and the
iron pressures detected were 780 and 860 GPa.

The effect of the air clearance on shock wave formation in
shells at rsh � 0:35Rexpl was examined by Zubarev and Panov
using the electromagneticmethod described in [19]. It is found
that if the air clearance is 3 ± 5 shell thicknesses, the shock
wave intensity in the shell is roughly halved: the reason in fact
for allowing clearances into the SC scheme. Incident-shock
shell pressures were assessed from the fly-away indicator
velocity using the electrical pin-contactor and photochrono-
graphic techniques. The pressures obtained (P � 45 GPa) do
not deviate much from the plate pressures due to an incident
plane detonation wave. Nor, naturally, does the aftershock
shell heating exceed the corresponding plate heating
(T � 700 �C).

A word now about the symmetry of shell motion over the
measurement radii. Clearly, the degree of spherical symmetry
of thismotion determines the reliability and reproducibility of
the results. The symmetry of the motion was determined by
photochronography at radii close to those used in measuring
shock wave parameters. The spread (asymmetry) in the shell's
arrival time at the target was Dt4 6� 10ÿ8 s over the entire
zone free of unloading waves propagating from the explosive
charge base perimeter.

Similar asymmetries resulted from shock wave passage
through steel plates covering the upper target electrical pin
contactors. Clearly, the time spread values cited indicate that
the motion of the impactor and of the waves in the targets is
not symmetrical enough to permit single-run compressibility
measurements. Therefore, the practical data processing
approach we came to was that each experimental point, i.e.
each D and W � 2U pair, was taken to be the mean of 4 ± 6
independent measurements.

Motion parameters Ð the shell velocity W and the wave
velocity in the target D Ð were determined for a number
of different target location radii. For rm � 0:186, 0.132,
and 0.08Rexpl, both D and W were recorded; in two cases
(SC-8-1 and SC-9) wave velocities were measured at
rm � 0:07Rexpl, whereas W was measured at r � 0:08Rexpl.
W at rm � 0:07Rexpl can hardly be recorded with a required
accuracy because of there being no sufficient place for the pins
to function independently. The rm � 0:07Rexpl result in this
case was calculated from the shell convergence law. This did
not add any significant errors according to our estimates.

W and D were measured by locating electrical pin
contactors on the shell trajectory (Fig. 2) or on that of the
shock wave in the target.

SC data on iron are listed in Table 2.

4. Cascade measuring devices for producing
pressures from 900 to 1300 GPa

Pressures close to 10 Mbar were first obtained in the Russian
Federal Nuclear Centre (Arzamas-16) in 1951 by the use of a

Table 2. Parameters and dynamic characteristics of SC devices

Device rsh Dsh, mm rm W�rm�,
km sÿ1

U�rm�,
km sÿ1

rs S, mm �D,
km sÿ1

D�rm�,
km sÿ1

s P, GPa Ref.

SC-3
SC-3.5
SC-4
SC-8-1*

SC-8-2
SC-9

0.35
0.30
0.35
0.35
0.30
0.30

3.08
3.08
3.08
3.08
1.5
1.5

0.186
0.132
0.132
0.07
0.08
0.07

7.21
8.30
9.10
14.0*

13.80
14.68

3.61
4.15
4.55
7.00
6.90
7.34

0.21
0.159
0.159
0.097
0.088
0.088

4
4
4
4
4
4

9.69
10.58
11.26
14.64
14.45
15.15

9.69
10.58
11.26
14.53
14.35
14.93

1.595
1.645
1.678
1.927
1.926
1.967

275
345
400
800
780
860

+
+
[6]
+
+
[7]

* Shell êight velocityW is measured at rm � 0:08. Transformation to rm � 0:07 is carried out via the calculated shell convergence law.
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Figure 2. Schematic diagram of a SC device for measuring (a) shell flight

velocity, and (b) shock wave velocity in specimens: 1 ± 5Ð see caption to

Fig. 1; 6Ðelectrical pin contactors for recording shell flight velocityW ; 7

Ð copper pin; 8Ð steel cover plate.
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`cascade hemispherical' device. These studies were performed
by K K Krupnikov and M I Brazhnik [9] using the scheme
proposed by L V Al'tshuler. Earlier, in 1948, the principle of
one-dimensional multicascade plate acceleration had been
analysed and justified by E I Zababakhin (see [20]). Accord-
ing to the scheme shown in Fig. 3, a `thick' plate, having been
accelerated to W1 by the explosion products of the first
charge, strikes charge 2 and produces in it an overcompressed
detonation wave, whose explosion products expand to accel-
erate to W2 >W1 a thinner plate in contact with charge 2.
The acceleration process may be continued to the third
cascade and beyond. This approach has been employed for
the high-velocity acceleration of molybdenum foils [21] and
thin copper plates [22]. For thicknesses 0.5 and 0.1 mm, the
plates gained velocities of 9.1 and 11.3 km sÿ1, respectively
[23]. Thin foils, however, necessarily require small gauge
length measurements (i.e. ones outside the zone of influence
of the unloading waves reflected from the rear surface of the
striking foil), which, given the existing asymmetry conditions,
increased kinematic parameter errors beyond the usually
accepted tolerance.

The geometrical parameters and dynamical characteris-
tics of cascade shots in spherical geometry are shown in Fig. 4
and listed in Table 3. The first cascade is a BM one, into
which a second cascade, a layer of explosive with a 2-mm
steel shell in contact with its inner side, is built in. In two-
cascade TC-9 and TC-9-1 devices, the shell velocity at the
measurement radius rm � 0:068Rexpl was 15:7� 0:2 km sÿ1

and the recorded pressure, 910� 20 GPa.
The extension of the pressure range to 1350 GPa was

achieved with the same type of device (TC-13) by reducing the
measurement radius to rm � 0:045Rexpl. The results of these
1956 ± 1957 experiments were published in [24]. The motion
asymmetry of the second cascade shell in this device was
Dt4 7� 10ÿ8 s. Through a series of experiments, the shock
wave velocity in iron was found to be D � 18:67 km sÿ1.
However, thicker (12-mm) specimens, led to larger conver-
gence corrections, down to ÿ5% in this case.

The second parameter, the shell velocity at the measure-
ment radius, was taken from theW�r� curve calculated for the
second cascade shell. The calculation was checked by
comparing the theoretical and experimental results for total
times of shell flight from the inner shell boundary (at initial
position) to three different radii (the last one exceeding the
measurement radius). On the average, good agreement
between theory and experiment was found.

The experiments also involved the correction for the
heating of the second cascade shell (wave amplitude
200 GPa); its (negative) value was 3%. The TC-13 iron
compression parameters so corrected are summarised in
Table 3.

Two factors cast shadow on the accuracy of the data
obtained with this technique:

Ð large convergence corrections and the heating of the
second cascade shell, and

Ð usingW derived from a computed dependence, and the
integral (time-of-flight based) experimental check of the
latter. One cannot rule out that in actual fact the velocity of
the shell Ð that is, its differential characteristic Ð may differ
from that calculated.

The results obtained are at the limit of capability of such
systems because at smaller radii measuring kinematic para-
meters with desired accuracy is difficult, and corrections for
convergence are too large.

The extension to higher pressures became possible only
after the iron shock adiabat had been determined in under-
ground explosion experiments [25 ± 27]. From these, the iron
shock adiabat for pressures of up to 10 TPa (100 Mbar) was
obtained. This naturally simplified the situation. Today,
whatever of the new terapascal devices is employed, the initial

2 35

W1 W2 W3

6

41

Figure 3. Schematic diagram of one-dimensional multicascade plate

acceleration: 1 ± 3 Ð explosive charges of the first, second, and third

cascades; 4 ± 6Ð plates of the first, second, and third cascades.

Table 3. Two-cascade measuring devices

Device rsh Dsh, mm rm W�rm�,
km sÿ1

U�rm�,
km sÿ1

rs S, mm �D,
km sÿ1

D�rm�,
km sÿ1

s P, GPa Ref.

TC-9
TC-9-1
TC-13

0.4/0.183
0.4/0.183
0.4/0.183

4.8/2
4.8/2
4.8/2

0.068
0.068
0.045

15.47
15.87
19.96

7.52
7.71
9.70

0.096
0.093
0.075

11.0
10.5
12.0

15.50
15.80
18.67

15.16
15.50
17.74

1.985
1.990
2.206

894
938
1350

[9]
[9]
[24]

4

1

2

3 5

7

6

Figure 4. Schematic diagram of a two-cascade hemispherical device: 1, 3Ð

explosive charges of the first and second cascades; 2, 4Ð the shells of the

first and second cascades; 5Ð same as in Fig. 1; 6Ðcover plate (Fe); 7Ð

specimens under study.
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parameters can be determined by simply measuring the shock
wave velocity in standard iron and then employing its D�U�
dependence to find the corresponding mass velocity U. The
method of reflection then allows compressibility measure-
ments for any substances to be performed without measuring
the impactor velocity.

5. Iron shock adiabat

Previous laboratory experiments (see Tables 1 ± 3) yielded the
Hugoniot adiabat of the high-pressure phase of iron in the
interval from 9.35 to 1.3 TPa. In this interval, the adiabat is
satisfactorily described by theD�U� relation proposed in 1981
in Ref. [24]. For P � 0:9 TPa, this relation is confirmed by
SC-8 and SC-9 measurements. The underground results of
Refs [25 ± 27] reproduced in Table 4 cover the terapascal
shock pressure range from 4.1 to 10.5 TPa.

In total, the experimental impact compressibility data for
iron can be approximated by the following three quadratic
relations:

D1 � 3:664� 1:79Uÿ 0:0342U 2 ;

1:4 km sÿ1 < U < 8 km sÿ1 ; �1�
D2 � 5:869� 1:239U� 0:00017U 2 ;

8 km sÿ1 < U < 22 km sÿ1 ; �2�
D3 � 6:982� 1:190U� 0:00011U 2 ;

U > 22 km sÿ1 ; �3�
which have identical derivatives for U � 8 km sÿ1 (P �
0:99 TPa) and U � 22 km sÿ1 (P � 5:7 TPa). For
P5 5:7 TPa, the adiabat (3) merges into the Hugoniot
adiabat as obtained by the quantum-statistical analysis of
Kalitkin [28] including the Kopyshev nuclear interaction [29].

The adiabat of iron specified by the D�U� dependences
above is plotted on the semilog scale logPÿ s in Fig. 5, and in
the DÿU variables, in Fig. 6. The individual experimental
points fall to the interpolation curves to within
D � 100ÿ150 m sÿ1 in D variable, which may be considered
satisfactory.

6. New laboratory measurements
in the terapascal range

Knowing the iron Hugoniot adiabat in the terapascal range
has extended the range of laboratory impact compressibility
studies up to � 2:5 TPa. In hemispherical measuring devices
developed for this purpose [10, 11], standard dynamic
characteristics were derived from the shock wave velocities
in iron specimens positioned at radii 0.05Rexpl (SC-13) and
0.04Rexpl (SC-20).

The hemispherical charge in these devices was made of
compressed RDX-based substance, had an outer radius of

about 1.5 times that of the previous SC charges, and provided
a somewhat better shock wave symmetry in the specimens.
The air clearance above the shell was 11 mm. As in other
specimens of this type, the temperature corrections due to the
incident-shock shell heating were neglected in interpreting
experimental data.

The parameters of the SC-13 and SC-20 devices and the
pressures measured in standard specimens over the range
1.2 ± 1.8 TPa are given in Table 5, and the experimental results
[10, 11] on the impact compressibility of some metals, in
Table 6.

The pressures for molybdenum given in Table 6 exceed
those obtained from the underground nuclear explosion

Table 4.Underground iron shock compression results

U, km sÿ1 D, km sÿ1 s P, TPa Ref.

18.25
21.35
30.60

28.85
32.46
43.50

2.73
2.93
3.37

4.13
5.42
10.50

[25, 27]
[25, 27]
[26, 27]

3

2

1

SC-20SC-13

1 32

104

103

102

s

P, GPa

Figure 5. Iron Hugoniot adiabat: 1Ð calculated from (1); 2Ð calculated

from (2); 3Ðcalculated from (3), �Ðexperimental data (from Tables 1 ±

3), � Ð underground explosion data (Table 4). SC-13 and SC-20 device

parameters are shown in Table 5.

8 9 10 1175
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SC-20

2

U, km/s

Figure 6.DÿU diagram of Fe: �, 1, 2Ð same as in Fig. 5; �Ðdata from

Ref. [31].
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experiments on the same metal [30]; for tantalum, the record
values of the parameters at hand were reached.

7. Conclusions

Further extension of the experimental range may be achieved
by using much larger explosive charges, by adding a second
cascade, reducing measurement radii, and, finally, by taking
more powerful explosives. This, of course, will require new
technologies and procedures at all preparation and perfor-
mance stages of laboratory measurements, but the labour-
consuming and costly research along these lines will appar-
ently be low effective since the expected shell flight velocity
increase is estimated to be 15 ± 20% or less.
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Table 6.Measured SC-13 and SC-20 compressibilities of some metals

Device Metal D�rm�, km sÿ1 U�rm�, km sÿ1 s P, TPa Comment

SC-13 Al
Ta

20.9
13.3

12.20
7.48

2.40
2.285

0.69
1.66

Compression parameters
are calculated from the in-
itial states of the standard
metal (Fe) in the devices
SC-13 and SC-20 from Ta-
ble 5.

SC-20 Al
Ti
Mo
Ta

24.17
20.95
18.74
15.85

15.08
13.67
10.74
9.36

2.659
2.878
2.342
2.442

0.99
1.290
2.050
2.470

Table 5. Parameters and characteristics of terapascal measuring devices

Device rsh Dsh, mm rm rs S, mm D�rm�, km sÿ1 U�rm�, km sÿ1 s P, TPa Ref.

SC-13
SC-20

0.4
0.4

3
3

0.05
0.04

0.068
0.057

4
4

17.35
20.19

9.26
11.54

2.145
2.334

1.26
1.83

�10; 11�
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