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Abstract. A n exper imental investigation was m a d e of the 
compressibil i ty of condensed mater ia ls under the condi 
t ions of u n d e r g r o u n d nuclear explosions. The major i ty of 
the measurements were absolute : they were carried out in 
the range 5 - 1 0 T P a for heavy mater ia ls and at 2 T P a for 
light mater ia ls . I ron , lead, copper , cadmium, mo lybdenum, 
a luminium, as well as quar tz , water , and polymethyl 
methacry la te were investigated. The compressibil i ty meas 
u rement s were m a d e no t only on con t inuous samples, bu t 
also on p o r o u s samples of i ron, copper , tungsten, and 
quar tz . The results agree with the T h o m a s - F e r m i 
calculat ion mode l with q u a n t u m and exchange correct ions 
when nuclear in teract ions are taken into account . The slope 
d D / d U of the ad iaba t s was 1.2 at u l t rahigh pressures 
(above 1 and 0.3 T P a for heavy and light mater ia ls , 
respectively). In the range of pressures a t ta inable in 
l abora to ry experiments the results were scal ing-indepen-
dent . 

1. Introduction 
The condi t ions agreed under the 1963 M o s c o w Nuclear 
Test Ban Treaty , applicable to all three media, left only one 
permi t ted type of test: u n d e r g r o u n d explosions conta ined 
within rocks . 

Invest igators have thus been provided with a source of 
powerful shock waves, characterised by a hi ther to u n h e a r d 
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of energy concent ra t ion in condensed media . It would have 
been an unforgivable error no t to use this source for 
scientific purposes . Therefore, beginning almost with the 
first u n d e r g r o u n d tests, measurements of the explosion 
pa rame te r s have been accompanied by invest igations of 
the var ious proper t ies of mater ia ls , including their shock 
compressibili ty. This review presents the results ob ta ined in 
this way. 

The un ique condi t ions in these invest igations — the very 
wide range of pressures, the generally un id imens iona l 
g rowth of an explosion, the ability to carry out measu re 
ment s on large samples (many orders of magn i tude larger 
t han those used in the l abora to ry) and the good (and 
sometimes also control lable) symmetry of shock wave 
p ropaga t i on — have m a d e it possible to design the follow
ing types of experiments: 
(i) conf i rmat ion of the correctness of the exper imental 
results ob ta ined under l abo ra to ry condi t ions , bu t scaled up 
to much longer dura t ions of the act ion of shock waves on 
samples (this aspect is related essentially to the relaxat ion 
p h e n o m e n a tha t occur in samples subjected to the act ion of 
shock waves of the same ampl i tude bu t of different 
dura t ions) ; 
(ii) studies of the compressibil i ty of mat te r under pressures 
a m o u n t i n g to a few terapascals , i.e. in the in termedia te 
range between the pressures a t ta inable in the l abora to ry 
(up to 1 TPa ) and those used in theoret ical calculat ions 
(tens and h u n d r e d s of terapascals) , and de terminat ion of 
reliable in terpola t ion dependences for this range of 
pressures; 
(iii) measurements at u l t rahigh (above 10 TPa) pressures 
with the aim of selecting the theoret ical mode l of mat te r 
fitting best the exper imental results and studies of 
oscil latory effects associated with the influence of the 
electron s t ructure of a t o m s on their t h e r m o d y n a m i c 
proper t ies . 

The aim of the p lanned experiments has included also 
acquisi t ion of informat ion on the absolute (in the m e t h o d -
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ological sense) compressibil i ty of condensed mater ia ls , 
par t icular ly metals . 

In the l abo ra to ry range of pressures up to 1 T P a the 
absolute compressibil i ty can be determined qui te simply, 
because this requires only identification of the states in the 
s t andard mater ia l used as the shield (the equat ion of state of 
which is k n o w n ) and measurement of the wave velocity in 
the investigated mater ia l [1]. At pressures exceeding the 
l abora to ry range it is necessary to cal ibrate the shock 
ad iaba t s of s tandards , i.e. to determine the compressibil i ty 
of the s tandard metals in this range of pressures by the 
absolute m e t h o d s ! (in par t icular , the deceleration 
me thod [2]) or by any other me thods , for example, those 
based on the use of s t rong fluxes of (n, y ) r ad ia t ions 
specific to nuclear explosions. 

The implementa t ion of these m e t h o d s at high pressures 
has initially presented such serious difficulties tha t it has 
been decided tha t a t t empts to carry out absolute measu re 
ment s should be accompanied by invest igations of the rela
tive compressibil i ty of mater ia ls by a simpler, m o r e easily 
realisable me thod . This me thod consists in the de te rmina
t ion of the velocity of a shock wave which is t ransmi t ted 
consecutively t h rough layers of plates of the investigated 
mater ia ls , one of which acts as the s tandard . In the case of 
the s tandard mater ia ls the equat ion of state (EOS) is k n o w n 
and, in par t icular , its dynamic ad iaba t can be found by a 
sufficiently reliable in terpola t ion between the exper imental 
pa r t and the calculated results found on the basis of suitable 
theoret ical models . The velocity of a shock wave in the 
s t andard mater ia l is used to find the pa rame te r s of the 
initial states and the required characterist ics of the inves
t igated mater ia ls are found from the p r e s s u r e - m a s s 
velocity d iagram by a const ruct ion involving the reflection 
me thod [1]. 

Our first a t t empt to measure the compressibil i ty utilising 
the energy of u n d e r g r o u n d explosions was carried out at the 
end of 1965. Our aim was to determine the compressibil i ty 
of rocks at pressures of 5 0 - 1 0 0 G P a , as well as the relative 
compressibil i ty of the P b - F e system above 1 TPa . H o w 
ever, for technical reasons this a t t empt was unsuccessful. 

The first useful measurements of the shock compress i 
bility of rocks (granite) were carried out in the first hal f of 
1966 by K K K r u p n i k o v ' s g roup . The results obta ined at 
pressures of 350 G P a were no t in conflict with the 
l abora to ry da ta obta ined by us up to tha t t ime in 
approximate ly the same range of pressures. 

The threshold of 1 T P a was crossed in measurements 
carried out in the same year [3]: they yielded the compres 
sibility of the F e - P b - U system (the pressure in F e was 
3.8 T P a and tha t in U was 4.0 T P a ) and of the A l - S i 0 2 

system (quartzi te) , the compressibil i ty of which was deter
mined at 2 T P a [4]. 

The development of the p r o g r a m m e in subsequent years 
has involved an increase in the number of investigated 
mater ia ls and b roaden ing of the range of investigated 
pressures. The relative compressibil i ty of water (against 
Al as the s t andard) has been obta ined at 1.4 TPa , tha t of 
qua r t z of different densities (1.75 and 1.35 g e m - 3 ) at 
pressures of 2.0 and 1.8 TPa , of po lymethyl methacry la te 

fThese are the methods in which two independent parameters, namely 
the mass (U) and wave (D) velocities, are measured and the remaining 
quantities (pressure P, density p, and shock compression energy E) are 
defined in terms of these parameters on the basis of laws of 
conservation. 

( C 5 H 8 0 2 ) n ( P M M A ) at 0.6 TPa , and of graphi te (C), rutile 
( T i 0 2 ) , rocksal t , a luminium, some rocks (granite, shale, 
dolomite) , and other mater ia ls ( including p o r o u s sub
stances) at relatively low pressures (up to 1 TPa) . 

The relative compressibil i ty of metals in the P b - C u -
Cd system was investigated in 1968 at 1.5 T P a [5] and then 
in 1970 at 5 TPa [6]. In 1970 the pressure 'ceiling' was 
increased for the F e - P b system to 5 . 2 - 5 . 8 T P a [6]. 
Measu remen t s of the compressibil i ty of p o r o u s metals — 
copper , iron, and tungsten [7], and of several other 
e l e m e n t s — w e r e carried out in 1 9 7 1 - 1 9 7 5 at te rapascal 
pressures. 

Since up to 1976 the energy of the test charges was no t 
limited, in m a n y cases it had proved possible to carry out 
measurements with the shock wave pa rame te r s of interest to 
us (at pressures of a few terapascals) at relatively large 
distances (up to 10 m) from the centre of the explosion, 
which simplified the in terpre ta t ion of the results and m a d e 
the measurements m o r e reliable. This was in par t icular due 
to the fact tha t at these distances the shock waves had a 
small curva ture and the pressure behind the front fell 
relatively little. 

1978 saw the first open publ ica t ion of the measurements 
of the compressibil i ty under the condi t ions of u n d e r g r o u n d 
nuclear tests, repor ted by the group of R a g a n III [8] 
work ing at the Los A l a m o s N a t i o n a l Labo ra to ry , which 
have been cont inued later [ 9 - 1 1 ] . The investigated ma te r i 
als have been basically the same as in our investigation. 

By the early eighties the 'ceiling' of the relative 
measurements in the l abora to ry has risen to 20 TPa (for 
the system in which F e was the s tandard , and Cu, Pb , and 
Ti were the investigated metals) [12]. The results obta ined 
were characterised by approximate ly twice the error tha t we 
had assumed previously and this was the main reason why 
the results were no t publ ished. 

A Chelyabinsk group repor ted in 1980 [13] on the 
relative compressibil i ty of Pb , S i 0 2 , Al, and H 2 0 at 
pressures up to 10 TPa . This was the first t ime tha t 
pressures of 10 T P a were exceeded. In subsequent years 
the same group raised the pressure 'ceiling' to record values 
of 700 TPa , which were reached in 1983 [14, 15]. The first 
da ta on the relative compressibil i ty of meta ls obta ined at 
the Livermore N a t i o n a l L a b o r a t o r y were publ ished in 
1983 [16]. Chinese scientists publ ished their results in 
1990 [17]. 

As al ready ment ioned , beginning from the early seven
ties, frequent a t t empts have been m a d e to determine the 
absolute compressibil i ty of one of the metals used in the 
l abora to ry as the s t andard (Fe, Al, Cu, M o ) . Some of these 
measurements were carried out in our l abo ra to ry by the 
decelerat ion me thod , which involved de terminat ion of the 
velocities of a striker p la te and of a shock wave created in a 
sample (made of the same mater ia l ) struck by the striker. 
These measurements have proved technically difficult 
because of the p rob lems encountered in ensuring a good 
symmetry (planar geometry) of flight of the striker plate , 
the need to reduce considerably the heat ing of this p la te by 
the shock wave, the use (sometimes) of radia t ion-s table 
sensors, etc. Nevertheless , some results were obta ined in 
these experiments . Three sets of the results will be described 
be low (the measurements were carried out in 1970 -1974) . 

In 1977 R a g a n III p roposed [8] a new me thod for 
de terminat ion of the absolute compressibil i ty and applied 
it to m o l y b d e n u m . The shock wave velocity in a sample was 



Shock compressibility of condensed materials in strong shock waves generated by underground nuclear explosions 1125 

deduced from light flashes cor responding to the emergence 
of the wave on cont ro l base surfaces. The mass velocity was 
measured by recording the shifts of the resonances of the 
interact ion between neu t rons and nuclei in the mov ing 
mater ia l , relative to the resonances in nuclei at rest, i.e. it 
was based on the Dopp le r effect. The source of high 
pressures was the energy of fission of the 2 3 5 U nuclei by 
the nuclear explosion neu t rons . The required symmetry of 
the shock wave was achieved by the adop ted configurat ion 
in which a slab of u r a n i u m irradiated with neu t rons was in 
contact with a sheet of mo lybdenum. Nevertheless , under 
real condi t ions , because of the uncer ta in ty abou t the 
dura t ion of the neu t ron pulse and abou t the var ious 
resonance b roaden ing mechanisms, the error in the deter
mina t ion of the mass velocity was abou t 5 % , which was too 
high for cal ibrat ion of the s t andard metal . 

In 1980 V A Simonenko and L P Volkov p roposed , and 
applied to a luminium, a different me thod for de terminat ion 
of the absolute compressibil i ty k n o w n as the y -marker 
me thod [18]. In this me thod the k inemat ic pa rame te r s of 
a shock wave were determined from the displacement of 
thin pellet-like layers, which were embedded in a sample 
and activated by the rad ia t ion flux. These pellets acted as y-
active t racers and their mo t ion was followed ( through 
special n a r r o w coll imator slits) by sensors in which the 
y r ad ia t ion was converted into a light flux. The velocity of 
the pellets was assumed to be equal to the mass velocity of 
a luminium and the wave symmetry was ensured by the 
geometry of the relative posi t ions of the measurement uni t 
and the explosive device. In some calculat ions it was 
necessary to t ake into account the heat ing of the inves
t igated mater ia l by the energy released when neu t rons were 
captured in the sample [18]. All this could result in some 
error . 

W e shall n o w consider the results of invest igations of the 
shock compressibil i ty (carried out by the relative and 
absolute methods) obta ined mainly in our l abora to ry 
and we shall compare them with the results of other 
au tho r s for the same mater ia ls and in the same range of 
pressures. The exper imental da ta are split into three 
sections. Section 2 conta ins the results of investigations 
at relatively low pressures, cor responding approximate ly to 
the l abora to ry range, i.e. be low 1 TPa . These are the results 
of the absolute measurements obta ined by the reflection 
me thod . Section 3 gives the compressibili t ies measured by 
the absolute m e t h o d s in the te rapasca l pressure range (up to 
10 TPa) . Section 4 deals with the results obta ined by the 
relative me thods . In the last case the range of pressures 
extends to gigantic values (hundreds of terapascals) . 

2. Measurements of the absolute compressibility 
of materials at pressures below 1 TPa 
In the measurements discussed be low the configurat ion 
cor responds to the requi rements of the reflection me thod in 
which the experimental ly determined states of shock 
compress ion of the shield and sample (in our experi
ments , this was the wave velocity D) and the E O S of the 
shield mater ia l are combined with certain cons t ruc t ions in 
the P-U d iagram and with the laws of conservat ion to find 
the pressure P = p0DU, the mass velocity U, the density 
p = p0D/(D — U), and the shock compress ion energy 
E = 0.5P(p-p0)/p0p. 

In the convent ional reflection me thod a shock wave is 
t ransmi t ted to a sample t h rough a shield m a d e of a 
s t andard metal . The majori ty of the measurements of 
the compressibil i ty of mater ia ls — rocks, rocksal t , p o r o u s 
copper and rutile, quar tz i te ( including porous ) , e t c . — h a v e 
been carried out in this geometry. 

In de terminat ion of the compressibil i ty of rocks under 
u n d e r g r o u n d explosion condi t ions it is preferable to use the 
' inverted ' reflection me thod [4] when a s tandard meta l is 
placed behind the investigated rock sample. In this case the 
state 2 of shock compress ion in the s t andard (Fig. 1) is 
reached by loading the rock from state 1 located on the 
wave ray P = p0DU. If the ad iaba t s of the s t andard and 
rock are similar, i.e. if AP = P 2 — P 1 is small, line 1-2 
almost coincides with the expansion ad iaba t of the s t andard 
from state 2 to the wave ray p0DU. The only s tandard meta l 
ensuring the proximi ty of the ad iaba t s in the studies of the 
compressibil i ty of the rocks is a luminium and it has been 
used by us as the shield in the inverted reflection me thod . 

U 

Figure 1. Schematic representation of the 'inverted' reflection method. 

Since the range of pressures under discussion does no t 
exceed tha t a t ta inable in the labora tory , measurements 
under the condi t ions of u n d e r g r o u n d explosions can be 
used to tackle specific p rob lems associated with the un ique 
condi t ions dur ing these experiments and, in par t icular , to 
carry out measurements on samples of thicknesses exceed
ing by one or m o r e orders of magn i tude those used in the 
labora tory . 

A m o n g the p rob lems requir ing exper imental investiga
t ion, the first has been the stability of the posi t ions of the 
shock ad iaba t s of mater ia ls tha t undergo phase t rans i t ions 
under the act ion of shock waves. This is a mat te r of the 
'scaling factor ' , governed by the rat io of the phase 
t rans i t ion t ime the characterist ic t ime of the interact ion 
of a shock wave with a sample. 

In the l abora to ry experiments , carried out on relatively 
thin samples (with thicknesses of the order of several 
millimetres), the ' frozen' states of a nonequi l ib r ium system 
of light and heavy phases can be identified immediately 
after the phase t rans i t ion and the posi t ions of the compres 
sion curves m a y in this case depend on t ime. If the react ion 
of format ion of a heavy phase cont inues behind the front of 
a shock wave, the longer dura t ions of the interact ion with a 
sample under the condi t ions of u n d e r g r o u n d explosions 
m a y drive the phase t ransi t ion closer to complet ion and 
p roduce a larger a m o u n t of the heavy phase . Consequent ly , 
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Table 1. 

Material p 0 / g c m - 3 Thicknesses of £ / s h / k m s _ 1 Parameters of compression of investigated material Reflection 
sample /mm method 

D/km s" 1 U/km s" 1 P / G P a p/g cm 3 

Quartzite 2.65 80 2.19 6.06 2.50 40.1 4.51 conventional 
80 3.01 7.49 3.32 66.0 4.76 
80 3.96 8.99 4.26 101.4 5.04 

500 6.92 13.60 7.09 256.0 5.54 inverted 
500 8.24 15.28 8.40 340.0 5.89 

Shale 2.77 500 2.08 6.40 2.29 41.0 4.31 inverted 
500 3.07 8.10 3.24 73.0 4.62 
500 4.23 9.75 4.41 119.0 5.06 
500 6.05 12.00 6.21 206.0 5.74 
500 9.07 16.32 9.06 410.0 6.23 

Dolomite 2.84 500 3.05 8.77 3.09 76.6 4.39 inverted 
500 2.21 7.72 2.24 49.1 4.00 

Graphite 1.878 70 3.26 8.13 3.97 60.6 3.67 conventional 

Rocksalt 2.16 50 3.59 8.94 4.10 79.17 4.00 conventional 

P M M A 1.18 80 0.73 4.61 1.10 5.99 1.55 conventional 

the posi t ion of the shock ad iaba t in the P-p p lane should 
shift in the direction of higher densities. 

Minera l s and rocks have been the first objects of 
measurements intended to check the scaling factor. It is 
k n o w n tha t the major i ty of these mater ia ls undergo phase 
changes at pressures of 1 0 - 4 0 G P a (mainly due to 
s t ructura l t ransformat ions) . These changes are manifested 
by a fairly s t rong increase in the density, a change in the 
slope of the shock ad iaba t , etc. The quest ion of stability of 
the pos i t ions of the shock ad iaba t s of these mater ia ls after 
phase t rans i t ions is no t only of scientific, bu t of major 
pract ical interest. 

A m o n g the minerals , the first to be investigated have 
been quar tz or, m o r e exactly, polycrystal l ine quartz i te , 
which consists a lmost entirely of quar tz . I ts compressibil i ty 
under the 'full-scale c o n d i t i o n s ' ! of u n d e r g r o u n d explosions 
is considered in Refs [4, 19]. 

Figure 2. Schematic representation of the experiments carried out by 
the reflection method in the course of underground explosions: 
(a) 'inverted' method; (b) conventional method. 

fThe term 'full-scale conditions' will be adopted here for the 
conditions in underground explosions. 

In the configurat ion shown in Fig. 2, experiments have been 
carried out in two var iants : the convent ional and inverted 
reflection me thods . The thickness of quar tz i te samples has 
been varied from 80 m m (convent ional m e t h o d ) to 500 m m 
(inverted method) . In all the exper iments carried out under 
the condi t ions of u n d e r g r o u n d explosions the diameters and 
thickness of the samples have been selected to avoid the 
influence of lateral un load ing waves on the pa rame te r s of 
the front of a shock wave in the zone where these waves are 
recorded. Alumin ium has been used as the s tandard meta l 
and up to pressures of 200 G P a (D ^ 12 k m s _ 1 ) its shock 
ad iaba t can be described by the following linear re la t ion
ship 

D/km s " 1 = 5.333 + 1.356tf/km s" 1 , 

which is used to convert the measured wave velocities to 
the other pa rame te r s of compress ion of a l u m i n i u m j 
Electr ic-contact sensors recording the t imes of the passage 
of a shock wave a long a sample by detectors with an error 
of 5 x 10~ 9 s have been used. (This system has been 
employed in the major i ty of our experiments.) Similar 
measurements have also been carried out on two other 
rocks: dolomi te and shale [20]. 

The results of invest igations of quar tz i te , dolomite , and 
shale are given in Table 1. They are compared in Fig. 3 with 
the results of the l abo ra to ry measurements . W e can see tha t 
they are in agreement . This is evidence tha t the scaling does 
no t influence the results of measurements . These results are 
impor t an t for the unde r s t and ing of the kinetics of phase 
t rans i t ions because the coincidence of the ad iaba t s obta ined 
in the l abo ra to ry and full-scale experiments proves the 
dominan t role of the front of a shock wave in the format ion 
of a new phase : this phase accumulates mainly at the front 
of the wave. 

J in the investigated range of pressures the expansion adiabats of 
aluminium starting from states on the shock adiabat coincide with the 
mirror image of its shock adiabat, and this is true of all the 
investigated materials considered in the present section (rocks, 
rocksalt, graphite, P M M A ) . 
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Figure 3. Comparison of the laboratory measurements of the 
compressibility of rocks (black dots) with the results obtained in the 
course of underground explosions (open circles): ( 7 ) shale; 
( 2 ) dolomite; (3) quartzite. 

The agreement of the da ta obta ined on the stability of 
the shock ad iaba t s of three different rocks (one of which is 
quartzi te) domina t ing m a n y minera l s tructures, shows tha t 
the p rob lem of the scaling factor and its influence on the 
pos i t ions of the shock ad iaba t s of rocks can be regarded as 
solved. 

One general comment should be made . The results 
obta ined in the measurements described above and later 
give the average wave velocities for the selected thicknesses 
of the investigated mater ia ls . In view of the wave a t t enua 
t ion in these experiments , the velocities are compared on the 
shared b o u n d a r y separat ing a pair of mater ia ls . The 
conversion from the average wave velocities in the samples 
to their ins tan taneous values at the b o u n d a r y is m a d e either 
by exper imental de te rminat ion of the wave a t t enua t ion in 
the investigated mater ia ls (measurements at several wave 
intensities) or by correct ions in the course of calculat ions. 
In some of the exper iments the condi t ions are selected so 
tha t the a t t enua t ion of a shock wave can be ignored i.e. so 
tha t the wave profile is practical ly u n d a m p e d . This will be 
ment ioned specifically in the discussion below. 

Graph i t e is ano ther mater ia l which is interest ing from 
the poin t of view of a possible influence of the scaling factor 
on the compressibili ty. Accord ing to Refs [21, 22], the 
posi t ion of the shock compress ion curve of graphi te (at 
pressures above the t rans i t ion to the d iamond- l ike phase) 
depends on the thickness of a sample. Accord ing to 
Ref. [22], graphi te becomes metallised at P > 55 G P a 
and this is accompanied by a s t rong increase in the 
density. A l though the incorrectness of this view is d e m o n 
strated in Ref. [21] on the basis of the results of 
measurements on samples of thicknesses 2 - 4 t imes greater 
t han those used by Alder and Chris t ian [22], it has been 
though t tha t an addi t iona l check of these results on even 
thicker samples under the condi t ions of u n d e r g r o u n d 
explosions would be useful. The results of an experiment 

p / T P a 
0.2 r 

Figure 4. P-p compression diagram of carbon based on the 
laboratory measurements, carried out on graphite samples with the 
initial densities 1.77 g c m - 3 ( 1 ) , 1.85 g c m - 3 ( 2 ) , 2.23 g c m - 3 (3), 
2.23 g c m - 3 (4, samples of greater thickness), and a diamond sample 
with an initial density 3.51 g c m - 3 ( 5 ) . The point identified by an 
asterisk was obtained in the course of underground explosions and the 
chain line is used for the shock adiabat taken from Ref. [22]. 

Figure 5. Shock adiabat of rocksalt. The designations of the points 
are the same as in Fig. 3. 

of this type are given in Table 1 and are compared with the 
da ta of Refs [21, 22] in Fig. 4. The posi t ion of the new 
poin t obta ined in this way suppor t s on the whole the results 
of Ref. [21] and demons t ra tes the existence, in this range of 
states, of only the d iamond- l ike modif icat ion of carbon . 

Table 1 and Fig. 5 give the results of de terminat ion of 
the shock compressibil i ty of rocksal t . The experiments have 
been carried out in the same way as in the case of graphi te . 
W e can see tha t there is no significant dependence of the 
posi t ions of the exper imental po in t s on the scale of the 
experiments (in the investigated range of pressures) . 

In the experiments on the shock compressibil i ty of 
P M M A a s tudy has been m a d e of a p rob lem related to 
the scaling factor, which is the decomposi t ion of organic 
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Table 2. 

Material Po/g c m 3 Thickness of 
sample /mm 

C /sh /km s 1 Parameters of compression of investigated material Particle size/urn Material Po/g c m 3 Thickness of 
sample /mm 

C /sh /km s 1 

D/km s" 1 U/km s" 1 P / G P a p / g cm 3 full-scale exp. lab. meas. 

Rutile 2.07 80 3.54 7.51 4.33 67.3 4.89 5 0 - 1 0 0 200 
2.04 75 2.41 5.43 3.14 34.8 4.84 
2.16 75 2.18 4.92 2.85 30.3 5.13 

Quartz 1.35 80 5.76 11.40 7.50 115.4 3.94 50 150 

Copper 2.23 70 1.95 3.84 2.68 22.9 7.38 10 10 
3.02 70 6.85 11.02 7.21 240.0 8.74 
2.88 70 4.31 7.20 4.70 97.4 8.29 

P / T P a 

- 3 

Figure 6. Shock adiabat of polymethyl methacrylate. The designations 
of the points are the same as in Fig. 3. 

substances by shock waves acting for different per iods . As 
in the preceding cases, the criterion of the occurrence of 
such react ions in exper iments carried out on different scales 
has been the relative posi t ion of the shock ad iaba t of the 
mater ia l . The compress ion pa rame te r s obta ined in these 
experiments are listed in Table 1. Fig. 6 demons t ra tes tha t 
the results agree with the l abora to ry experiments . 

Ano the r p rob lem tackled under the condi t ions of 
u n d e r g r o u n d explosions at relatively low pressures has 
been the influence of the ' roughness ' of the front of a 
shock wave in p o r o u s samples on the exper imental results. 
It is related to a check of the assumpt ion tha t the front 
roughness is governed by the dimensions of the individual 
part icles of the mater ia l and it affects par t icular ly the 
l abora to ry measurements carried out on small samples. 
A n increase in the dura t ion of compress ion in full-scale 
experiments (carried out on large samples) might give 
results differing from those obta ined in the l abora to ry . 

The compressibil i ty of p o r o u s samples of rutile ( T i 0 2 ) , 
quar tz , and copper has been determined in u n d e r g r o u n d 
explosions [23]. The convent ional reflection me thod has 
been used in these experiments: a sample has been placed 
behind an a luminium shield abou t 100 m m thick. A good 
symmetry (planar shock waves) has been main ta ined: in a 
region with linear dimensions of 800 m m (which is an area 
in a rock occupied by the a luminium shield) the differences 

between the t imes of emergence of a wave have been within 
the r a n g e t ^ 1 0 " 7 s. 

The results of measurements and the characterist ics of 
the investigated samples are listed in Table 2 and are also 
p resen ted} in Fig. 7. W e can see tha t for all these substances 
the results of the l abora to ry measurements are in good 
agreement with the full-scale experiments (in the case of 
rutile the exper imental po in t s are compared with the 
posi t ion of the calculated ad iaba t given in Ref. [25]). W e 
can therefore assume tha t , within the limits of the part icle 
dimensions and the pa rame te r s of shock waves in these 
experiments , the process of compress ion of p o r o u s samples 
is of a steady na tu re . The dimensions of the part icles in the 
l abora to ry [ 2 3 - 2 6 ] and u n d e r g r o u n d measurements have in 
some cases differed severalfold. 

It can thus be seen tha t measurements of the compres 
sibility of these mater ia ls with the aid of s t rong shock waves 
generated in u n d e r g r o u n d explosions confirm the stability 
of the shock ad iaba t s of the mater ia ls , i.e. tha t the posi t ions 
of these ad iaba t s in the P-p p lane are independent of the 
dimensions of the part icles of which these mater ia ls are 
composed and they are also independent of the dimensions 
of the samples themselves. 

3. Investigations of the absolute compressibility 
of materials at pressures above 1 TPa 
The feasibility of expanding the range of 'work ing ' 
pressures in measurements of the shock compressibil i ty 
of mater ia ls is, in the final analysis, governed by the 
precision of recording the k inemat ic pa rame te r s of shock 
waves [6] and, at the current technical level, it is limited to 
10 TPa . At higher shock pressures the error in the 
de terminat ion of the pa rame te r s of shock waves increases 
so much tha t the errors in finding the density m a y become 
comparab le or even greater t han the difference between the 
pos i t ions of the shock ad iaba t s calculated on the basis of 
some par t icular theoret ical models . Therefore, the task of 
selection of the theoret ical mode l of a mater ia l closest to 
reality has presented a p rob lem to invest igators right from 
the beginning of the work at u l t rahigh pressures. This 
p rob lem is discussed in the first pape r s on the compres 
sibility of mater ia ls determined under the condi t ions of 
u n d e r g r o u n d nuclear explosions [3, 4, 6] and it has been 
tackled repeatedly in subsequent publ ica t ions [12, 14, 15]. 

fThis value applies also to other measurements reviewed here. 
jHere and later the numbers added to the velocities U and D indicate 
a shift of the velocity coordinate by this number (in kilometres per 
second). 
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D/km s - 1 
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Figure 7. D-U diagrams of porous samples of rutile (1,2), 
quartz (3), and copper (4, 5 ) . The designations of the points are the 
same as in Fig. 3. The dashed line represents conversion from the 
initial density of 2.6 g e m - 3 (7 , laboratory experiment) to 
2.05 g c m - 3 ( 2 ) . 

In the case of the shock ad iaba t s the app roach is as 
follows. There is a range of exper imental da ta on the 
compressibil i ty obta ined under the condi t ions of validity 
of the absolute me thods . There was also calculated shock 
ad iaba ts , derived on the basis of a selected theoret ical 
mode l regarded as the closest to reality on the basis of some 
criteria. These exper imental da ta and the shock ad iaba t s are 
linked by an in terpola t ion dependence, which thus defines 
the shock ad iaba t of the mater ia l in the range of pressures 
needed to tackle the general physics and applied aspects of 
the p rob lem. 

In the first years of the studies under the condi t ions of 
u n d e r g r o u n d nuclear explosions the main source of infor
ma t ion on the t h e r m o d y n a m i c proper t ies of elements at 
u l t ra-high pressures (above 10 TPa ) has been the T h o m a s -
F e r m i (TF) statistical mode l of electrons in a m o n a t o m i c 
ideal gas of nuclei. Therefore, in pract ice there has been no 
p rob lem of selection of the mode l for u l t rahigh pressures. 
The task has been limited to the selection of a s t andard 
mater ia l for which the simplest in terpola t ion between the 
l abora to ry and calculated range of u l t rahigh pressures has 
been adopted . This si tuat ion has arisen because at the t ime 
the only me thod for investigating the compressibil i ty has 
been tha t of relative measurements . Since the reliability of 
statistical calculat ions based on the TF mode l increases 
with a tomic number Z of an element, in the first investiga
t ions the s t andard mater ia l has been lead, which is a 

relatively heavy meta l with a large value of Z and a shock 
ad iaba t which can be interpolated qui te simply and 
sufficiently reliably between the experiments and calcula
t ions. This selection has proved successful also because lead 
is an easily compressible mater ia l and the error in 
de terminat ion of its density depends , as shown in an 
analysis in Ref. [3], on the degree of compress ion of the 
s t andard (which decreases on increase of the compress i 
bility). 

The results publ ished in Refs [ 3 - 6 ] have been analysed 
by in terpola t ion to the range of states determined by the TF 
model . The mode l has been improved subsequent ly by wha t 
are k n o w n as the q u a n t u m and exchange correct ions [27] 
and by tak ing into account the nonidea l na tu re of the nuclei 
(as is done , in par t icular , in Ref. [28]). In this app rox ima
t ion it is k n o w n as the T h o m a s - F e r m i quan tum-cor rec ted 
( T F Q C ) model . This mode l is statistical and it predicts 
m o n o t o n i c dependences of the t h e r m o d y n a m i c charac ter 
istics on the a tomic number Z . 

The relative simplicity of the T F Q C mode l has m a d e it 
widely popu la r in the descript ion of the asymptot ic p a r a m 
eters of mater ia ls at high energy concent ra t ions , including 
the effects of shock compress ion of metals . In our 
calculat ions of the shock ad iaba t s by the T F Q C method , 
the initial condi t ions ahead of the front of a shock wave 
have been the initial density of the mater ia l p 0 , the initial 
pressure P0 = 0, and the initial energy of the mater ia l E0 

(assumed to be equal to the exper imental value of the 
subl imat ion energy with the reversed sign). 

The T F Q C mode l ignores the shell s t ructure of the 
a tomic electron. W h e n this s t ructure is t aken into account 
for mater ia ls subjected to pressures near the limiting values 
and to s t rong heat ing, consecutive ionisat ions of the shells 
should give rise to smooth oscillations of the t h e r m o d y 
namic functions relative to m o n o t o n i c statistical 
dependences predicted by models of the T F Q C type. 
Such oscillations are obta ined on appl icat ion of the 
H a r t r e e - F o c k model , which takes into account the 
exchange interact ion in the Slater approx imat ion (HFS) , 
the modified H a r t r e e - F o c k - S l a t e r ( M H F S ) model , the 
self-consistent field (SCF) model , and several others . The 
last two models are current ly most t ho rough ly developed. 
They have been used to calculate the t h e r m o d y n a m i c 
functions and the shock ad iaba t s of some metals (mainly 
used as s tandards) : Al, Pb , Fe . 

The M H F S mode l [29] provides a number of a p p r o x 
imat ions to the H F S mode l and these simplify greatly 
quan tum-mechan ica l calculat ions. These approx ima t ions 
reduce to the two main simplifications: 
(i) it is assumed tha t electrons can be described by the 
average a tom approx imat ion ; 
(ii) a quasiclassical account is t aken of the cont r ibut ion of 
the highly excited electrons (for which q u a n t u m calcula
t ions are a lmost impossible), which leads to the appea rance 
in this mode l of wha t is k n o w n as the semiclassical 
spectrum limit, which in a certain sense can be used in the 
var ia t ion of calculated dependences . 

Bo th models ( H F S and M H F S ) are the next step in the 
development of the mode l ideas tha t al low for the q u a n t u m -
mechanica l effects. 

The SCF m o d e [30] differs from the M H F S mode l [29] 
by the quasi- ionic approx imat ion : 
(i) the edges of the energy b a n d s (both upper and lower) 



1130 R F Trunin 

P / T P a 

Figure 8. Compression diagrams of aluminium plotted on the basis of 
different models: ( 7 ) TFQC [27, 28]; ( 2 ) M H F S [29b]; (3) M H F S 
[29c]; (4) I N F E R N O [35]; ( 5 ) ACTEX [34]; (6) M H F S [29a]; 
( 7 ) SCF [30]. 

are found by equat ing to zero the wave function and its 
derivative; 
(ii) the density of states in each b a n d is equivalent to tha t 
obta ined by filling the states with free electrons. 

The M H F S and the SCF models have evolved from very 
s t rong (sometimes unphysical) oscillation ampl i tudes , p r e 
dicted by the first investigations, to relatively weak oscilla
t ions predicted m o r e recently (the SCF mode l is discussed in 
Refs [30-32] ) . There has been also a change in the predicted 
compress ion curves (see, for example, the pos i t ions of the 
ad iaba t s predicted by the M H F S mode l and shown in 
Fig. 8). 

W e cannot exclude the possibili ty tha t improvements in 
these models will result in a further reduct ion in the 
oscil latory effects and tha t shock ad iaba t s at pressures 
above 10 T P a will ' converge ' to the statistical mode l of the 
TF type. 

Those discussed above and other available shell m o d 
els [ 3 3 - 3 5 ] differ considerably in respect of the predicted 
pos i t ions of the shock ad iaba t s and also (in some cases) in 
respect of the ampl i tudes and phases of the oscillations (see 
Fig. 8). If we bear in mind tha t these differences are 
governed no t only by the electronic bu t also by the ionic 
interact ions, we find tha t addi t iona l changes in the 
pos i t ions of the shock ad iaba t s is possible, depending on 
the inclusion of the cont r ibut ion of the ionic c o m p o n e n t s ! . 

In view of this the selection of the mode l of mat te r has 
been one of the fundamenta l p rob lems in the exper imental 

fThis applies also to the statistical models. 

invest igations at u l t rahigh pressures. To solve this p rob lem 
(and also to obta in a m o r e reliable in terpola t ion between 
the calculated and l abora to ry ranges of investigations), it is 
desirable to reduce the in terpola t ion interval, i.e. to extend 
the compressibil i ty invest igations of mat te r by the absolute 
m e t h o d s to the highest possible pressures (natural ly, subject 
to the limits set by the precision of de terminat ion of the 
k inemat ic pa rame te r s of shock waves). This applies pa r t i c 
ularly to the investigations of the s t andard metals by the 
reflection me thod . 

The pressures of the order of 1 T P a reached under the 
l abora to ry condi t ions [26, 36, 37] are close to the m a x i m u m 
at ta inable . It is realistic to expect an increase in these 
pressures by 3 0 % - 4 0 % , which does no t m a k e a funda
menta l difference to the p rob lem in hand . 

A considerable increase in pressure (by a factor of 5 -
10) has become possible under the condi t ions of unde r 
g round tests of nuclear explosive charges. As poin ted out 
already, over a number of years var ious g roups of 
invest igators in Russ ia and the U S A have been measur ing 
the absolute compressibil i ty of the s tandard metals . In the 
U S A these measurements have been carried out on M o 
(Ragan III ) and in Russ ia on Al (in V A S imonenko ' s and 
our laborator ies) and on F e (our l abora tory) . The absolute 
measure-ments of the compressibil i ty of i ron, mo lybdenum, 
and a luminium will be described below. At this stage we 
should no te tha t , in tackl ing the task of reducing the range 
of pressures employed in the in terpola t ion between the 
calculated and exper imental ranges of values, a ' shor t 
coming ' of the measurements on M o and Al is the 
relatively small increase in the pressure compared with 
the l abora to ry values: in the case of M o it is approximate ly 
a factor of 2 and for Al the increase is a factor of 3.5. 
Measu remen t s of i ron are free of this ' shor tcoming ' and the 
m a x i m u m pressures in the compress ion of this element have 
reached 10 T P a [38, 39], i.e. these pressures are 8 - 9 t imes 
greater t han the l abora to ry values. 

3.1 Adiabats of metals used as reference standards 
3.1.1 Shock compressibility of iron at pressures of 4 -
10 TPa 
Before repor t ing the results of the de terminat ion of the 
compressibil i ty of iron at pressures of 4 - 1 0 TPa , let us 
consider the requi rements which a s t r i k e r - t a r g e t system 
must satisfy. The main requi rements are [38, 39]: 
• a relatively weak shock-wave heat ing of the striker in the 
process of its accelerat ion; 
• the velocity of the striker p la te (at the m o m e n t of impact) 
close to twice the mass velocity of the shock wave in the 
target : W = 2U; 
• the a t t a inment by the striker of a velocity close to 
W = const near the target ; 
• the conservat ion of cont inui ty of the striker p la te dur ing 
its flight and a satisfactory symmetry of the striker p la te 
and of the shock wave in the target ; 
• the absence of hea t ing of the striker and target by the 
rad ia t ion generated dur ing a nuclear explosion. 

Fig. 9 shows two var ian ts of an acceleration system 
which, on the whole , satisfies these condi t ions . The 
geometry of these var iants has been selected in a series 
of pre l iminary calculat ions involving opt imisat ion of the 
condi t ions dur ing measu remen t s} . In these calculat ions, all 

jThese calculations were carried out by M A Podurets. 
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'Target (Fe) 

striker {t Q) 

Plastic foam / /Shield (Fe) 

Target (Fe) 

Figure 9. Two variants of an acceleration system for the determination of the shock compressibility of iron by the deceleration method. 

the processes from the explosion of a nuclear charge (and its 
real energy release) to the p ropaga t i on of a shock wave in 
the target are included. D u r i n g the gasdynamic stage of 
mo t ion of shock waves an E O S of the M i e - G r u n e i s e n type 
is used. The E O S for the plast ic foam used in these 
experiments is assumed to be tha t of an ideal gas with 
the po ly t rope exponent y = 5 /3 and the initial density 
p 0 = 0.03 g c m - 3 . 

The equali ty W = 2U may, strictly speaking, be reached 
only in the course of smooth heating-free acceleration of the 
striker if its cont inui ty is conserved. In fact, there are 
deviat ions from this equali ty and they are pr imar i ly due 
to the heat ing of the striker p la te by a shock wave and due 
to the action of the evapora ted-mat te r pressures on its rear 
side. 

In the system shown in Fig. 9a [38] (the system in 
Fig. 9b has similar pa rame te r s [39]), the main charac ter 
istics ob ta ined by calculat ion are as follows: the ampl i tude 
of the first shock wave in a steel striker is P ^ 0.5 T P a (with 
the cor responding t empera tu re T0 ^ 2 x 10 4 K ) and the 
average density at the m o m e n t of impact on the target is 
p = 1.05p0. This value is due to the push impar ted to the 
striker p la te by the evapora ted 'explosion p r o d u c t s ' . U n d e r 
real condi t ions it is pract ical ly impossible to avoid this push 
and also eliminate other factors tha t result in a deviat ion of 
W from 2U; they have to be t aken into account . Therefore, 
the acceleration system selected in the calculat ions should 
ensure tha t the equali ty W = 2U(D) is approached as 
closely as possible; here, D is the average velocity of the 
shock wave in the target . The values of D and W are 
determined experimentally. The function U{5) cor responds 
to the E O S of iron used in the calculat ions. 

In the calculat ions, the criterion of opt imal i ty of the 
selected system is the pa ramete r a = U(D)/W. U n d e r ideal 
condi t ions , when W = 2U, this pa rame te r is a = 0.5 and 
we have U(D) = 0.5 W. U n d e r real condi t ions a system can 
be regarded as op t imal when the deviat ion of a from 0.5 
does no t exceed 0.5% - 1 . 0 % , because then the inaccuracy 
of the exper imental de te rminat ion of the k inemat ic p a r a 
meters usually exceeds the errors due to nonop t ima l i ty and 
there is no need to in t roduce no t qui te reliable calculated 
correct ions. 

Fig . 10 shows, by way of example of the acceleration of 
a steel striker plate , the dependence of W on the distance x 
for the system shown in Fig. 9a. D u r i n g the initial stage of 
mo t ion the velocity of the striker p la te changes abrupt ly 

W / k m s" 

30 -

20 -

10 -

0 I I I I 

600 700 800 900 x / m m 

Figure 10. Acceleration of a steel plate illustrated by the dependence 
W(x). 

because fairly s t rong waves reflected from the rear side of 
the pla te reach the front surface. The ampl i tudes of such 
waves decrease in the course of mot ion , which becomes 
smooth , and eventually reaches the W = const regime. 
A b o u t 90% of the velocity W is acquired by the striker 
p la te dur ing the initial stage of mot ion , which represents 
abou t 20% of the to ta l dis tance travelled. 

In this system the striker velocity near the target is 
Wcaic = 36.32 k m s - 1 . The calculated average wave velocity 
in the target is D = 29.1 k m s _ 1 and, consequently, 
U(D) = 18.1 k m s - 1 . Therefore, the calculated value is 
W = 2U(D) with a = 0.498, i.e. the system is quite 
opt imal . The correct ion for the difference between W 
and 2U (at the front of the wave) is small and, on the 
basis of our conclusion tha t the system is opt imal , it can be 
ignored. 

W e shall n o w consider two other experiments carried 
out us ing the var iant shown in Fig. 9b. In the first of these 
experiments the calculat ion pa rame te r s have been found to 
be close to those obta ined in the var iant shown in Fig. 9a. 
In the second experiment a much m o r e powerful source of 
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shield 

Electric-contact sensors 

Figure 11. Experimental velocities of steel plates and of shock waves 
in targets subjected to pressures of 4.1 TPa (a), 5.5 TPa (b), and 
10.5 TPa (c). 

energy has been used and it has been possible to reach, for 
approximate ly the same (in respect of the distances) 
configurat ion of the measur ing system as in the preceding 
cases, pressures of shock compress ion in iron approximate ly 
twice as high as in the preceding two experiments . 

W e shall n o w give some calculat ion pa rame te r s for the 
system under discussion. The pressure of a shock wave in 
the g round (before reaching the measur ing area) is abou t 
2.5 T P a and the pressure of the first wave in a steel striker 
p la te is 0.4 TPa , which is even slightly less (because of the 
larger air gap) t han in the system shown in Fig . 9a. In the 
absence of a plastic foam spacer the pressure in the striker 
p la te is abou t 1.3 TPa . Before impact this p la te reaches a 
near -cons tan t velocity. The pa ramete r is a = 0.503, i.e. the 
selected system is near -opt imal . 

The velocities are measured by electric-contact sensors 
[38], represent ing pin electrodes separated from a meta l 

Table 3. 

curren t -conduct ing shield by an air gap abou t 1 m m thick. 
The passage of a shock wave causes b r e a k d o w n in the gap 
and this is recorded on a screen of a fast-response 
oscilloscope. The sensors are located at several distances 
a long the direction of mo t ion of the striker plate . A separate 
group of sensors is used to record the wave velocity. 
Between two and four sensors are used at each distance. 

The d iagrams shown in Fig. 11 represent the experi
men ta l da ta p lo t ted in te rms of the coordina tes of the 
distance travelled and t ime. The left-hand side of each 
g raph represents opera t ion of the electric-contact sensors 
recording the flight of the striker (velocity W) and the r ight-
h a n d side represents the results obta ined by the sensors for 
the velocity of the shock wave in the target . W e can see 
from these g raphs tha t the smallest exper imental deviat ions 
from the average values of W and D occur in the experiment 
described by Fig. 11a, for which the k inemat ic pa rame te r s 
cor respond to the pressure of P = 4.13 TPa . 

In the other two experiments the differences between 
the separate exper imental po in t s from the average values of 
D and W are somewhat larger and this is clearly related to 
the deviat ion of the accelerated striker from the p lane 
geometry. Moreover , in these exper iments some of the 
exper imental da ta have been lost, result ing in addi t iona l 
difficulties in the in terpre ta t ion of the results obta ined and, 
consequently, in a greater error in the de terminat ion of the 
shock-wave pa rame te r s of compressed iron. 

It follows from the d iagrams in Fig. 11 tha t there is a 
good agreement between the k inemat ic pa rame te r s of 
mo t ion W and D at the s t r i k e r - t a r g e t interface. F o r a 
system with the m a x i m u m pa rame te r s (P = 10 TPa ) the 
value of W at the impact interface between the striker and 
the target is obta ined by a small ex t rapola t ion of the 
average values of W (in the middle of the recorded 
interval) , in which the calculated na tu re of the acceleration 
of the striker is used. 

The exper imental results are presented in Table 3. They 
are compared in Fig. 12 with the results of the absolute 
measurements of the compressibil i ty of iron under l abo 
ra to ry condi t ions [36, 37, 40, 42] and with the results of the 
relative measurements [3*, 5*, 10, 17] obta ined under full-
scale condi t ions (the asterisks indicate an analysis of the 
results given in the cited papers) . Fig . 12 illustrates a 
smooth t ransi t ion of the ad iaba t from the l abora to ry 
measurements to high pressures. The slope D'v of the 
ad iaba t changes from 1.59 to 1.24 (this change in the 
slope occurs near D = 13 k m s _ 1 ) . The value D[j = 1.2 
is k n o w n to be typical of the range of u l t rahigh pressures 
predicted by the theoret ical models [27, 28]. In the range of 
the m a x i m u m pa rame te r s the results of the absolute 
measurements are in satisfactory agreement with the 
relative measurements . In this connect ion it should be 
ment ioned tha t the relative results [3, 5] have been 
obta ined for the P b - F e measur ing systems, in which 
lead is used as the s t andard metal . 

Exp. config. Wx/km s - 1 W2/km s - 1 Wm/km s - 1 D/km s - 1 U/km s - 1 P / T P a p/g c m - 3 a = p/p0 

Fig. 11a 36.5 36.5 36.5 ± 1.0 28.85 ± 0 . 7 18.25 4.13 21.34 2.72 
Fig. l i b 42.7 42.7 42.7 ± 1.2 3 2 . 4 ± 0 . 8 21.35 5.42 22.99 2.93 
Fig. 11c 48.6 58.8 60.8 ± 2 . 5 43.5 ± 1.0 30.60 10.50 26.50 3.37 
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Figure 12. D-U diagram of iron based on absolute measurements: 
( 7 ) in the laboratory; ( 2 ) and (3,4) full-scale experiments involving 
relative measurements, reported in Refs [3, 5] and [10, 17], respectively; 
( 5 ) absolute measurements. The continuous curve represents the 
experimental dependence, the chain curve corresponds to the SCF 
model, the dashed curve gives the results based on the M H F S model, 
and the dotted curve represents the TFQC model. 

The agreement between the absolute and relative results 
confirms the correctness of the selected in terpola t ion 
dependence. Accord ing to the absolute measurements of 
the compressibil i ty of iron, the results obta ined indicate a 
quadra t i c relat ionship between the wave and mass veloc
ities 

D/km s " 1 = 3.99 + 1.463U/km s " 1 

- 5 . 6 2 x 1 0 _ 3 ( £ / / k m s " 1 ) 2 , 

p 0 = 7.85 g c m - 3 , 

which is valid when U > 8 k m s - 1 . 
At high pressures reached under the condi t ions of 

u n d e r g r o u n d nuclear explosions, the exper imental results 
can be represented satisfactorily by a linear relat ionship 
between the velocities: 

D/km s " 1 = 6.41 + 1.213 U/km s " 1 , D > 18 k m s" 1 . 

The ad iaba t cor responding to the above relat ionship has 
been used in the in terpre ta t ion of the major i ty of the results 
of the full-scale experiments in which iron has been 
employed as the s tandard metal . 

In addi t ion to the exper imental D-U re la t ionship, 
Fig. 12 gives also the cor responding calculated results 
obta ined on the basis of the S C F , M H F S , and T F Q C 
models . In this case (the results for iron plot ted as the D-U 
dependences) the first two models give results close to the 
exper imental values and the calculat ions based on the 
T F Q C mode l coincide with experiments . If the selection 
of the calculation mode l suitable for higher pressures is 
ignored for the m o m e n t , it is possible to conclude tha t at 

pressures in this range (10 T P a for i ron) , the q u a n t u m -
statistical T F Q C mode l is preferable to the other two 
models . 

The results obta ined in invest igations of the shock 
compressibil i ty of iron at u l t rahigh pressures solve the 
p rob lem of the relative n a t u r e of the measurements 
m a d e on m a n y metals in a p p a r a t u s in which the shield 
is m a d e of iron [3, 5, 6]. In the reflection me thod these 
measurements become absolute . 

One further conclusion can be d rawn from these 
experiments . The linear relat ionship between D and U 
for iron, obta ined in a fairly wide range of these two 
pa rame te r s (the cor responding m a x i m u m pressures are 
10 TPa) , means tha t up to these pressures there are no 
significant deviat ions from the m o n o t o n i c shock adiaba t . 

3.1.2 Shock compressibility of aluminium at terapascal 
pressures 
In invest igat ions of the compressibil i ty of relatively ' l ight ' 
mater ia ls ( p 0 < 4 g c m - 3 ) , the s tandard mater ia l in the 
reflection m e t h o d is a luminium, which is a meta l with a 
density similar to the density of these mater ia ls . The 
compressibil i ty of a luminium has been investigated on 
n u m e r o u s occasions in the l abo ra to ry (see, for example, 
Refs [26, 40, 42, 51 ]) at pressures up to 0.5 TPa , which at 
present represent the limit for such light mater ia ls . 

U n d e r the condi t ions of nuclear explosions, the pressure 
'ceiling' of the absolute measurements has been raised to 
1 .0-1 .7 T P a [43, 44] (estimates of the compressibil i ty have 
been obta ined also at 3.0 T P a [44]). The relative compres 
sibility of a lumin ium has been studied up to pressures of 
24 T P a [15]. 

The absolute compressibil i ty can also be determined by 
a new me thod [18], which is k n o w n as the y -marker 
me thod . As poin ted out earlier, in this m e t h o d the velocity 
of the shock wave and the mass velocity of the mo t ion of 
mat te r are found with the help of y-active pellet-like 
marke r s embedded in the investigated mater ia l . The 
passage of these marke r s t h rough certain fixed posi t ions 
is recorded by means of y-ray detectors . In this me thod it is 
necessary to solve a number of scientific and technical 
p rob lems which are discussed in detail in Ref. [44]. One of 
the mos t impor t an t is the selection of the y-active marke r 
mater ia l . In the case of a luminium the marker mater ia l has 
been europ ium (usually in the form of europ ium oxide 
E u 2 0 3 ) , because its nuclei have a radiat ive capture cross 
section which is approximate ly 10 3 t imes higher t han the 
cor responding cross section of a lumin ium. Consequent ly , 
the activity of the y-ray source is sufficient for reliable 
detection (against the b a c k g r o u n d activity). 

One further p rob lem is the correct a l lowance for the 
pre l iminary (before the arr ival of a shock wave) heat ing of 
the investigated sample by the p r imary flux of neu t rons and 
y rays from the marker , which can sometimes alter 
significantly the initial state of a luminium (for example, 
in the measurements repor ted in Ref. [44] the density of 
a luminium has decreased by 5% - 1 0 % ) . 

Specific a l lowance for the energy spectrum of neu t rons 
makes it possible to 'delay ' the arr ival of a shock wave in a 
sample so as to ensure sufficient t ime for the mode ra t i on of 
high-energy neu t rons to energies E ^ 100 eV, which are 
op t imal for the (n, y) react ions in europ ium. 

Final ly, one should poin t out the need to consider in the 
calculat ions such p h e n o m e n a as the t ransient na tu re of the 
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shock wave, the pe r tu rba t ion of its front by inhomogene -
ities associated with the presence of the markers , etc. 

The results of three exper imental de te rmina t ions of the 
compressibil i ty of a luminium are given in Ref. [44]. Two of 
these experiments , carried out under the same loading 
condi t ions , have yielded similar and mutua l ly conf i rmatory 
results (Table 4). The third experiment , carried out at much 
higher ampl i tudes of the shock waves (P w 3.2 T P a ) , is of a 
quali tat ive na tu re because of the large (about 10%) errors 
in the velocities. 

Table 4. 

Exp. N o . D / k m s" 1 [ / /km s" 1 P / T P a G = p/pQ Ref. 

D / k m s" 

24.2 ± 0.7 15.1 ± 0.4 
23.4 ± 0.6 14.5 ± 0.3 
40.0 ± 5.0 30.0 ± 2.0 
30.5 ± 0.7 21.0 ± 0.6 

0.99 ± 0.03 2.65 ± 0 . 1 [44] 
0.93 ±0 .02 2.63 ± 0 . 7 [44] 
3.20 ± 0 . 5 3.90 ± 1 . 2 [44] 
1.73 ± 0 . 0 7 3.21 ± 0 . 2 [43] 

In the late seventies our group also carried out measu re 
ment s of the compressibil i ty of a luminium [43] by a m e t h o d 
similar to tha t described in Ref. [44]. The main difference 
has been our use of a m o r e powerful energy source of (n, y) 
rad ia t ion , which has m a d e it possible to increase the 
distance to the explosion source and thus reduce the 
influence of some of the factors which hinder in terpre ta
t ion of the results. Fig . 13 shows the configurat ion used in 
the measurements , which is generally similar to tha t 
described in Ref. [44]. 

A n a luminium block ( 7 ) consists of three disks (a 
shield, a base disk 10 m m thick, and a subst ra te 100 m m 
thick) placed on an area oriented perpendicular to the 
direction t owards the centre of energy release and separated 
from it by several metres . A wall consist ing of a c e m e n t -
sand mixture is placed between the explosive charge and the 
a luminium block. Since the a lumin ium block does no t 
contain marke r s which could be used to judge the 
symmetry of the shock wave, this symmetry is ensured 
by careful a l ignment of the block and by the homogene i ty 
of the spacer mater ia l . 

In exper iments of this kind the average wave velocity D 
is found from the t ime taken by the wave to travel between 
two marke r s ( 2 ) and the mass velocity is found from the 
cor responding t ime of passage of the first marke r t h rough 
b o t h coll imating slits ( 4 ) . The results of these measure 
ments , which include small correct ions for the t ransient 
na tu re of the process , are given in Table 4 alongside the 
da ta taken from Ref. [44]. They are also plot ted in Fig. 14, 

A 
W//M mm, 
HP mm W//////A 

Shock-wave front 

Figure 13. Schematic representation of the measurements carried out 
by the y-marker method: ( 7 ) aluminium block; ( 2 ) marker pellets; 
(3) collimating device; (4) collimator slit; ( 5 ) photodetector. 

U/km : 

Figure 14. D-U diagram of aluminium based on the laboratory 
experiments ( 7 - 6 ) and those carried out under the conditions of 
underground explosions: ( 7 - 1 0 ) absolute measurements; ( 7 7 , 7 2 ) 
relative measurements. The ellipses of possible variants in the analysis 
of the experimental results [15] are shaded. The chain curve represents 
the results of interpolation based on Ref. [45] and the dashed line gives 
the calculations based on the TFQC model. 

where they are compared with the results obta ined in 
nuclear test explosions [11, 15, 44, 45]. W e can see tha t 
the results obta ined by the y-marker me thod are in m u t u a l 
agreement and they are close to the da ta repor ted in 
Refs [11, 15]. The latter are of a relative n a t u r e and their 
posi t ion is governed by the selected shock ad iaba t of the 
shield. F o r example, in the case of a luminium it follows from 
Ref. [15], where the shield was m a d e of i ron (according to 
Refs [30, 46]), tha t a small deviat ion from the absolute 
measurements is related to the somewhat ' ha rde r ' ad iaba t 
of iron (compared with the T F Q C mode l used in the 
in terpola t ion of our experiments) . 

The da ta repor ted in Ref. [45] deviate in a similar 
manner . In b o t h cases the deviat ions are no t so large 
and they are less t h a n the likely exper imental errors in 
the range of pressures needed in the subsequent analysis. If 
we consider only the wave-velocity range 
80 k m s _ 1 > D > 11 k m s - 1 , we can represent the shock 
ad iaba t of a luminium in te rms of the D- U coord ina tes by a 
straight line, which on the average fits the exper imental 
results (D and U are in ki lometres per second): 

D/km s " 1 = 5.90 + \A9U/km s " 1 , p 0 = 2.71 g c m " 3 . 

W e shall consider separately the results obta ined for 
a luminium at lower pressures. This is mainly the range of 
the l abo ra to ry experiments (P < 1 T P a ) , a l though it 
includes a number of measurements carried out dur ing 
nuclear explosion tests. 

The shock ad iaba t of a luminium obta ined from an 
analysis of all the k n o w n da ta in the range of pressures 
of interest to us is given in Ref. [24]. It is reproduced in 
Fig. 14 together with the exper imental results (both those 
carried out in the l abora to ry and dur ing u n d e r g r o u n d tests), 
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on a larger scale in the right lower corner of the figure. This 
is the least certain pa r t of the D-U d iagram of a luminium 
where the difference between the individual exper imental 
results is the largest. W e can see tha t the average a luminium 
ad iaba t describes all the results. However , the deviat ions of 
some of the exper imental po in ts from this average ad iaba t 
lie outs ide the usua l ( 1 % - 1 . 5 % ) error in the velocities. This 
applies par t icular ly to the da ta t aken from Refs [49, 51]. 
Judging by their overall posi t ion relative to the ad iaba t 
( including its low-pressure par t ) , the results given in 
Ref. [49] do no t satisfy the usua l requi rement of 
precision and this m a y be due to an unsat isfactory 
symmetry of the spherical device [49] or insufficiently 
r igorous est imates of the correct ions for the t ransient 
na tu re of the wave velocity. 

The small thickness of the samples (fractions of a 
mill imetre) used in the s tudy described in Ref. [51] could 
no t have ensured the necessary high precision of the 
measurements , so tha t these results (apar t from the poin t 
cor re-sponding to the m a x i m u m paramete rs ) differ from the 
remainder also by a steeper dependence (D'u W 1.4 instead 
of 1.2). This is evidence of a small systematic error in these 
results. 

The indeterminacy of the posi t ion of the exper imental 
po in t s t aken from Refs [26, 27] is related to the different 
values of the correct ions for the shock wave a t t enua t ion and 
it t hus represents the real precision of these series of 
experiments . The results repor ted in Refs [48, 52] are 
characterised most p robab ly by the same precision and, 
if a somewhat different app roach is adop ted to their 
in terpre ta t ion , these results can be m a d e m o r e reliable. 

W e shall n o w consider the results given in Ref. [15]. 
They have been obta ined in u n d e r g r o u n d explosions by the 
reflection me thod . A n iron shield has been used and its 
ad iaba t has been determined on the basis of the da ta of 
Refs [38, 39, 41]. The compress ion pa rame te r s of a lumin
ium have been determined from the wave velocities in the 
shield and in the investigated sample (the interface between 
them) with the aid of the expansion ad iaba t s of iron given in 
Ref. [53]. The posi t ions of the first three results t aken from 
Ref. [15] differ considerably from the posi t ions of the next 
three results. 

Fig . 14 includes also an exper imental po in t obta ined 
under u n d e r g r o u n d explosion condi t ions and repor ted in 
Ref. [24]. I ts posi t ion is approximate ly average between the 
results of the other experiments at pressures of abou t 
0.5 TPa . 

F o r a long t ime (until the publ ica t ion of the experiments 
in Refs [15, 24, 51]) the shock ad iaba t of a luminium has 
been represented by two rectilinear sections of the depend
ence D-U [52] shifted relative to one ano ther (at 
D ^ l l k m s" 1 ) by AU w 400 m s " 1 . It follows from the 
above discussion tha t there is no real justification for this 
ad iaba t . It is m o r e correct to represent the ad iaba t over the 
whole range of the wave velocities by a single smooth line free 
of discontinuit ies. 

The following short comment s can be m a d e abou t the 
exper imental da ta on a luminium. 

At u l t rahigh pressures the D-U d iagram of a luminium 
is based on exper imental results and on theoret ical calcula
t ions carried out on the basis of the T F Q C model , which 
has proved successful in the case of iron. The agreement 
between experiments and calculat ions is qui te satisfactory 
also in the case of a luminium. W e are speaking here 

pr imari ly of the range of pressures P < 5 TPa , essential 
when the reflection me thod is used in in terpre ta t ion of the 
pa rame te r s of shock compress ion of light ( including 
po rous ) mater ia ls investigated earlier [4, 7, 24, 54]. The 
shock ad iaba t of a luminium, like tha t of iron, is a 
m o n o t o n i c dependence wi thout any definite oscillatory 
effects. 

The da ta on a luminium, t aken as a whole t h r o u g h o u t 
the full r ange of the wave velocities (from the l abo ra to ry 
range to the states reached in nuclear explosions), can be 
represented by the quadra t i c dependence 

DM/km s " 1 = 5 . 2 + 1.239U/km s " 1 

- 0 . 7 x 1 0 " 3 ( £ / / k m s " 1 ) 2 . 

W e have thus considered here the da ta on the compres 
sibility of two s tandard metals , i ron and a luminium, which 
are used as the shield mater ia ls in the reflection me thod , 
and we have determined the pa rame te r s of the shock 
ad iaba t s and the range of validity of these ad iaba t s for 
these two metals . 

W h e n the relevant da ta were m a d e ready for publ icat ion 
in 1992, an oppor tun i ty presented itself to analyse once 
again the above results of the compara t ive measurements 
carried out by the reflection me thod , bu t in the case when 
the investigated mater ia l is placed behind a screen m a d e of 
F e (up to P w 10 TPa , exper imental range) and Al (up to 
P « 2 TPa) . 

In the next subsection we shall consider the results of 
de te rminat ion of the absolute compressibil i ty of other 
metals under the condi t ions in u n d e r g r o u n d nuclear 
explosions. 

3.2 Compressibility of copper, lead, cadmium, and 
molybdenum 
W e recall tha t the first measurements of the compressibil i ty 
metals in the terapascal range of pressures have been m a d e 
in one of the experiments in 1966, concerned in par t icular 
with the F e - P b system. The results have been publ ished [3] 
and they represent relative measurements . The same i r o n -
lead system has been investigated again later [6]. The 
configurat ion in the experiments repor ted in Ref. [6] has 
been similar to tha t shown in Fig. 2a. In this case the shield 
( s tandard) has been iron on which a sample of lead has 
been placed. Electr ic-contact sensors and oscil lographic 
recording of the signals have been employed, as usual . The 
average wave velocities in F e and Pb , obta ined in the 
central p lanes of the samples, have been converted (by 
small calculated correct ions) to their values at the interface 
between the two mater ials , where they are 

D¥e = 25.70 k m s " 1 , D?h = 20.72 k m s " 1 , 

D¥e = 31.90 k m s " 1 , D?h = 26.12 k m s " 1 . 

These results are compared in Ref. [6] with the l abo 
ra to ry measurements plot ted using the D-D coordina tes 
(Fig. 15). A n earlier analysis of the l abo ra to ry da ta has 
shown tha t a compar i son of the results on the basis of these 
two variables (which are the wave velocities in the shield 
and in the investigated mater ia l ) is very convenient because 
it gives a lmost straight lines in a wide range of wave 
velocities and makes it possible to mon i to r the errors in 
the measurements . In this sense the agreement between the 
D-D da ta obta ined by the absolute measurements in the 
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Figure 15. Experimental D-D dependences, plotted for metals on the 
basis of the laboratory measurements (black dots) and measurements 
under the conditions of underground explosions (open circles). The 
thicker parts of the lines represent the laboratory measurements. 

£ > F e / k m s " 1 = 0.400 + 1 . 3 4 3 D P b / k m s" 1 

- 3 . 4 9 x 1 0 " 3 ( Z ) P b / k m s " 1 ) 2 

The above relat ionships, valid up to the velocities 
DFe w 60 k m s _ 1 and D?h w 53 k m s _ 1 (see below) repre 
sent direct exper imental results")". 

Invest igat ions of the D-D dependences, first p roposed 
and implemented by Al ' tshuler et al. [3] and by Trun in et al. 
[4] as the most direct representa t ion of the exper imental 
results, have since become a popu la r me thod in the analysis 
of these results [15, 55]. In addi t ion to internal mon i to r ing of 
the consistency of the results, such dependences m a k e it 
possible to calculate the shock compressibili ty, represented 
in the form of the D-D variables, of pai rs of mater ia ls 
t h r o u g h o u t the investigated range of the wave velocities and 
thus increase the statistical mater ia l suitable for subsequent 
analysis. 

The t ransi t ion from the D-D variables to other shock-
wave pa rame te r s is m a d e by the reflection me thod involving 
certain cons t ruc t ions in the p r e s s u r e - m a s s velocity dia
gram. Table 5 gives the results of calculat ions based on the 
above values of the wave velocities in iron and l ead} . They 
yield two exper imental po in t s on the ad iaba t of lead and 
these po in t s m a k e it possible to deduce the D-D re la t ion
ship in the required terapascal range of pressures. This is 
essential since lead is used as the shield mater ia l in the 
measurements [5, 6]. The result is the following linear 
relat ionship for lead: 

£ > P b / k m s" 1 = 3.19 + 1.167*7/km s " 1 , 

p 0 = 11.34 g e m " 3 , 

l abora to ry range of pressures with the results of the full-
scale measurements in nuclear explosions provides a 
criterion of the validity of the latter measurements . It is 
evident from Fig. 15 tha t such an agreement is indeed 
obta ined. 

The whole set of results is approx imated by two straight 
lines which intersect at the poin t D¥e w 15 k m s - 1 . The first 
line represents 

£ > F e / k m s " 1 = 2.04 + 1 . 2 0 5 D P b / k m s" 1 , 

and the second cor responds to 

Z ) F e / k m s " 1 = 2.35 + 1 . 3 4 3 D P b / k m s" 1 . 

The results can be described al ternately by the pa rabo l ic 
dependence 

where 14 < D < 30 k m s . 
A system of consecutive lead s h i e l d - c o p p e r - c a d m i u m 

layers has been used in two exper iments carried out in 1967 
and 1970. The dis t r ibut ion of layers in this case cor responds 
to the convent ional reflection me thod . The initial states of 
the shield mater ia l (lead) are governed by the states in 
copper and then copper is used as the shield (after 
pre l iminary de terminat ion of its D-U re la t ionship) . The 
compres-sion states of cadmium are then found. The mir ror 
images of the shock ad iaba t s of metals used as shields can 

the fAt high velocities (DFE < 90 km s \ DPh < 80 km s ! ) 
relationship obtained with the aid of Ref. [15] is 

0.435£> F e /km s" 1 + 1 .327D P b /km s" 1 - 2 . 3 3 x 10" 3 (£> P b / km s - 1 ) 2 . 

j T h e D-U relationship is valid in experiment 7 (Table 5) in the range 
13 km s - 1 < D < 25 km s - 1 . 

Table 5. 

Exp. Standard D -Ucurve of standard Initial state of shield Initial density p0/g cm 3 Parameters of compression of investigated material 

N o . 
D/km s" 1 U/km s" 1 D/km s" U/km s - 1 P / T P a 

p/g c m - 3 G = P/Po 

D/km s" 1 U/km s" 1 D/km s" U/km P / T P a 

1 Fe D = 6.41 + 1.21317 25.70 15.91 Pb 11.34 20.72 15.02 3.529 41.22 3.635 

2 Fe D = 6.41 + 1.21317 31.90 21.01 Pb 11.34 26.12 19.76 5.853 46.57 4.107 

3 Pb D = 3.19 H- 1.16717 14.65 9.815 Cu 8.93 17.82 9.96 1.585 20.25 2.267 

4 Pb D = 3.19 H- 1.16717 22.17 16.26 Cu 8.93 26.18 16.67 3.897 24.58 2.753 

5 Cu D = 5.137 + 1.268 £/ 17.47 9.725 Cd 8.64 16.08 10.14 1.410 23.40 2.707 

6 Cu D = 5.137 + 1.268 £/ 25.30 15.90 Cd 8.64 23.88 16.41 3.386 27.62 3.197 

7 Fe D = 5.68 + 1.257*7 17.25 9.20 Mo 10.07 16.10 8.58 1.391 22.06 2.138 
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D/km s" 

Electric-contact sensors 

Figure 16. Attenuation of the wave velocities: the open circles 
represent the experimental results for the central planes of the samples 
and the continuous curves are the calculated values. 

be employed in such cons t ruc t ions in view of the m u t u a l 
p roximi ty of the lead, copper , cadmium, and iron a d i a b a t s | . 

By way of example, Fig. 16 shows schematically the 
results of direct de te rmina t ions of the wave velocities [6]. 
The correct ions to the average measured velocities are m a d e 
on the basis of the calculated wave a t tenua t ion . The results 
are presented in Fig. 15 as the D-D dependences . The 
range of the l abora to ry measurements is identified, as in the 
case of the F e - P b system, by a thicker line. The full-scale 
experiments are represented by two exper imental poin ts . 
W e can see tha t they are in m u t u a l agreement t h r o u g h o u t 
the investigated range of the wave velocities: 

D?h/km s " 1 = 1.529 + 0 . 9 1 1 D C u / k m s" 1 

- 0 . 2 2 x 1 0 " 3 ( Z ) C u / k m s " 1 ) 2 , 

DCu/km s " 1 = 1.318 + 1 . 0 0 5 D c d / k m s" 1 

- 0 . 3 0 x 1 0 " 4 ( Z ) c d / k m s " 1 ) 2 . 

Table 5 gives the cor responding da ta for copper and 
cadmium obta ined in these experiments . 

W e shall conclude this subsection with the results 
obta ined on the compressibil i ty of m o l y b d e n u m at 
1.4 T P a [56]. The interest in this meta l is due to two 
circumstances. Firs t , according to the l abo ra to ry experi
men t s (up to P ^ 1 TPa) , the shock ad iaba t of m o l y b d e n u m 
is described by a linear relat ionship with the slope 
D'u = 1.27. As ment ioned earlier, this value is a p p r o x 
imately equal to the values of D'u deduced by calculat ions of 

fThis is naturally an approximation since the required states should be 
governed by the expansion (or double compression) adiabats of the 
shield material. However, since the specific positions of these curves 
depend on the EOS used and since, in the investigated range of 
pressures, they may be located on either side of the shock adiabat, 
preference will be given to the mirror reflections. This reduces the 
ambiguity of the interpretation of the results. Moreover, possible 
deviations from the mirror reflection are in this case slight. 

the limiting states of elements based on the T F Q C model . 
This evidently means tha t t h r o u g h o u t the investigated range 
of the shock ad iaba t pa rame te r s of m o l y b d e n u m (from the 
exper imental range to the range covered by calculat ions and 
cor responding to u l t rahigh pressures), the slope of the 
ad iaba t should no t change significantly, i.e. t h r o u g h o u t 
this range we should have D'u w 1 .2 -1 .3 . 

Second, the compressibil i ty of m o l y b d e n u m is of interest 
because it has been used as the s t andard meta l (shield) by 
the Amer ican investigators. Therefore, any increase in the 
range of the absolute measurements of the compressibil i ty 
of m o l y b d e n u m will help to determine m o r e accurately the 
compressibil i ty of the mater ia ls investigated in the U S A . 
Unfor tuna te ly , little progress has been m a d e since in the 
k n o w n measurements of the compressibil i ty of mo lybde 
n u m under the condi t ions of u n d e r g r o u n d explosions an 
increase in the pressure has been relatively small and the 
error in the de terminat ion of the compress ion pa rame te r s 
has been large [8, 57, 58]. Therefore, the range of measure 
ment s has no t been extended greatly in our experiments . 
Nevertheless , out results fully suppor t the conclusions 
d rawn from the l abora to ry investigations. 

The configurat ion used, similar to tha t shown in Fig. 2a, 
has included a steel shield 104 m m thick and a sample of 
mo lybdenum, 66.6 m m thick, placed behind the shield. As 
usual , in such exper iments the p lanes of the samples are 
oriented perpendicular to the front of a shock wave. The 
results obta ined are given in Table 5. They are presented as 
the D-D dependences in Fig. 15. The da ta taken as a whole 
can be described by the dependence 

D¥e/km s " 1 = 4 . 0 + 1 . 4 3 2 D M o / k m s" 1 

- 2 . 1 9 x 1 0 " 2 ( Z ) M o / k m s " 1 ) 2 . 

The coordina tes D and U are used in Fig. 17 for the 
ad iaba t s of metals , the compressibili t ies of which have been 
investigated b o t h under l abo ra to ry condi t ions and in the 

D/km s - 1 

Figure 17. D-U relationships for metals, based on the laboratory 
measurements (1,2) and on the experiments carried out in the course 
of underground explosions: (3-5) absolute measurements; (6-9) 
relative measurements. 
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course of u n d e r g r o u n d explosions. In the first app ro x i ma
t ion, the shock ad iaba t s have similar slopes for all these 
metals and in the l abora to ry range of measurements the 
slope D'u is a rule considerably greater (with the exception 
of m o l y b d e n u m and tungs ten) t han at pressures cor re
sponding to the ' u n d e r g r o u n d ' measurements . The 
exper imental results for this range can be compared with 
the publ ished da ta [9, 10, 16, 17, 57, 58]. Wi th the excep
t ion of the results repor ted in Ref. [57, 58], which in the 
case of m o l y b d e n u m and copper differ systematically from 
the results of other experiments (the D-D dependences are 
steeper), the remain ing measurements are in reasonable 
m u t u a l agreement and the deviat ions of the wave velocities 
from the average dependences do no t exceed 1% - 2 % . 

The deviat ion of the m o l y b d e n u m and copper results 
repor ted in Ref. [57] from the other da ta is evidently due to 
an inappropr i a t e selection of the s t andard mater ia l of the 
shield used in the reflection me thod . The shield was m a d e of 
a luminium and the ad iaba t of this meta l p lot ted in the form 
of the P - U dependence was much 'softer ' t han the ad iaba t s 
of copper and m o l y b d e n u m . Therefore, in the in terpre ta t ion 
of their compress ion pa rame te r s one would need to k n o w 
not only the posi t ions of the ad iaba t itself, bu t also the E O S 
of a lumin ium (which had to be used to calculate the double 
compress ion adiabats ) . The si tuat ion was m a d e even worse 
by the considerable uncer ta in ty abou t the E O S pa ramete r s 
and the unsui tab ly selected posi t ion of the a luminium 
ad iaba t itself, because — when plot ted as the D-U depend
e n c e — it passed on the left of the exper imental po in ts and 
missed mos t of them. A different E O S of a luminium used in 
the U S A (known as EOS-2) definitely improves the descr ip
t ion of m o l y b d e n u m and copper . The reasons for the 
deviat ion of the results repor ted in Ref. [58] are no t clear. 

3.3 Compressibility of quartz, polymethyl methacrylate, 
and water 
The compressibil i ty of polycrystal l ine qua r t z samples of 
different initial densities, and also of water , P M M A , and 
several other light ( p 0 < 4 g c m - 3 ) mater ia ls have been 
measured over a per iod of years ( 1 9 6 6 - 1 9 7 8 ) . Some of the 

results have been publ ished [24, 54]. In these measurements 
the shields have been m a d e of a luminium, which (as 
a l ready ment ioned) is the only easily available mater ia l 
with the ad iabat , p lo t ted as the P-U dependence, close to 
the ad iaba t s of light mater ia ls . As a rule, these experiments 
have been carried out by the convent ional reflection 
me thod and only measurements of the compressibil i ty of 
polycrystal l ine qua r t z [3] and other rocks [20] have been 
m a d e by the inverted reflection me thod (Fig. 2a). In the 
latter case the wave velocity measurements have been m a d e 
on samples of several thicknesses, i.e. the wave a t t enua t ion 
has been found experimentally. Table 6 shows the values of 
the velocities being compared at the S i 0 2 - A l interface, as 
well as the shock compress ion pa rame te r s of quar tz i te . 

Measu remen t s of the compressibil i ty of p o r o u s oc-quartz 
( a - S i 0 2 , with initial densities 1.75 and 1.35 g c m - 3 ) , of 
water , and P M M A have been m a d e [24] by the conven
t ional reflection me thod (Fig. 2b). The dimensions of the 
assembly used in these measurements have been as follows: 
an a luminium shield, 1 0 0 - 1 6 0 m m thick, t ransmi t t ing a 
wave to a sample, and a sample 8 0 - 1 0 0 m m thick. 

In all these cases the measur ing systems have been 
placed at a relatively large distance ( 4 - 8 m) from the centre 
of an explosion. Consequent ly , the a t t enua t ion of the shock 
wave in the base thickness of a sample has been relatively 
slight. Specific values of the a t t enua t ion have been found by 
calculat ion (except for quar tz i te in the inverted reflection 
m e t h o d ) and have usual ly a m o u n t e d to less t han 1% of the 
shock wave velocity. The exper imental results obta ined are 
presented in Table 6 (they apply at the s h i e l d - s a m p l e 
interfaces). 

Fig. 18 gives the results of measurements of the wave 
velocities at the s h i e l d - s a m p l e interfaces. It is wor th no t ing 
tha t , in contras t to Ref. [4] where the dependence DAX-
DS[Q2 is based on a limited number of the exper imental da ta 
and is described by a linear relat ionship DM(DSI02), a large 
p ropo r t i on of our m o r e recent experiments has revealed 
tha t the relat ionship is m o r e complex. It can be represented 
by two straight-l ine sections jo ined at DM w £>sio2 ~ 
16 k m s - 1 . The first section cor responds to the dependence 

Table 6. 

Exp. N o . Initial state of shield Initial density 

Po/g c m " 3 

Parameters of compression of investigated material Reflection 
method 

Exp. N o . 

D/km s" 1 U/km s" 1 

Initial density 

Po/g c m " 3 

D/km s" 1 U/km s" 1 P / G P a p/g cm 3 a = p/p0 

Reflection 
method 

1 32.54 22.39 S i 0 2 2.65 33.00 22.45 1963 8.29 3.128 inverted 
2 19.99 11.84 S i 0 2 2.65 19.92 11.95 631 6.62 2.499 
3 18.66 10.72 S i 0 2 2.65 18.43 10.87 531 6.46 2.438 
4 18.85 10.88 S i 0 2 2.65 18.65 11.01 544 6.47 2.441 

5 36.40 25.63 H 2 0 1.00 43.95 32.54 1430 3.852 3.852 conventional 
6 22.10 13.61 P M M A 1.18 25.19 16.96 504 3.61 3.066 

7 36.70 25.88 S i 0 2 1.75 39.73 29.08 2022 6.53 3.731 
8 37.59 26.63 S i 0 2 1.35 42.17 31.89 1815 5.54 4.102 

9 29.90 20.17 W 6.27 21.55 16.45 2223 26.49 4.225 conventional 
10 29.43 19.77 Fe 2.27 28.62 21.20 1353 8.60 3.857 
11 23.20 14.54 Fe 2.40 22.35 15.36 8270 7.71 3.197 
12 35.30 24.71 Cu 2.23 36.00 26.22 21000 8.21 3.681 
13 31.21 21.27 Cu 2.23 31.10 22.76 15780 8.32 3.729 
14 29.46 19.80 Cu 2.23 28.71 21.35 13670 8.70 3.901 
15 26.10 16.97 Cu 2.88 24.34 17.03 11940 9.59 3.330 
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Figure 18. DM-DX dependences: ( 1 ) polymethyl methacrylate; 
( 2 ) porous S i 0 2 (p 0 o = 1-75 g c m - 3 ) ; (3) crystallographic-density oc-
S i 0 2 ; (4) porous S i 0 2 ( p 0 0 = 1.35 g c m - 3 ) ; ( 5 ) water. 

DM/km s _ 1 = 3.3 + 0 .81Z) s i o 2 / km s _ 1 and the second can 
be represented by D A 1 / k m s " 1 = 0.9 + 0 . 9 6 Z ) s i O 2 / k m s _ 1 

(where 16 k m s _ 1 < DM < 34 k m s _ 1 ) . The wave velocities 
in a luminium and p o r o u s oc-quartz p robab ly behave simi
larly. 

The results obta ined for P M M A and water can be 
represented by straight lines t h r o u g h o u t the investigated 
range of the wave velocities. The difference between the 
behav iour of qua r t z on the one hand and water and P M M A 
on the other , can be explained by the strength of the 
interpart icle b o n d s in these c o m p o u n d s . Therefore, a 
change in the slope in the D-D dependences occurs in 
the latter case dur ing the initial stage of the compress ion 
process and is undetec tab le on the scale of Fig. 18. In the 
case of qua r t z these changes are greater and they occur at 
higher pressures. Moreover , the D-D dependences 
obta ined for P M M A and water are in full agreement 
t h r o u g h o u t the investigated range of velocities. 

Fig. 19 presents the exper imental da ta as D-U 
dependences . In addi t ion to the results of the l abora to ry 
experiments [ 5 9 - 6 3 ] and those carried out by our group in 
the course of u n d e r g r o u n d explosions [4, 19, 24, 54], this 
figure gives also the results of measurements repor ted for 
qua r t z [10, 11, 13] and for water [13]. The results are 
basically in agreement . The only exception is the poin t 
on the ad iaba t of fused qua r t z [11], which is in clear conflict 
with the posi t ions of the other ad iaba t s of silica. As far as 
the poin t represent ing S i 0 2 is concerned, its pa rame te r s 
t aken from the figure in Ref. [13] indicate only an 
approx ima te posi t ion of the D-U dependence. 

On the whole , the shock ad iaba t s of qua r t z samples with 
different initial densities represent a family of approx i 
mate ly paral lel lines with varying slopes. U p to the 
velocities D = 1 4 - 1 6 k m s _ 1 , the slope is Dv w 1.6, bu t 
at higher velocities the slope is Dv = 1 .2 -1 .3 . Similar 
slopes (about 1.3) are obta ined also for the ad iaba t s of 
P M M A and water , which in te rms of these variables are 
straight lines tha t begin from D ^ 5 k m s _ 1 . The agreement 
between the slopes of the ad iaba t s with the limiting values 
for the separate chemical elements demons t ra tes obviously 

6 10 20 30 40 

U/km s - 1 

Figure 19. Adiabats of light substances: ( 7 - 4 ) S i 0 2 with initial 
densities 2.65, 2.20, 1.75, and 1.35 g c m - 3 , respectively; ( 5 ) polymethyl 
meth a cry-late; (6) water. The black dots represent the laboratory 
measurements and the open circles (a, b , c) are the results of full-scale 
experiments. 

tha t the 'rule of a single s lope ' Dv w 1 .2-1.3 applies also to 
such complex systems as quar tz , water , and P M M A . 

At the highest values of the pa rame te r s D and U the 
errors in our investigations have been abou t 2% of the 
average velocities. These errors are represented in Fig. 19 
by mutua l ly perpendicular ba rs . In spite of the fairly large 
errors in the posi t ions of the exper imental poin ts , the mos t 
p robab le values of the pa rame te r s are fairly reliable, as 
judged by their m u t u a l consistency. W e can therefore 
est imate the Gruneisen coefficient 

(subscript ' t ' refers to the the rma l componen t s of the 
pressure and energy), which is the key t h e r m o d y n a m i c 
pa ramete r in the EOSs . Es t imates of the values of this 
coefficient, m a d e by compar i son of the shock ad iaba t s 
cor responding to the initial densities p 0 = 2.65 g c m -

with poo = 1.75 and p 0 0

 = 1-35 g c m - 3 , leads cor respond
ing ly ! to r w 0 .60-0 .66 . In view of the approx ima te n a t u r e 
of these quant i t ies , the agreement between the values 
obta ined can be regarded as satisfactory. 

The change in the slopes of the ad iaba t s of P M M A and 
water occurs up to D ^ 5 k m s - 1 . S t ructura l and phase 
t ransi t ions , as well as var ious chemical react ions including 
decomposi t ion , all occur in this range . If D > 5 k m s - 1 , the 
D-U dependences obta ined for these substances cor re 
spond to straight lines and this is p robab ly evidence tha t 
such modif icat ions have reached complet ion. 

The compress ion of a lumin ium by a factor of 2 under 
the condi t ions of u n d e r g r o u n d explosions is repor ted in 
Ref. [24]. In this experiment , the wave velocities were 
determined for a luminium and lead, and a sample of the 

fHere, p00 is the average density of a porous substance in which 
separate particles of the continuous matter are separated by voids. 
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latter was oriented a long the direction of p ropaga t i on of the 
wave after a luminium. In this configurat ion the equali ty of 
the pressures and velocities at the interface between the 
samples means tha t the states of shock compress ion of lead 
cor respond to a po in t on the double-compress ion ad iaba t of 
a luminium. 

In the initial analysis the results have been converted to 
the A l - P b interface by in t roduct ion of calculated correc
t ions for the wave a t tenua t ion . At the interface the 
velocities are DM = 22.34 k m s - 1 and 
D?h = 13.70 k m s - 1 . The initial and final states of a lumin
ium are as follows: 

Ux = 13.48 k m s " 1 , Px = 816 G P a , px = 6.83 g c m " 3 , 

U2 = 9.02 k m s " 1 , P2 = 1400 G P a , p2 = 8.90 g c m " 3 , 

A compar i son of the poin t represent ing the double 
compress ion with the single-shock ad iaba t of a luminium 
(Fig. 20) has then been used to find the Gruneisen 
pa ramete r r. This pa ramete r is r w 0.67 ± 0.08, which is 
close to the limiting value of this quant i ty and is in 
satisfactory agreement with est imates of r deduced from 
var ious EOSs in the range of lower densities and pressures. 

4 6 8 10 12 p/g c m -

Figure 20. Adiabats of double compression of aluminium. 

W e shall conclude the discussion of the results obta ined 
on the compressibil i ty of light mater ia ls by s t rong shock 
waves in u n d e r g r o u n d explosions by stressing tha t , as a 
rule, such results cannot be obta ined in the l abora to ry and, 
consequently, they extend our knowledge on the l imiting 
pa rame te r s of the compress ion of light substances and 
provide new informat ion on the the rmal componen t s of 
the EOSs . 

3.4 Shock adiabats of porous materials: iron, copper, and 
tungsten 
These measurements have been carried out in order to 
obta in direct exper imental da ta in the terapascal range of 

pressures, to determine on the basis of these da ta the 
general re la t ionships governing shock compress ion at high 
pressures adjoining the theoret ical range, and to est imate 
the the rma l componen t s of energy and pressure. 

In selecting the poros i ty m = p 0 /Poo ° f m e t a l s we have 
tried to ensure tha t at te rapasca l shock pressures the 
densities of metals cor respond to their crystal lographic 
values, i.e. tha t the density of the shock-compressed 
mater ia l is approximate ly equal to the initial density: 
p w p 0 . The a t t a inment of such states can in some cases 
simplify greatly an analysis of the results because the 
pressures (energies) on a vertical ad iaba t centred at 
a = p/Poci = 1 are governed only by the the rmal c o m p o 
nents in which the main role is played by the cont r ibut ion of 
electrons. Such an impor t an t pa ramete r as the electron 
ana logue of the Gruneisen coefficient [26], 
r e l w 2/{mo — 1) is governed solely by the poros i ty 
m = Po/Poo-

It has been found incidentally tha t the poros i ty of the 
investigated metals at which the ad iaba t cor responding to 
p w p 0 is approximate ly vertical represents the ' pour ing ' 
(subject to slight compress ion) density, which has simplified 
greatly the experiments . Since the initial densities of metals 
(with the exception of tungsten) are close to the n o r m a l 
density of a luminium, the latter has been used as the 
s t andard shield mater ia l . The convent ional reflection 
me thod has been used: a p o r o u s sample is inserted into 
a special cylindrical mat r ix (80 m m thick and 300 m m in 
diameter) placed on the surface of an a luminium shield 
( 1 0 0 - 1 6 0 m m thick). A shock wave has a gently falling 
profile, so tha t the conversion of the average wave velocities 
to the ins tan taneous values at the a l u m i n i u m - s a m p l e 
interface requires only small correct ions for the a t t enua t ion 
(less t han 1% of the average values of D). 

The wave velocities in these shields and p o r o u s samples 
(at the interface) and the shock compress ion pa rame te r s are 
listed in Table 6. The D-D dependences obta ined for 
p o r o u s metals are p lot ted in Fig. 21 . All the dependences 
are linear and they are close to one ano ther for F e and Cu, 
near ly coinciding within the limits of the m u t u a l experi
men ta l errors . In the case of tungsten the po in t s fit a steeper 
dependence. 

The results given in Table 6 are compared , in the form 
of the D- U dependences , in Fig. 22 with the cor responding 
l abora to ry measurements and with the full-scale experi
men t s on samples with n o r m a l initial densities. This figure 
demons t ra tes on the whole a good agreement between the 
results which fit logically the overall pa t t e rn of the ad iaba t s 
(for b o t h ' p o r o u s ' and ' n o r m a l ' samples) in the D-U p lane. 
In this pa t t e rn the exper imental results determine two pa r t s 
of the ad iaba ts . In the first pa r t (representing usually the 
l abora to ry measurements ) , the shock ad iaba t s of p o r o u s 
metals are centred at the poin t with the coordina tes U = 0 
and D0 ^ 0. Depend ing on the metal , D0 lies in the interval 
0 . 1 - 0 . 4 k m s" 1 [23]. The second pa r t s of the ad iaba t s 
represent approximate ly paral lel lines with slopes close 
to the limit. In the case of W and M o the shock ad iaba t s 
cor responding to the n o r m a l initial density have the same 
slope {D'u W 1.2) t h r o u g h o u t the experimental ly investi
gated range of velocities. In the case of the 
cor responding ad iaba t s of F e and Cu the slope decreases 
(from 1.7 to 1.2) between the first pa r t of the D-U 
dependence and the second. A change in the slope of 
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Figure 21. DM-DX dependences, based on the laboratory 
measurements (black dots) and on the results obtained in the course of 
underground explosions (open circles): ( 7 ) W , m — 3.1; ( 2 ) Cu, 
m 4.0; (3) Cu, m 3.0; (4) Fe, M 3.4. 

D/km s _ 1 

0 10 20 30 U/km s" 1 

Figure 22. D-U dependences for the adiabats of porous and 
continuous metals. The black dots represent the laboratory 
measurements and the open circles, crosses, and triangles are the 
results of measurements during underground tests. 

the ad iaba t s of ' p o r o u s ' samples occurs at approximate ly 
the same values of D. 

Est imates of the effective Gruneisen coefficient from the 
' p o r o u s ' shock ad iaba t s at the m a x i m u m at ta inable 
pressures (in this range the electron cont r ibu t ions p r e d o m 

inate, so tha t r e f f w Tel) show tha t in the case of the 
investigated metals the values of r represent approximate ly 
0.5 for W and 0 . 7 - 0 . 9 for Cu and Fe . It follows tha t the 
Gruneisen coefficient r is mos t p robab ly an individual 
characterist ic of each chemical element and it does no t 
depend on the group to which this element belongs. 

4. Relative compressibility of titanium, iron, 
copper, and lead at pressures of 15 - 20 TPa 
The results of measurements at pressures exceeding 10 TPa 
were first repor ted in Ref. [13]. F o r example, in the case of 
lead the results have been obta ined at 16 TPa . 

In 1 9 8 4 - 1 9 8 6 the pressure 'ceiling' increased [14, 15] 
reaching the gigantic value of 750 T P a [14]. This applies 
na tura l ly to the relative measurements of the compressibi l 
ities of F e - A l and F e - P b meta l pa i rs in which only the 
wave velocities are determined experimentally. Neve r the 
less, pressures can also be determined qui te reliably because 
they are given by P = p0D2((T —\)/o and at the values of cr 
close to the limit the errors in the pressure depend mainly 
on the errors in the wave velocities. 

The relative compressibil i ty of the F e ( s h i e l d ) - P b - C u -
Ti system has been determined in 1981 by a team from our 
l abora to ry at pressures of abou t 20 TPa [12]. The exper
imenta l configurat ion used is shown in Fig. 23. Since we 
have been interested in the compressibil i ty at pressures 
a m o u n t i n g to tens of terapascals , the measur ing uni t has 
been placed in the direct vicinity of an explosive charge. A 
po lye thy lene - l ead system placed directly in front of the 
charge has served to m o d e r a t e the (n, y) fluxes and to form 
a shock wave ampl i tude with a near -cons tan t pressure 
profile and with a p lane front. The diameter of a cylindrical 
sample has been 250 m m and the to ta l diameter of the 
measur ing uni t has a m o u n t e d to 1000 m m . The measur ing 
uni t has been aligned to ensure tha t its p lanes are exactly 
perpendicular to the direction between the centre of the 
energy source and the centres of these planes . This has 
ensured a good symmetry of the shock wave. 

The t ime taken by a wave to cross a sample has been 
found by recording light emitted by the wavefront on 
emergence at the s h i e l d - s a m p l e and s a m p l e - a i r (rear 
side of the sample) interfaces. Light has been collected 
from the surface of a sample unaffected by the p e r t u r b a -

Figure 23. Schematic illustration of the method used in measurements 
of the relative compressibility of the F e ( s h i e l d ) - P b - C u - T i system. 
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t ions p ropaga t i ng from its boundar ies . This has been done 
by opt ical pipes of tubula r shape with an inner diameter of 
30 m m . The inner surfaces of the tubes have been polished 
to improve the collection of light. P r ema tu re emission of 
light by air because of hea t ing with the (n, y) r ad ia t ion on 
explosion of a charge has been prevented by p u m p i n g out 
these tubes to pressures a m o u n t i n g to a few tenths of 
mill imetres of mercury . 

In the experiments the emitted light has been recorded 
with coaxial photocel ls of the S D F - 7 type placed outs ide the 
direct light flux and pro tec ted by a thick concrete layer from 
the rad ia t ion emitted by the explosive charge. These optical 
pipes have been a r ranged a long the same diameter of a 
sample (625 m m ) . F o u r measur ing channels have been 
placed on a shield and the same number of channels has 
been placed at the centres of the samples (on their outer 
surfaces). One channel and the cor responding optical p ipe 
have been located at the centre of the system. 

A satisfactory symmetry of the shock wave (about 
4 x 10~ 8 s) is indicated by the exper imental results. P r e 
l iminary calculat ions show tha t the adop ted measur ing 
system ensures relatively weak wave a t t enua t ion in samples 
with the thicknesses employed in these experiments , so tha t 
the a t t enua t ion effects can be ignored. Unfor tuna te ly , 
because of errors in the de terminat ion of the s tar t ing 
po in t s of the t ime intervals, associated with the uncer ta in ty 
of the t ime scale of the oscil lograms, and also because of 
some other factors the errors in the de terminat ion of the 
average wave velocities have been est imated to be 1.5% for 
Cu and Fe , 2 .5% - 3.0% for Pb , and 4 .0% for Ti. The large 
error in the de terminat ion of the wave velocity is one of the 
main reasons why the results have no t been publ ished 
immediately after the exper iments in 1981. It has been 
hoped tha t the results can be refined in other similar 
experiments , bu t it has proved impossible to do this. It 
has therefore been decided to publ ish n o w the results of 
these experiments [12]. 

The wave velocities found directly are as follows: for the 
F e s t andard 

D¥e = 57A ± 0.9 k m s" 1 , 

and for the investigated metals: 

DCu = 55.87 ± 0 . 8 k m s" 1 , 

D?h = 48.79 ± 1.2 k m s" 1 , 

DTi = 62.3 ± 2 . 5 k m s" 1 . 

These results are p lot ted in Fig. 24 in the form of the 
D-D dependences . Each of these dependences represents 
two jo ined straight lines. The jo in t occurs near the wave 
velocity DFe = 1 4 - 1 5 k m s _ 1 and it determines the change 
in the slope of the lines. The steepest dependence (in the 
second pa r t ) is D¥e-D?h and the one with the smallest slope 
is D¥e-DTi. The results obta ined at high pressures are 
comparab le with the results of the l abora to ry measurements 
and for the F e - P b pair they are also comparab le with the 
full-scale measurements repor ted in Refs [13, 15]. The da ta 
given in Ref. [13] deviate quite s trongly from the average 
D-D dependence. 

In the range of the wave velocities employed in the 
experiments repor ted in Ref. [12] the linear D-D re la t ion
ships for the investigated pai rs of metals are as follows: F o r 
F e - P b 

£ > F e / k m s " 1 = 2.35 + 1 . 1 2 5 D P b / k m s" 1 , 

15 k m s" 1 < D¥e < 60 k m s" 1 , 

for F e - C u 

£ > F e / k m s " 1 = 0.86 + 1 . 0 1 D C u / k m s " 1 , 

15 k m s" 1 < D¥e < 60 k m s" 1 , 

F o r F e - T i 

£ > F e / k m s " 1 = 1.60 + 0 . 8 9 D T i / k m s " 1 , 

15 k m s" 1 < DFe < 60 k m s" 1 , 

The range of u l t rahigh pa rame te r s t aken from Ref. [15] for 
the F e - P b pair is shown on the right of Fig. 24. 

The posi t ions of the ad iaba t s of the investigated metals 
have been found star t ing with the initial ad iaba t of iron 
represented by the dependence based on the T F Q C model . 
Since in the exper iments the shock wave has had a gently 
sloping profile, the t h e r m o d y n a m i c pa rame te r s of Cu, Pb , 
and Ti can be determined by compar ing directly the 
exper imental values of the average wave velocities. Since 
the P-U ad iaba t s of Fe , Cu, and Pb are close to one 
another , they can be compared by relying directly on the 
shock ad iaba t of iron. 

Calcula t ions based on the T F Q C mode l show tha t this 
p rocedure does no t in t roduce any significant addi t iona l 
errors into the compress ion pa rame te r s of metals . In the 
case of t i t an ium the differences between the posi t ion of the 

D/km s" 1 

10 20 30 40 50 60 70 

Dx/km s - 1 

Figure 24. Relative compressibilities: (7 ) D F e - D P b ; ( 2 ) D F e - D C u ; 
(3) DFe-DT[. The black dots represent the laboratory measurements; 
the circles, crosses [15], and squares [14] are the results of 
measurements in the course of underground explosions. 
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shock ad iaba t and the expansion ad iaba t of iron are t aken 
into account . The results obta ined are given in Table 7. The 
initial states of iron cor responding to the ad iaba t calculated 
on the basis of the T F Q C mode l are found for 
DFe = 57.4 ± 0.9 k m s _ 1 . In the case of the other metals 
the values of the pa rame te r s are found for the nomina l D 
obta ined by the reflection me thod . 

Table 7. 

Metal D/km s" 1 U/km s" 1 P / T P a p/g cm 3 

Iron 57.4 ± 0 . 9 42.3 19.1 29.8 
Lead 48.8 ± 1.5 39.3 21.7 58.0 
Copper 55.9 ± 0 . 8 40.8 20.4 33.0 
Titanium 62.3 ± 2 . 5 48.6 13.6 20.5 

Table 8. 

Metal Po/g c m 3 C 0 / k m s - 1 Range of measurePo/g c m 3 C 0 / k m s - 1 

ments D/km s _ 1 

Iron 7.85 7.0 1.19 2 0 - 4 6 
Lead 11.34 3.4 1.15 1 2 - 5 0 
Titanium 4.51 4.5 1.20 4 . 5 - 6 5 
Copper 8.93 6.1 1.21 1 6 - 5 5 
Molybdenum 10.20 5.0 1.26 5 - 2 0 
Aluminium 2.71 5.9 1.19 1 0 - 4 0 

It should be po in ted out tha t the da ta in Table 7 agree 
almost completely with all the previous measurements and 
can therefore be regarded as their cont inua t ion . Table 8 
gives the cor responding linear re la t ionships obta ined for the 
investigated metals at high pressures. The slopes Dv of the 
ad iaba t s of all the metals are approximate ly the same (on 
the average they are equal to 1.2) and they agree with the 
values deduced from the dependences calculated on the 
basis of the T F Q C model . Moreover , the calculated (on the 
basis of the same model ) pa rame te r s of the shock waves in 
Fe , Cu, Pb , and Ti (for which the range of the exper imental 
wave velocities is widest) practical ly coincide with the 
exper imental da ta . F o r example, the velocities of the 
wave t ransmi t ted by iron, DFe = 51A k m s - 1 , calculated 
on the basis of the T F Q C mode l are as follows: 

= 62.81 k m s " 1 , ^ e x p = 62.3 , 

= 55.80 km s" 1 

^ e x p = 55.9 , 

DPb 
= 49.59 k m s " 1 , ^ e x p = 48.8 , 

i.e. the m a x i m u m deviat ion in the case of lead a m o u n t s to 
1.5%, which is na tura l ly within the expected range of the 
exper imental errors . 

Fig. 25 gives the exper imental da ta for these metals b o t h 
in the range of the l abora to ry measurements and at high 
pressures obta ined under the condi t ions of u n d e r g r o u n d 
explosions. W e can see tha t on the whole the agreement 
between the results is satisfactory. The reasons for the 
deviat ions of some of the da ta , par t icular ly the results 
repor ted in Ref. [57], have been discussed earlier. 

D/km s" 1 

U/km s - 1 

Figure 25. D-U diagrams of Fe, Pb, Ti, and Cu at ultrahigh 
pressures: ( 7 ) F e ; ( 2 ) Pb; (3)T\,U + 4; (4) Cu, £7+10 . 

5. Conclusions 
W e shall conclude this analysis of the compressibil i ty da ta 
found in the course of nuclear test explosions by 
summaris ing them as follows. 

1. The compressibil i ty of iron has been determined by 
the absolute m e t h o d s at pressures of 4.3, 5.5, and 10 TPa , 
which are 8 - 1 0 t imes higher t han the pressures reached in 
the labora tory . The results have given the posi t ion of the 
shock ad iaba t of iron in this range of pressures and have 
thus m a d e it possible to replace the relative with the 
absolute measurements for a whole range of elements, 
including copper , lead, mo lybdenum, and cadmium. 

2. The compressibil i ty of a luminium has been measured 
by the absolute m e t h o d s up to m a x i m u m pressures of 
2.0 TPa . The results t aken as a whole have m a d e it possible 
to determine the shock ad iaba t of a luminium and to obta in 
the absolute compressibilit ies of a number of light com
p o u n d s , including oc-quartz (of different initial densities), 
water , po lymethyl methacryla te , and also of p o r o u s metals 
(copper, i ron, and tungsten) . 

3. In comparab le ranges of pressures the results of the 
Chelyabinsk Nuc lea r Cent re and labora tor ies a b r o a d have 
been found to agree with our results within the limits of the 
m u t u a l error in determining the pa rame te r s of shock waves. 

4. The compara t ive compressibili t ies of i ron (used as a 
s tandard) , lead, copper , and t i tan ium have been obta ined at 
pressures of 15 - 20 TPa . They have been compared with the 
results of the Chelyabinsk Nuc lea r Cent re obta ined for the 
i r o n - l e a d system at gigantic pressures (hundreds of 
terapascals) . They are found to be in m u t u a l agreement 
(in a comparab le range of compress ions) and are also 
consistent with the l abora to ry experiments carried out at 
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lower pressures. A n analysis has been m a d e of the results in 
the form of the D-D dependences. 

5. Es t imates have been obta ined of the average values of 
the Gruneisen coefficient of qua r t z and a luminium, and of 
the electron ana logue of this coefficient in the case of 
copper , i ron and tungsten . The results obta ined are close to 
the limiting values. 

6. A compar i son of the exper imental and calculated 
ad iaba t s for s t andard metals (iron and a luminium) dem
onst ra tes the advan tage of the descript ion of these ad iaba t s 
by the T h o m a s - F e r m i mode l with the q u a n t u m and 
exchange correct ions, which takes into account the n o n -
ideal na tu re of the interact ion between the nuclei ( T F Q C 
model) . 

7. In the investigated range of pressures tackled by the 
absolute m e t h o d s (up to 10 T p a for iron, 5 - 7 T P a for 
copper , lead, and tungsten, and 3 T P a for a luminium and 
quar tz ) the shock ad iaba t s are smooth dependences wi thout 
obvious deviat ions from m o n o t o n i c behaviour which might 
be associated with oscil latory effects. 

8. The shock ad iaba t s are no t affected by the scaling up 
of the experiments (involving an increase in the dura t ion of 
appl icat ion of pressure to a mater ia l ) or by changes in the 
dimensions of the part icles which are const i tuents of p o r o u s 
samples. 

The results obta ined do no t however give answers to a 
range of quest ions which cont inuously arise in the process 
of tackl ing var ious tasks . Wi thou t a t t empt ing any compre 
hensive list of the unsolved prob lems , I shall list some of 
them. 

Firs t of all, it is essential to investigate the compress i 
bility of u l t r apo rous metals (with an initial density less t han 
0.5 g c m - 3 ) at te rapascal pressures. The pa rame te r s found 
in experiments of this type m a k e it possible to obta in test 
da ta for checking the ' t r anspa ren t ' models of the equa t ions 
of state of mater ia ls in the pa r t s of the phase d iagrams no t 
investigated so far and located between the k n o w n solut ions 
for gases and solids (models of the Saha and T F Q C type, 
and the cor responding experiments on gases and condensed 
mat te r ) . In this pa r t of the phase d iagram (more exactly at 
the m i n i m u m pa rame te r s of the states) the first da ta have 
been obta ined for samples of superporous nickel ( labo
ra to ry measurements [64]), which, however , cannot be 
ext rapola ted over large pa r t s of the phase d iagram because 
of the limited capabilit ies of the l abora to ry experiments . 
The only way of tackl ing this p rob lem is to carry out 
measurements with s t rong shock waves under the condi 
t ions of u n d e r g r o u n d explosions. 

The second and related task is the acquisi t ion of 
extensive informat ion on the range of states under discus
sion. It involves de terminat ion of the expansion ad iaba t s 
with initial states on the shock compress ion curves of 
u l t r apo rous metals . Exper iments of this type are in a sense 
equivalent to those involving var ia t ion of the initial 
densities. 

One of the impor t an t tasks is to develop a me thod for 
direct invest igations of the oscil latory effects in the 
compress ion of mater ia ls by u l t rashor t shock waves. 
The present app roach to the p rob lem of oscillations of 
the shock ad iaba t s depends , strictly speaking, on the 
precision of de terminat ion of the pa rame te r s of shock 
waves in the absolute measurements of the compressibi l 
ity. W h e n the k inemat ic pa rame te r s are measured with 
errors no t exceeding 0.5% - 0 . 7 % , it will become possible 

to record these oscillatory effects. Such high precision is no t 
yet a t ta inable . Moreover , studies of the effects at pressures 
above 10 T P a have been carried out by the compara t ive 
me thods , which presumes tha t there are no oscillations or 
tha t there are only small oscillations in one of the s t andard 
elements (used as a shield), which is no t always fully 
justified. 

The next task is the de terminat ion of the states in the 
P-p d iagram in the region between the T = 0 K isotherm 
and the shock adiaba t . This region can be investigated by 
measurements in which the en t ropy of the investigated 
system is less t han the en t ropy cor responding to the shock 
ad iaba t . These condi t ions are satisfied in par t icular by the 
mult iple compress ion adiaba ts , isentropic compress ion 
curves, and some other dependences . The simplest to 
implement (at least in the case of light elements) is the 
process of consecutive compress ion of mat te r by several 
shock waves (one example of such measurements is 
described in the present review). Measu remen t s of this 
kind give the the rmal characterist ics of mater ia ls and 
can sometimes give unexpected results, par t icular ly near 
the limiting states. 

One should ment ion also the possibili ty of addi t iona l 
exper imental cal ibrat ion of wide-range equa t ions of state. 
This is based on a compar i son of the calculated and 
exper imental pa rame te r s of the meta l expansion ad iaba t s 
(with the initial states on the ad iaba t s of con t inuous metals 
at pressures above 1 TPa ) in the range of relatively low 
pressures (below 0.1 TPa) , where the deviat ions of the 
pos i t ions of the expansion curves plot ted on the basis of 
different equa t ions of state are the largest. 

This is a far from complete list of p rob lems tha t have to 
be solved. Unfor tuna te ly , the tackl ing of these p rob lems in 
pract ice does no t depend only on the invest igators. 
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