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Brief contact between a gas discharge plasma at over 107 oK and a metallic electrode not only 
results in intensive evaporation of the surface but in some cases, owing to the high pulsed 
pressures which may be as high as several megabars, leads to shock-wave destruction of the 
external side of the electrode i.e. to rear end splintering. A deuterium plasma with an energy 
content sufficient to produce such pulsed pressures for a period of ~10-7 sec has been ob
tained by noncylindrical compression of a z-pinch [1 l . The splintering phenomenon is used in 
the present study in an attempt to determine the pulsed pressure (or energy content) in the 
plasma focus. For this purpose, calculations are carried out for a model planar problem in
volving passage of a shock wave through an aluminum plate and reflection of the wave from a 
free boundary. The dependence of the thickness of the splintered layer on the pressure am
plitude is found for a given pulse shape corresponding to a prescribed duration. An analysis 
of the experimental results, based on the calculations, shows that the energy density on the 
plasma focus may reach 1023-1024 eV/cm 3, in agreement with other independent estimates. 
Thus the splintering method can be employed for diagnostics of dense hot plasmas. 

AMONG the numerous topics investigated in the 
field of controlled thermonuclear fusion are rapid 
pulsed processes capable of producing and heating 
a deuterium plasma to temperatures of tens of 
millions of degrees. The simplest example of such 
a rapid process is the linear z-pinch, studied in 
the USSR and in the USA as early as in 1952. 

The apparatus with which the research was car
ried out constituted a high-voltage capacitor bank 
discharging into a cylindrical chamber of ceramic 
or glass. The metallic ends of the chambers served 
as electrodes (the cathode and anode were identical 
in shape). A current exceeding 106 A with a growth 
rate up to 10 12 A/sec was passed through the cham
ber, which was filled with hydrogen or deuterium at 
a pressure 10- 1-10-2 mm Hg. Such systems were 
the first to yield pulsed neutron and hard x-radia
tion from a plasma. Numerous experimental inves
tigations yielded some ideas concerning the mech
anisms of formation, development, and decay of the 
pinch column. It became clear at the same time 
that an increase in the energy stored in the battery, 
beyond a certain limit characteristic for each given 
setup, does not increase the neutron yield, but to 
the contrary, suppresses all of the hard radiation 
from the discharge. It was assumed that the main 
cause limiting the attainable temperatures and 
energy content of the plasma is evaporation of the 
low-thermal-conductivity ceramic chamber walls 

during the emission stage of discharge formation. 
Figure 1 shows the construction of one variant 

of a gas-discharge chamber which is practically 
free of this shortcoming. The chamber consists of 
a copper housing, 3, which serves as a cathode, 
and a positive electrode, 5, of 480 mm diameter, 
introduced through a porcelain insulator. Capacitor 
bank, 1, are rated 180 JJ.F at a working voltage of 
24 kV was discharged into the chamber through a 
vacuum switch, 2. The channel was filled with deu
terium to a pressure of ~1 Torr. The current 
through the chamber and the voltage on it were 
measured with an oscilloscope using integrating 
Rogowski loop and an ohmic divider, 6. The operat
ing principle and the characteristic of development 
of the discharge were described in detail in [1- 31. 

The difference in the geometric shapes of the 
anode and the cathode changes the character of con
traction of the discharge towards the chamber 
axis, making it non-cylindrical. During the initial 
stage of the discharge, the current sheath is 
formed, just as in cylindrical chambers, near the 
surface of the insulator, but it then moves not 
towards the axis but to the side walls of the cham
ber. The motion of the gas towards the center of 
the chamber proceeds along the surface of the in
ternal (positive) electrode and begins after the cur
rent has grown practically to a maximum. The gas 
in which the initial stage of the development of the 
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FIG. 1. Diagram of gas-discharge chamber: 1 - Capacitor 
bank, 2 - vacuum switch, 3 - chamber housing, 4 - porcelain 
insulator, 5- anode, 6- ohmic divider. 

discharge took place does not participate in the 
compression. 

The main phase of the discharge is the contrac
tion of the sheath towards the axis under the influ
ence of the electrodynamic forces, and is charac
terized by formation of a shock wave, which plays 
a stabilizing role during the motion. The singulari
ties of the investigated type of compression, con
nected with the non-cylindrical shape of the sheath, 
appear during the same phase of the discharge. 
Leakage of the ''swept up'' gas along the plasma 
layer is observed and increases in time. This 
leads to an appreciable increase in the radial 
velocity of the contraction of the sheath near the 
electrode. Cumulation on the chamber axis, pro
duces within a short time interval ((1-2) x 10-7 sec) 
a plasma focus with a particle temperature exceed
ing 1 keV and a density exceeding 1019 cm- 3• When 
the chamber is filled with deuterium, the plasma 
focus serves as a sharply localized source of neu
trons of strength up to 1010 neut/pulse. The concen
tration of the energy can in this case exceed 
1022 eV/cm3, and should become manifest as a 
pulsed pressure on the electrode, since the kinetic 
energy of the sheath goes over at this instant into 
the energy of random motion. 

The high plasma parameters and the complexity 
of the geometric shape, the latter aggravated by 
the small dimensions of the compression focus, 
make it difficult to employ usual diagnostics 
methods, but at the same time uncover new inter
esting possibilities. In particular, the pulsed pres
sure on the chamber axis becomes large enough to 
lead in many cases to the appearance of "rear-end 
splintering" 1> of the chamber electrode material. 
In this paper we present results of experiments 
with "splintering" and attempt to use this phenom
enon to estimate the energy density in the plasma 
focus. 

1 )The "splintering" method is used to investigate the 
compressibility of solids up to pressures "' 4 x 106 atm and to 
determine the parameters of shock-wave fronts [4]. 

Insert fl Electrode. 

~t~~ 
FIG. 2. Construction of insert. 

Figure 2 shows the construction of the remova
ble insert, used to observe the splintering, of the 
central part of the positive electrode. Regions A 
and B are respectively the internal and external 
parts of the discharge chamber. The insert mater
ials and the thickness o of the working part were 
varied from experiment to experiment. 

Figure 3 shows a typical photograph of the sur
face (A) of the electrode subjected to the pulsed 
action of the plasma, while Fig. 4 shows a picture 
of the splintering as observed from the external 
side of the electrode. The thickness of the dura
aluminum insert was in this case 6 mm, and the 
thickness of the splintered layer was 0.5-0.7 mm. 
A trace of the contact between the pinch and the 
electrode, in the form of a molten crater of ~1 mm 
diameter and having approximately the same depth, 
is located in the center of the surface section on 
which the plasma acted. Unfortunately, reflections 
of the metal on the photograph make it difficult to 
see the crater. Splinters of thickness from 0.1 to 
0. 7 mm were observed at different discharge con
ditions and when the thickness of the insert was 
varied. The area of the splinter turned out to be 
variable, ranging from 2 to 200 mm2• 

The rate of scattering of the splintering mater
ial was determined by high speed photography and 
exceeded in some cases 2 km/sec. In most cases, 
the splintered layer broke up into minute fragments. 
In weaker reactions, swelling of the material was 
observed in lieu of splintering. It was then possible 

FIG. 3. Internal surface of insert which is in contact with 
the plasma. 
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FIG. 4. Photograph of splinter. 

to trace the character of formation of the crack 
transverse to the direction of wave propagation. 
The crack development terminated in splintering of 
the thin layer of material. A metallographic micro
photograph of a polished transverse section of the 
insert near the crack is shown in Fig. 5. The thick
ness of the splinter was in this case ~0.6 mm, and 
the length of the crack was ~4.3 mm. Measure
ments were made of the microhardness over the 
cross section of the sample in the direction of 
shock wave propagation. The distribution of the 
hardness was uneven; the hardness of the section 
that has peeled off from the zone adjacent to the 
crack exceeded the microhardness of the main 
sample by approximately 10%. Figure 5 reveals the 
existence of longitudinal microcracks, which are 
probably the consequence of the increasing brittle
ness of the material in the region of the deforma
tion. 

In order to calculate the dimensions and the 
velocity of the splinters as a function of the ampli-

FIG. 5. Microphotograph of structure of cross section of a 
duraluminum insert (lOOx). 

tude of the applied pressure and of its duration, we 
carried out calculations for a model planar prob
lem. We traced the passage of a shock wave due to 
an applied pressure pulse through a plate made of 
duraluminum, and also the reflection of this wave 
from the free boundary of the plate. Reflection 
gives rise to a rarefaction wave with a very sharp 
pressure gradient and with large negative (tensile) 
stresses. The resultant stresses can lead to the 
splintering[4J. 

In solving the problem, we used the experimen
tally obtained characteristic times of existence of 
the extremal conditions in the pinch (0.1 JJ.sec), and 
specified, on the basis of theoretical calculations[5J, 
the order of magnitude of the pressure in the pinch 
during that time. The pressure was varied subse
quently within reasonably broad limits. It was con
venient to assume in the calculations that the pres
sure pulse has an infinitely steep leading front and 
an exponentially decreasing trailing front. 

In the calculations we used as the velocity unit a 
value 105 em/sec, the length unit was 1 em, and 
the unit time was 10-5 sec. In terms of these units, 
the problem of pulsed pressure in the pinch is 
formulated in the following fashion: 

On the right edge of a plate of thickness 0.4 
there is applied a pressure 

p =poe-loot; ( 1) 

The pressure amplitude p0 = 5 corresponds, in 
units that are convenient for plasma experiments, 
to a pinch energy density 3.12 x 1022 eV/cm3. 

The equation of state of the matter in the plate 
is written in the form usually employed for 
solids[4J: 

_ p0c02 [s ( p \v J p-- - -1 
V Po I • 

(2) 

where Sis the entropy variable, y = 7/3, Po= 2.71, 
co= 5.5 (co-speed of sound). The chosen constants 
correspond to the physical conditions under con
sideration. 

On Hugoniot adiabat, the following expression is 
used for the energy: 

(3) 

Figure 6 shows in (x, t) coordinates the motion 
of the shock wave (1), of the free boundary (2), of 
the compressed boundary (3), and of the character
istics bounding the rarefaction wave (4, 5). The 
boundary to which the pressure is applied was cal
culated up to t = 0.0690, that is, up to the instant 
of emergence of the shock wave to the free boun
dary of the plate. Following this instant, the mo
tion was calculated only for the part of the plate 
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FIG. 6. Plot of shock-wave motion (from right to left), of 
the free and compressed boundaries, and of the characteristics 
bounding the compression wave. 

adjacent to the free boundary and bounded on the 
right by the characteristic dx/dt = u- c [(6) in the 
same figure]. The assumed limitation makes it 
possible to reduce greatly the volume of the calcu
lations, but does not introduce additional approxi
mations in the calculation of the phenomena of 
interest to us. 

Figure 7 shows the variation of the pressure 
along the shock wave. During the time of passage 
of the wave, the amplitude of the pulse decreased 
only from 5 to 3.8, although the pressure on the 
right-hand boundary decreased during that time by 
approximately e7 times. Such an insignificant de
crease in the amplitude is due to the fact that the 
wave corresponding to the initial pressure 5 is 
very weak-almost sonic. 

Figure 8 shows the distributions of the velocities 
and of the pressures in the plate at the instant 
t1 = 0.0690 when the shock wave emerges from the 
left boundary. 

Figure 9 shows the characteristic distribution of 
the pressures in the plate in the presence of a 
wave reflected from the left-hand boundary-rare
faction wave. It is seen that the maximum tensile 
stress is reached on the characteristic dx/dt = u 
+ c, which bounds the rarefaction wave from the 
left. 

Figure 10 shows the time variation of the maxi
mum tensile stress. It is seen from the figure that 
the critical stress (from the point of view of 
strength), equal to 2, is reached at t ~ 0.075, when 
the characteristic is approximately 0.40 mm away 
from the boundary. The splintered layer should be 
of approximately the same thickness. 
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FIG. 7. Variation of pressure along the shock wave. 
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FIG. 8. Distribution of velocities (a) and pressures (b) at 
the instant t, = 0.0690 (emergence of wave to the left 
boundary). 
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The calculations were made by a finite-differ
ence method, using moving nets in each of the reg
ions into which the problem was broken up by the 
moving boundaries (shock waves and characteris
tics). Steep gradients called for smaller differences 
both in space and in time. The time interval was 
chosen to be T = 0.0002. In the calculation of the 
passage of the wave, 99 points were used between 
the wave and the right-hand boundary. In the calcu
lation of the reflected rarefaction wave, 30 calcula
tion points were used inside the wave. 

Let us see now how the tensile stresses are 
produced on the characteristic dx/ dt = u + c which 
emerges from the left boundary (x1) at the instant 
when the shock wave arrives at this boundary (see 
Fig. 6). At the instant t = t 1 (emergence of shock 
wave), the quantities u, c, and p can be assumed to 
have a linear distribution with respect to the coor
dinate x near the left-hand boundary. In particular, 
the quantity u- 2c/(y- 1) is assumed to be linear 
in x: 

u--2 -cl = a0 +adx-xi(t1)]. (4) 
v -1 t=t, 

The coefficients a 0 and CY 1 of this linear function 
can be taken from the plots obtained as a result of 
calculation of the motion of the shock wave. 

Since u- 2c/(y- 1) is a Riemann invariant, that 
is, it is conserved along the characteristics dx/dt 
= u- c, we obtain for it (when t :::=: t1) the following 
approximate formula: 

p.--,-.--,--,-.---

1,0 

FIG. 9. Distribution of pres- {j 

sures in the presence of a re-
flected wave. -~0 

-2,0 
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u --2-c = a0 + adx- xi(t)-(u- c).,,t, (t- tt)]. (5) 
y-1 

In the derivation of this formula we neglected the 
variation in the slope of the characteristics u- c, 
and assumed that 

u- c == (u- c)x,ti' (6) 

When the shock wave emerges from the left 
boundary, a rarefaction wave is produced, consist
ing of a narrow bundle of characteristics dx/dt = u 
+ c (see Fig. 6, where the left (4) and right (5) 
characteristics of the bundle are marked). We are 
interested in the quantities on the left-hand charac
teristic. The value (u + c)t1 on this characteristic 
can be determined only from the shock wave 
parameters at the instant of its emergence from 
the boundary. We determine the value of 
(u + 2(')'- 1f1clt on this characteristic in exactly 
the same way. Such a combination of the velocity 
of matter and the speed of sound is a Riemann in
variant for this characteristic, and remains con
stant along it. 

Thus, we can assume approximately that the 
following relations hold along the left- hand charac
teristic: 

u+-2-c=(u+~1c) ' (7) 
y- 1 'Y - x,t, 

From this and from (5) we see, that at the assumed 
accuracy, c will be a linear function of the time 
along the characteristic, and its parameters will 
depend on the parameters of the shock wave at the 
instant of its emergence from the boundary, and on 
the gradients of the quantities u and c behind the 
front of the wave at that same instant. In the isen
tropic case, the pressure p can be determined from 
the known value of c with the aid of (2). 

The decrease of the pressure and velocity be
hind the front of the wave leads to a decrease in the 
pressure along the characteristic dx/dt = u +c. 
Since the pressure on the left characteristic of the 
bundle is equal to zero at the instant of the forma-
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FIG. 10. Time variation of the maximum tensile stress. 

tion of the rarefaction wave, its decrease leads to 
the occurrence of tensile stresses. 

We have also calculated variants with variable 
pressure amplitude: 

p = 15e-1001, p = 25e-tovt, 

p = 40e-toot, p = 50e-toot (9) 

and obtained for them approximate formulas for the 
velocity of c along the characteristics with maximal 
tensile stress: 

c = c'lo + c'lt (x- Xt). 

Here 
X-X1 = (.x-xt{tt)] -Ut(t-tt) 

= [(u+c)x,t,-ut(tt)]{t-tt). 

(10) 

(11) 

(12) 

The values of the coefficients are listed in the table 
for a pulse in the form p = p0exp(-100 t). 

If we assume that the splintering occurs at a 
critical stress Per= -2.0 and c 1 = 5.341, then we 
obtain for the thickness of the splintered layer 
ill!: = (x- x1) lc = Ct' as a function of the pressure 
amplitude, the following values2>: 

p0 : 5 15 25 40 50 
!lx, mm: 0,4 0,32 0,26 0,22 0,20 

The amplitude of a pressure equal to 5 corre
sponds to an energy density in the plasma 3.12 
x 1022 eV/cm3 (in the case of a plane-front shock 
wave). 

In the general case the thickness of the fragmen
ted layer depends much strongly on the duration of 
the pressure pulse (ill!: = cD.t) than on its amplitude. 
The very fact that the splinter is produced yields a 
lower-bound estimate for the pressure. In the op
posite case, when no splintering is observed, the 
same reasoning yields an upper bound for p. 

From an analysis of the data presented for ill!: 
it follows that the discussed measurement method 
has maximum sensitivity at a pressure on the order 
of critical. With increasing p, the illc(p) dependence 
exhibits saturation. However, at the same time, the 
velocity with which the splintered layer travels 
increases. All the excess energy of the compressed 
solid, with the exception of the work connected with 
the disintegration of the material, goes over into 
the kinetic energy of the fragment. If we measure 
in each experiment both the thickness and the veloc
ity of the fragment, then the accuracy with which p 

2)we include also the accurately-calculated 1\x for p = 5 
exp(-100 t). 
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Po ~. Pt 8o 8, 

15 5,501 1-27,71 5,5:11 -5,04 
2.5 5.503 -34.5 5,503 -6,26 

is determined greatly increases and the method can 
be extended to include values p » Per it. 

For the concrete example chosen, the action of 
the plasma on the electrode lasted approximately 
10-7 sec and the thickness of the splintered layer 
was approximately 0.4 mm and its velocity ap
proximately 1 x 105 em/sec. All these quantities 
can be reconciled if the pressure amplitude is 
taken to be 5-15, that is, (3-10) x 1022 eV/cm3, 

and if the wave front is assumed plane. Additional 
corrections to the pressure amplitude should be 
introduced when account is taken of the almost 
pointlike contact between the plasma focus and the 
electrode. 

Comparison of Figs. 3 and 4 indicates that a 
correction coefficient must be introduced to account 
for the difference in the area of the splinter and 
the area of the contact between the plasma and the 
electrode. (The wave is not plane but almost spher
ical.) In our case this coefficient can range ap
proximately from 30 to 100. Since the wave is not 
strong, almost sonic, the ratio of the areas increa
ses by a corresponding number of times the ampli
tude of the pressure at the focus of the plasma 
compression, that is, the concentration of the en
ergy obtained during the cumulation approaches 
1024 eV/cm3• 

Thus, the method of "rear-end splintering" can 
be used as an independent and rather illustrative 
method of determining the pulsed motion of the 
plasma to an electrode in those cases when this 
pressure is too large for ordinary measurement 
methods (piezoceramics, quartz, etc.). A suitable 
choice of materials for the insert and the electrode 
can reduce the critical amplitude of the pressure 
that leads to splintering. 

The first experiments of this type were carried 
out by the authors in an investigation of ordinary 
cylindrical discharges. A small cylinder of chalk, 
of 8 mm diameter and 5 em length, was suspended 
freely in the center of a porcelain chamber, flush 
with the surface of the lower electrode. The pulsed 
action of the pinch in the compressed state caused 

II Po flo (-1 s. 8, 

II 
40 5,5C8 1-42,51 5,5[)8 1-7,71 
50 5,513 -46.2 5,513 -8.38 

a tablet 4 mm thick to splinter off the end of the 
chalk bar. The pulsed pressure of the plasma was 
insufficient to splinter stronger materials in this 
case. 

The question of the nature of the pressure pro
file which is specified in the calculation calls for 
further analysis; in particular, it is necessary to 
consider the contribution of the momentum of the 
evaporating material of the electrode at the place 
where contact is made with the plasma. However, 
even when the momentum is increased by the 
evaporation by ten times the computed energy con
tent of the plasma will not decrease below 
1023 eV/cm3. 
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