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Plane Blast Wave Produced by "Dense Plasma Focus"
R. J. WOLF* AND Y. NAKAGAWAJ

High Altitude Observatory, National Center for Atmospheric Research, Boulder, Colo.

A short coaxial electromagnetic accelerator with a fast-ringing energy bank has been used to
produce a hot dense plasma. This plasma in turn is collected in a small diameter tube and
used as a driver gas to produce plane stable current-free high Mach number shock fronts in
the tube. These shocks closely resemble plane blast waves.

I. Introduction

ANUMBER of different modes of operation of a coaxial
electromagnetic accelerator have been reported. In

thermonuclear fusion research the accelerator has been used
for the injection of a high kinetic energy plasma into mag-
netic confinement devices,x»2 and recently for the formation of
a dense hot plasma near the front end of the center electrode
(the phenomenon called the "dense plasma focus").3~5 The
accelerator also has been used to produce shock waves6 ~8 in
rarefied gases in aerodynamical applications. In this last
application a dome-shaped shock front is usually formed7 due
to the 1/r (where r is the radial distance) dependence of the
magnetic field between the electrodes, and the shock front
becomes unstable upon leaving the accelerator.6-8 Some
studies of shock waves produced by the dense plasma focus
have also been reported.9'10

In this paper it is shown that if a coaxial accelerator is
operated in a mode so as to form a dense plasma focus, then,
by collecting this focused high-temperature dense plasma into
a small tube, a plane stable current-free shock front can be
obtained. It is further shown that the physical characteris-
tics of this stable wave resemble closely a plane blast wave.

II. Experimental Arrangements

The schematic of the experiment is shown in Fig. 1. The
coaxial accelerator (coaxial gun), consisting of two, 28-cm-
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long, concentric copper cylinders of 8.25-cm and 4.75-cm
diam was placed in a Pyrex glass tube of 10-cm diam. The
accelerator was connected to the energy source, a condenser
bank of six capacitors of total capacity 85 juf, with a low-in-
ductance (11 nh) spark gap switch for each capacitor. The
spark gap switch was operated in air at atmospheric pressure.
A triggering system that provided negative trigger pulses was
used for switching the gaps; the jitter in the switching of the
six gaps was confined to less than 30 nanosec. The inductance
of the circuit, excluding the accelerator, was 16.4 nh and the
resistance was 1.2 X 10~3 ohms. The time required for the
first quarter cycle of oscillation of the whole circuit (including
accelerator) was 2.0 /zsec.

A system of soft x-ray monitors placed near the front end of
the accelerator was used to determine the temperature of the
focused plasma. This system consisted of two photocells
with absorber foils and was mounted on a vacuum-tight gim-
bal assembly; the gimbal system together with collimators
provided the space resolution of the x-ray source to within 1
mm2. With the use of different absorber foils, it was pos-
sible to determine the time-dependence behavior of the elec-
tron temperature of the focused dense plasma. In experi-
ments, foils of 1.6 and 3.2 mg/cm2 Al and 2.4 mg/cm2 Be were
used.

A Pyrex glass tube of 4-cm diam was placed along the axis
15 cm from the front end of the accelerator to collect the
focused dense hot plasma. This tube was connected to a
system that provided vacuum and the supply of hydrogen
gas for experiment.

A 1.5-m dual grating spectrograph was used with photo-
cells for the spectroscopic measurements in the visible range.
The line emission of 13 (̂4861 A) of hydrogen atom and the
continuum (5540-5550 A), together with the line emission of
Cu I (5218 A), were monitored in experiments, and from these
observations the temperature and density structures behind
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Fig. 1 Schematic arrangement of the experimental appa-
ratus.

the shock front were determined; the line emission of Cu I
was used to determine the position of copper plasma.

The azimuthal component of the magnetic field (Be) at
various radial and axial locations downstream from the focus
was measured with a seven-turn coil mounted on a 1.5-mm
bobbin, which in turn was mounted on a long rod with a
vacuum seal; the location of the coil could be varied without
breaking vacuum. The response characteristics of the coil
were carefulty checked with a 5-Mc Helmholtz coil for signal
distortion.

A piezoelectric .probe,6 which utilized a O.OlO-in.-thick
Clevite PZT-4 crystal with a tin-lead alloy backing rod, was
used for the pressure measurements. The diameter of this
probe was 0.6 cm and its axis was always aligned parallel to
the Pyrex tubes; thus, the response of this probe provided the
relative amount of momentum flux (the sum of kinetic and
hydrostatic pressures) in the axial direction. It was also
possible to locate the probe at various positions without break-
ing the vacuum. Various streak and framing photographs of
the luminous front were obtained with an image converter
camera through a 100 A half-band pass H@ filter.

III. Experimental Results

Experiments were performed with hydrogen gas of initial
pressure 0.50 torr, and between each experiment the whole
system was pumped down to 10 ~5 torr. In all experiments,
the center electrode was kept initially at positive polarity
and the capacitors were charged to 15 kv.

A. Formation of the Plasma Focus

If the accelerator and the external circuit are designed such
that the current sheet arrives at the end of the electrodes near
the time of peak current, the current sheet undergoes a very
rapid radial collapse as it proceeds off the center electrode;
this leads to the dense plasma focus.3"5 Figure 2a shows
oscillograms of the soft x-ray monitor output from the region
on the axis and 2 cm beyond the center electrode of the
accelerator. Figure 2b represents the corresponding Rogow-
ski coil pickup (dl/dt) and its integral (/) of the circuit os-
cillation. The discontinuity in the current corresponds to
the collapse of the current sheet off the end of the center elec-
trode.

The location and the time of formation of the dense plasma
focus were determined by the use of the soft x-ray monitor.
It was found that the dense plasma focus is formed in a vol-
ume along the central axis approximately 2 cm in length and
^ cm in diameter located about 2 cm from the front end of the
accelerator, and that the time of formation of the "plasma
focus" (identified with the burst of x-ray emission) coincides

approximately with the time of maximum current in the
accelerator circuit.

The maximum electron temperature of plasma in the
focused region (defined by the x-ray burst of the longest time
duration) was evaluated to be (1.16 ± 0.23) X 106 °K from
the relative intensity of the x-ray emissions at different wave-
lengths measured by the x-ray monitor with the use of three
different absorber films and the computations of Ref. 11.
This estimate was based on the assumption that the observed
x-ray emissions are resulting purely from hydrogenic Brems-
strahlung. The last assumption could be justified partly
from the results of observation, since the ratio of any two of
the three measurements yielded the same temperature (to
within the estimated accuracy of the measurement). The
presence of strong x-ray line or impurity emission would have
resulted in excessive scatter in the temperature measured
through the different absorbers. This assumption has been
examined in greater detail in Ref. 5, and the existence of a
Bremsstrahlung seems to be confirmed. The effects of im-
purity and line emission are discussed in detail in Ref. 11.

The electron number density within the focused region was
estimated to be 4 X 1018 e/cm3 by applying a simple snow-
plow theory, such that all the particles within the diameter of
the center electrode were swept into the final measured
diameter of ^ cm of the focus. It is granted that this is a
very rough estimate of the density; however, the density
determined with this approximation is consistent with the
measured densities and radii of collapse of Refs. 4 and 5. In
addition, the attempt here is only to obtain an order-of-
magnitude estimate of the total thermal energy content of
the focused region so that it can later be compared to the
energy required by plane blast-wave theory. Assuming an

b)

Fig. 2 a) Oscillogram of soft x-ray monitor output.
Upper trace represents transmission through 2.4 mg/cm2

Be absorber and lower through 1.6 mg/cm2 Al absorber.
b) Oscillogram of the circuit oscillation. Upper trace is the
Rogowski coil output (dl/dt) and below its integral (/).
The horizontal time scales are 2 //sec per division for both

records.
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ideal gas, the total thermal energy of the focused region can
be estimated from Eth = ^NKTy where N is the total number
of particles in focused region and T their temperature. The
total thermal energy was estimated to be 5 X 108 erg.

The focused region was also investigated by piezoelectric
pressure probes. Measurements were made at 5, 10, and 15
cm from the front end of the center electrode and also at
each 1-cm radial increment and of more than 200 independent
firings of the accelerator. The axis of the probes was always
parallel to that of the accelerator. Figure 3 represents a plot
of the peak values of the pressure probe signals as a function
of z and r. It can be seen that the axial momentum flux near
the accelerator is also concentrated about a small diameter
and diffuses radially as it progresses down the tube.

B. General Results With Small Tube

In order to collect the axial momentum flux (measured by
the pressure probe) before its radial expansion, a small-
diameter (4 cm) tube was introduced at 15 cm from the end of
the accelerator (see Fig. 1). It was found that after the inter-
section of the current sheet and the small tube a plane stable
luminous front is always formed and continues to travel in the
small tube. Figure 4 illustrates framing camera photo-
graphs of the evolution of the shock front within the 4-cm-
diam tube, and Fig. 5 is a streak photograph of the shock
wave propagating inside the small tube.

It was found that the luminous front in the small tube re-
mains plane and stable and that the magnetic probe signal
was reduced by a factor of 10~3 in comparison with the similar
signal taken at the same location without the small tube.
Also, it was found that in the small tube the line emission of
Cu I was reduced in amplitude and delayed considerably with
respect to the Hp line emission; the latter remained practically
unchanged with and without the small tube. Finally, the
current-free nature of the wave in the small tube suggests that
it could be identified with a blast wave resulting from the
thermal expansion of the short-lived (1 jusec) dense plasma
focus.
C. Detail Analysis With Small Tube

Defining the shock front as the pressure discontinuity,
determined by the pressure probe measurements, the ob-
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Fig. 4 Framing camera photographs of the shock-front
evolution within the 4-cm-diam tube. The time incre-

ment is 0.5 ,usec between frames.

served trajectory is shown in Fig. 6. It was further found
from detailed examinations of the oscillograms of pressure
probe and Hp emission that there is practically no delay
between onset of these signals; hence, the Hp luminous front
in the small tube can also be identified as the shock front.

In order to confirm the blast-wave nature of the shock
front inside the small tube, but to avoid complexity, a simple
comparison of the observed shock trajectory with the simi-
larity solution of plane blast wave was attempted. The

Fig. 3 Normalized hydrodynamie (hydrostatic and ki-
netic) pressure distributions at various distances Z from

the accelerator.

Fig. 5 A streak photograph of the front within the 4-cm-
diam tube. Total streak duration is 20 yusec, and the total

field of view is approximately 50 cm.
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Fig. 6 Comparison of the trajectories of the pressure front
(triangles) and the classical plane blast-wave similarity

solution (solid curve).

classical similarity solution without chemical reaction for a
plane blast wave can be written in the form, for 7 = 1.67,12'13

xs = 0.853 (E0/Po)ll*t2/* (1)
where xs is the position of the shock front at time t, E0 is
the total energy released per unit cross-section area, and p0
is the initial density.

The theoretical relation plotted in Fig. 6 was obtained
after the least-squares fitting of Eq. (1) to the observed pres-
sure-front data beyond the distance z = 35 cm from the ac-
celerator. In constructing Fig. 6 and for the least-square
fitting of Eq. (1), the position of the shock front xs and time t
were measured relative to the position and time of the maxi-
mum x-ray emission of the dense plasma focus. With the
value of EQ = 4.72 X 107 erg/cm2, a good agreement between
the similarity solution and the experimental data has been
obtained, as it can be seen in the figure. This implies that the
4-cm-diam tube collected a total energy of 5.9 X 108 ergs.

Further confirmations of the blast-wave nature of the
shock front in the small tube were attempted by examining
the density and temperature structure behind the shock
front. This was done at seven locations, at 5-cm increments,
starting from 35 cm and ending 65 cm from the focus. At 35
cm the shock Mach number is ^45, the immediate postshock
temperature ^15,500° K, and the percent of ionization is
~70%, while at a location 65 cm from the focus the shock
Mach number is ~8, the postshock temperature is ~7,600°K,
and the percent of ionization is ~0.4%.

Fig. 7 a) Hp line emission intensity in a 10-A interval about
the line center and b) continuum emission intensity at
(5540-5550 A). The horizontal time scale is 5 /*sec/div.

The temperature structure behind the shock was deter-
mined by the ratio of total Hp line intensity to the background
continuum intensity (measured at 5540-5550 A) utilizing the
method described by Griem.14 Figure 7 illustrates Hp line
and continuum emission intensities taken at a location 55 cm
from the focus region. The conversion of temperature and
density measured at several locations as a function of time
to the nondimensional temperature and density (T/TS and
P/PS, where Ts and ps are the temperature and density at the
shock front) as a function of the nondimensional parameter
x/xs (xs being the position of the shock front) has been dis-
cussed by Vlases and Jones.15 The present method of re-
ducing the data, however, was somewhat different. The
temperature was measured at one location (35 cm) x as a
function of time t] the position of the shock front xs was
measured simultaneously as a function of time (by a streak
photograph); the dimensionless parameter x/xs(t) was then
generated. The value of Ts as a function of time was mea-
sured at the following locations as the shock front arrived,
producing Ts(t).

Since at the shock front x/xs = T/TS = 1, the dimension-
less function T/Ts(t) and x/xs(t) could be generated. The
time dependence of T/Ts(t) and x/xs(t) was then eliminated
to obtain T/ Ts as a function of x/xs only.

It should be noted that in the actual determination of the
temperature and density behind the shock wave in the small
tube, the intensity of Hp emission was measured through a
10-A-wide slit. Thus, it was first necessary to compute the
ratio of the total Hp emission, including the far wings, to the
emission in a 10-A interval about the line center. This was
done as a function of electron temperature and density, em-
ploying the profiles computed by Griem.14

The temperature structure thus determined from these
spectroscopic data is plotted in Fig. 8, together with the
results of classical similarity solution in terms of nondimen-
sional parameters T/TS and x/x9. The density structure
determined from the absolute intensity of the Hp14 emission
with the assumption of Boltzmann distribution at the
measured temperature was reduced in a similar fashion and is
plotted in Fig. 9, in terms of nondimensional variables
P/PS (where ps is the density at the shock front) and x/xs with
the results of classical similarity solution. It should be clear
from these figures that the general physical characteristics of
the observed plane stable shock front in the small tube closely
resemble that of a plane blast wave.

The Hp line to continuum temperature measurement re-
quires that equilibrium between the free electrons and third
quantum level be attained and the result being representative
of the electron temperature only. For the conditions of the
experiment, this can be expected only for times greater than
0.1 /zsec14 or for values x/xs less than 0.98 (see Fig. 8).

— SAKURAI
A EXPERIMENT

,7=1.67

0.7 0.8 0.9

DISTANCE ( x / x )

Fig. 8 Temperature structure behind the plane shock
(triangles). Solid curve represents the classical plane

blast- wave similarity solution for 7 = 1.67.
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Fig. 9 Density structure behind the plane shock wave (tri-
angles). Solid curve represents the classical plane blast-

wave similarity solution for 7 = 1.67.

The density measurement requires complete equilibrium
between the electrons and the emitting hydrogen atoms.
This can only be obtained for times greater than 3 jusec14 or
for values x/xs less than 0.95 (see Fig. 9). These conditions
of nonequilibrium required that the values of temperature
and density at the shock position xs be extrapolated from data
which were known to be in equilibrium.

IV. Concluding Remarks

In the present paper, the physical characteristics of shock
waves produced by a coaxial accelerator are examined, and a
method to produce a plane stable shock wave of high Mach
numbers (up to 100 in hydrogen) with the use of a large energy
fast-ringing accelerator is presented. It is shown that, by
collecting the plasma from the region of dense plasma focus
into a small tube, a plane stable shock wave can be obtained
and that the shock wave resembles a plane blast wave. The
exact physical nature of the shock wave will be the subject of
future study.

It should also be noted that the value of EQ = 5.9 X 108 erg
represents a collection of only 3%- of a percent (6.2 X 10 ~3)
of the original energy stored in the capacitor into the small
tube. However, this value of EQ represents the collection of
possibly all the thermal energy of the dense plasma focus,
which is approximately 5 X 108 erg and the additional kinetic
energy of the plasma.
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