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ABSTRACT 

The performance of a 5 MJ plasma focus is calculated using 
our two-dimensional magnetohydrodynamic (2-D MHD) code. Two 
configurations are discussed, a solid and a hollow anode. In 
the case of the hollow anode, we find an instability in the 
current sheath which has the characteristics of the short wave 
length sausage instability. As the current sheath reaches the 
axis, the numerical solution is seen to break down. Just before 
this time, plasma parameters take on the characteristic values 
p/PO = 143, kT1' = 7.4 keV, Bp = 4.7 MG, and V z = 60 cm/us 
for a zone with r = 0.2 mm. When the numerical solution breaks 
down, the code shows a splitting of the current sheath (from the 
axis tc the anode) and the loss of a large amount of magnetic 
energy. Current-sheath stagnation is observed in the hollow 
anode configuration, also. 

I. INTRODUCTION 

The application of our 2-D MHD code to a 72 kJ plasma focus 
has been discussed in a previous publication,! hereafter re
ferred to as I. In the present work, we are concerned with the 
application of the code to 5 MJ systems. This bank energy was 
chosen for two reasons. First, it is approximately one order of 
magnitude larger than the bank energy used by Mather^ in his 
well-known experiment producing 1.2 x 10^2 neutrons.2 
Second, a 5 MJ experiment is being planned at the Lebedeev In
stitute in Moscow, the components of the capacitor ^^nk having 
already been assembled.3 
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In Sec. II, results are discussed for the solid anode con

figuration. The motion of the shock front and current sheath is 
discussed in detail for small radius. In Sec. Ill, results are 
discussed for the hollow anode configuration. During the col
lapse, an instability in the current shjath begins to grow at a 
radius of 3.8 cm. A fine-zoned problem was run to follow the 
radius of the pinch down to 0.4 mm. Because of the fine zoning, 
the compression for this run was much larger than for previous 
problems using coarse zoning (Ar = Az = 2 mm). The break
down of the numerical solution when the current sheath reaches 
the axis is discussed. The main results of the 5 MJ calcula
tions are summarized in Sec. IV. 

II. THE SOLID ANODE CONFIGURATION 
The parameters for this problem are given in Table !. The 

choice of a cathode 68% open to radial flow of the gas is arbi
trary. The gas fill of 70 Torr D2 corresponds to an initial 
density of 1.56 x 10~ 5 gm/cm^, taken to be at room temper
ature. The size of the zoning is Ar = Az = 0.25 cm. A 
single column of zones of gas at the left-hand boundary of the 
grid is taken to be at a temperature of 2 eV in order to 
"strike" the current and begin the calculation. 

Table 1. Physical parameters of the solid anode 5 MJ focus. 

Radius of anode 7.5 cm 
Radius of cathode 10 cm 
Length of anode 25 cm 
Voltage 150 kV 
Capacitance 444.4 uF 
Energy 5 MJ 
Inductance 30 rH 
Gas fill 70 Torr D 2 

68% open cathode 

The lift-off and rundown for this problem look very similar 
to those for the 72 kJ problem discussed in I. Because the tip 
of the anode is so close to the right-hand boundary of the grid, 
the velocity field reaches this boundary at t = 3.475 us, when 
the sheath has only collapsed to a radius of 5 cm. This "wall" 
provides an artificial confinement of the gas and the current 
sheath for the rest of the problem. 
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The current and inductance of the gun are shown in 
Fig. 1. The peak current is 9.88 MA at t = 3.30 us. The 
current sheath begins its collapse at t = 3.30 us and reaches 
r = 2.5 mm at t = 3.70 us (I = 7.56 MAI. From Fig. 1, we see 
that the anode should have been longer to allow the current to 
reach maximum value. 
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Fig. 1. Current and inductance, solid anode. 

The rundown velocity for the current sheath is 12.5 cm/us 
(attained at t = 2 us), which agrees very well with 
(B^/STTDQ)^. The pressure of the shocked gas just 'head 
of the current sheath is approximately 2 kbar, and the magnetic 
field behind the sheath is 0.25 MG. The compression is 
approximately 3.7 during the rundown and the ion temperature is 
in the range 26 to 42 eV. Figures 2 and 3 show the profiles 
for pressure, rBp, density, and temperature just above the 
anode. 
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Fig. 2. Pressure and rBpi, rundown. 
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Figure 4 shows radius vs time for the current sheath and the 
shock front. When the shock reaches the axis at t = 3.65 us, 
the current sheath is at a radius of 1 cm. The pressure and 
rB@ radial profiles 2.5 cm in front of the anode are shown 
in Fig. 5 for t = 3.575, 3.65 us. The pressure reaches 
80 kbar when the shock hits the axis. 
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Fig. 4. Radius versus time for current sheath and shock 
front. 
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Fig. 5. Pressure and rBg collapse. 

The current sheath continues its motion inward until it 
reaches a radius of 2.5 mm (t = 3.70 usl where the numerical 
solution breaks down. The breakdown of the solution is 
discussed in the next section. 

Density and temperature profiles are shown in Fig. 6 for 
t = 3.65, 3.70 us. Note the flat radial profiles for both 
density and temperature at the time the shock reaches the axis. 
Fifty nanoseconds later, the density profile becomes steep, the 
density increasing by a factor - 2 on axis. The ion temper
ature on axis increases from 560 eV to 1.5 keV during this 
time. The pressure and magnetic field profiles at t = 3.70 us 
are shown in Fig. 7. Note that the pressure on axis has risen 
to 3E0 kbar. 

A basic difficulty arises in calculating the motion of the 
current sheath all the way to the axis. However, we know that 
the density decreases due to plasma motion along the axis, and 
this drop in density is accompanied by an increase in ion (and 
electron) temperature because work continues to be done on the 
gas. Therefore, we can expect a rise in temperature to several 
keV as the current sheath approaches the axis (r < 2 mm). 

Because the cross section for producing neutrons from the 
d-d reaction rises rapidly between 1 keV and 5 keV, the MHD 
calculation would predict the onset of copious neutron emission 
at the time the current sheath reaches the axis (r < 2 mm). 
On the other hand, the onset of x-ray emission (soft x rays) 
should coincide with the arrival of the shock front at the axis 
approximately 50 ns earlier. 
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To show the history of a zone during the pinch process, den
sity and ion temperature are plotted vs time (Fig. 8). This is 
a zone on axis, 2.5 cm in front of the face of the anode. The 
decrease in density for t a 3.675 is caused by rapid accel
eration of the plasma away from the anode, following the pinch. 

Fig. 8. Density and ion temperature on axis. 

Figure 9 shows the time-dependence of the pressure in this 
same zone. The pressure rises after the shock front reaches 
this zone, then stays constant for approximately 25 ns until the 
current sheath reaches this zone and the numerical -..olution 
breaks down. The density is decreasing and the temperature is 
slowly increasing during this time, as can been seen in Fig. 8. 

The magnetic, internal, and kinetic energies vs time are 
shown in Fig. 1.0. Note that the magnetic and internal energies 
reach a maximum of approximately 0.9 MJ at t = 3.70 ys. The 
kinetic energy remains small because the right-hand side of the 
grid confines motion in the z-direction. The energy balance at 
pinch time is shown in Table 2. 
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Table 2. Energy balance at t = 3.7 ys. 

Percentage of 
Form Energy (MJ) total 
Capacitor 1.99 41 
External inductance 0.86 18 
Magnetic 0.90 18.6 
Internal 0.84 17.4 
Kineti<- 0.10 2.0 
Conduction 0.12 2.4 
Radiation 0.02 0.4 

III. THE HOLLOW ANODE CONFIGURATION 
It is known experimentally that material from the surface of 

the anode contaminates the plasma at small radii. The presence 
of this material (high Z) allows the plasma to emit more ra
diation, so electron and ion temperatures ar.? lower. Hence, the 
neutron output is lower. To alleviate this problem, a hollow 
anode can be used, and such a configuration was calculated on 
the code. The physical parameters are listed in Table 3. The 
zoning is given by Ar = Az = 0.2 cm. After this problem was 
completed, the last 3.5 cm of the collapse and pinch were rerun 
with fine zoning (Ar = 0.4 mm). Most of the results on the 
collapse and pinch discus^ d in this section are taken from the 
fine-zoned problem. 

Table 3. Physical parameters for the hollow anode 5 MJ focus. 

Radius of anode 10 cm 
Radius of cathode 12.6 cm 
Leigth of anode 24 cm 
Voltage 100 kV 
Capacitance 959.9 pF 
Energy 5 MJ 
Inductance 15 nH 
Gas fill 35 Torr D 
100% open cathode 

2 

The current and gun inductance are plotted in Fig. 11. The 
current reaches a maximum of 9.17 MA at t = 2.6 us. The ve
locity of the current sheath reaches a v?.lue of 13 cm/ps at 



Fig. 11. Current and inductance, hollow anode. 

t = 1.9 vis and remains at this value unt i l the sheath reaches 
the t i p of the anode at t = 2.7 us. 

The pressure and rB^ of the shocked gas during the run
down are plotted in Fig. 12 and density and temperature prof i les 
in Fig. 13. 

The evolution in time of the current sheath during collapse 
and pinch is shown in Fig. 14a-e, which shows an ins tab i l i ty 
growing at time t = 3.25 us, when the current sheath is at a 
radius of 3.8 cm. The growth rate for the large | k | r sausage 
ins tab i l i t y is^ 

•ffl- |k| r » 1 '1) 

where k is the wave number of the perturbation in the z-direc-
tion, and p, p, and r are the pressure, density, and radius of 
the plasma. Values for the current sheath from the 2-D MHD cal
culation at t = 3.25 us, are |k| = 1.57 cnr 1, r = 3.8 cm, 
p * 3.46 kbar, and p = 1.4 x 10 -5 gm/cm^. Substituting 
into Eq. (1), we obtain a doubling time for the amplitude of the 
disturbance of 48 ns. This compares with 2 doubling of the 
amplitude in the 2-D MHD solution in 47 ns. 
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The current and gun inductance at late times are shown in 
Fig. 15. In order to understand the interesting late-time be
havior, the radii vs time for both the shock front and the 
current sheath are plotted in Fig. 16 for t < 3.475 us. From 
this figure, we see that the shock front reaches the axis at 
t = 3.35 us. At this time, the current sheath is at a radius 
of 1.7 cm. A high pressure region, denoted by the dotted line 
in Fig. 16, forms and expands outward until it meets the 
incoming sheath. This causes stagnation of the current sheath 
at a radius of 0.8 cm for approximately 60 ns. Then the high 
pressure is relieved through axial motion of the plasma so the 
sheath can continue its inward motion. 

Figure 17 gives the plot of radius vs time for the current 
sheath for t > 3.475. The current sheath reaches r = 0.4 mm at 
t = 3.4878 us. In Fig. 18, I is plotted and the times of 
arrival at the axis of the shock front and current sheath are 
indicated. 

At t = 3.4878 us, a pressure of 5.4 Mb is reached in a 
cylinder of gas with Ar = 0.4 mm and Az = 0.6 cm. Within 
the cylinder, densities are 1-2 x 10-3 gm/cm3 (1315. p/POl 262) accompanied by ion temperatures from 3.86 keV to 
7.4 keV. As mentioned earlier, copious production of neutrons 
would be expected at these ion temperature.,. The magnetic 
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Fig. 18. I versus t: t\ - current sheath begins collapse; 
t2 - shock reaches r = 0; t3 - current sheath 
stagnates at r = 0.8 cm; t4 - current sheath 
reaches axis. 

field near the center of the cylinder has risen to 4.7 MG and 
the gas is flowing away from the center of the cylinder at a 
velocity of 60 cm/us along the axis. 

Because of the rapid gas flow along the axis, directed away 
from the center of the focus, the density in this region drops 
rapidly. Within 0.86 ns, the density drops by a factor of 
10*. According to the prescription in the code for keeping 
the time step at a reasonable value, this region is gradually 
filled by a low-density insulating material. Remember that the 
volume behind the current sheath has already been filled with 
this low-density insulator. When the zone on axis is 
completely filled with this material, there is a continuous 
channel of insulator extending from the axis radially upward to 
the anode. At this point, a large portion of the magnetic 
energy leaves the problem through the axis. In the case of the 
problem under discussion in this section, 58% of the magnetic 
energy is lost in the manner described. 

With the rapid loss of magnetic energy, the numerical solu
tion can no longer approximate the true solution of the 2-D MHD 



equations. Therefore, the numerical solution has broken down. 
We denote the edit time just before breakdown as tb- For the 
solid anode discussed in the previous section t^ = 3.70 us; 
for the hollow anode discussed in this section, t^ = 3.4886 us. 

For t = t|j, the density, ion temperature, pressure, and 
magnetic field for the coarse zoned version (Ar = Az = 0.25 cm) 
of the hollow anode are not much different from the values 
shown in Figs. 6 and 7 for the solid anode problem. However, 
for the fine-zoned calculation of the hollow anode problem, the 
current sheath can be followed down to a radius of 0.4 mm 
before the breakdown of the numerical solution. Density and 
ion temperature of a zone on axis are plotted in Fig. 19; the 
pressure and magnetic field are plotted in Fig. 20. 

x 

Fig. 19. Density and ion temperature on axis. 

At t = 3.48 ps, the current sheath is at r = 0.2 cm (see 
Fig. 17). The plasma parameters (evaluated at r = 0.125 cm) 
taken from the fine-zoned calculation compare favorably with 
the parameters for the coarse-zoned calculation for the solid 
anode at t = 3.70 us shown in Figs. 6 and 7. 

We see from Figs. 19 and 20 that as the current sheath 
moves inwa.-d from 0.2 cm to 0.4 mm, the density on axis 
increases from 4 x 10~4 to 1.18 x 10~3 and the ion 
temperature increases from 1.8 keV to 7.4 keV. During this 
time, the pressure on axis increases from 550 kbar to 5.2 Mbar 
and the magnetic f i e ld increases to 5 MG. 

Then the plasma motion along the axis, away from the focus, 
causes the density and pressure to decrease rapidly. This is 
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Fig. 20. Pressure and magnetic field ion axis. 

accompanied by a continual increase of ion temperature and mag
netic field. When the density has dropped by a factor of 2, 
the ion temperature has increased to approximately 10 keV and 
the field has increased to 8 MG. Shortly after this time-, the 
2-D MHD solution breaks down. 

A comparison of the 72.6 kJ problem published in I and the 
5 MJ hollow anode problem is given in Table 4. The solid anode 

Table 4. Comparison of 72.6 kJ and 5 MJ problem. 

72.6 kJ 5 MJ 
Bank energy 72.6 kJ 5 MJ 
Voltage 18 kV 100 kV 
Gas fill 4 Torr D2 35 Torr Dg 
Length of anode 15 cm 25 cm 
Radius of anode 5 cm 10 cm 
Jmax 1.06 MA 

(2.85 us) 
9.17 MA 
(2.6 us) 

Ipinch 0.8 MA 3.78 MA Ipinch (3.35 us) (3.48 us) 
Size of focus 2 cm length 

2 mm radius 
Ion temperature 200 eV - 2.5 keV 1.5 - 6 keV 
Magnetic field 0.4 MG 2.03 MG 
(r = 1 mm) 



problem with its higher voltage (150 kV) and higher pinch 
current (7.56 MA) would have made a better comparison, out only 
a coarse-zoned calculation was available for this configuration. 

IV. SUMMARY 
Several phenomena have been observed for the first time in 

these 5 MJ calculations. In particular, we have seen the large 
! k |r sausage instability, stagnation of the current sheath, and 
detailed dynamics in the pinch using a fine-zoned grid. 
Several keV ion temperatures have been calculated when the 
current sheath is at a radius r < 2 mm. Copious neutron 
production can be expected at these temperatures. 

The value of the I trace as a diagnostic tool is evident. 
The calculated trace clearly indicates the beginning of the 
current sheath collapse, the arrival of the shock front at the 
axis (accompanied by emission of soft x rays), current sheath 
slowdown or stagnation, and the arrival of the current sheath 
at the axis. 

Most important, we see the breakdown of our numerical 
method when the current sheath enters zones adjacent to the 
axis. However, experiment indicates that the 2-D MHD equations 
break down at earlier times when the current sheath apparently 
disrupts and charged particle beams are formed. Therefore, 
future work will attempt to construct a non-MHD model for the 
pinch. 
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