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1. Introduction

Laser initiated z-discharge plasma channels are a promising approach for
transporting beams of 1 to 100 MeV 1ight ions from ion diodes to an inertial
confinement fusion target.(1_3) These channels could be formed by creating
paths of ionization with a system of lasers. These preionized paths would

(4-8)  The electron current making up the

then carry an electrical discharge,
discharge would rarify the channels and create an azimuthal magnetic field.
At the proper time during the pinch of the channel, the ion beam would be
injected into the channel and these ions would be confined to the channel by
the azimuthal magnetic fields provided by the channel current. A potential
problem with this system is that the plasma channels are still present at the
time of target ignition and burn, and they may "channel" the energy of the
target generated microfireball into the diodes. It is the purpose of the work
presented here to study the propagation of these microfireballs in the z-
discharge plasma channels.

The Light Ion Fusion Target Development Facility (TDF) would be the first
system in which 1ight ion beams are focused onto reactor sized targets at a

(9)

rate of at least ten times a day, imploding them to ignition. Representa-
tive parameters for the TDF are given in Table 1. Ion transport in z-
discharge plasma channels is proposed for the TDF to provide a stand-off
distance that protects the diodes. A schematic picture of the TDF is shown in
Fig. 1.

There are three general classes of phenomena occurring in a plasma
channel: (1) channel formation and beam transmission, (2) radial expansion of

the channel with reduction of the on-axis density, and (3) dissipation of the

channel and return to uniform conditions in the gas. These take place over



Table 1. Light Ion Fusion Target Development Facility Parameters

Nominal Target Yield (MJ) 200

Distance from Target to First Wall of Target Chamber (m) 3

Length of Channels (m) 4

Diameter of Channels (cm) 1

Target Chamber Gas Species Molecular Nitrogen
Initial Temperature of Channel Center (eV) 35

Initial Background of Channel Center (eV) 0.025

Initial Density of Channel Center (g/cm3) 9.9 x 107°

Initial Background Gas Density (g/cm3) 2.25 x 107°
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different time periods as shown in the timeline in Fig. 2. Also shown on the
timeline is the propagation of the microfireball. The channel formation and
beam transmission phase is very early, ending in a few microseconds, so it is
independent of the propagation of the microfireball. After the ion beam has
completed its passage down the channel, the now very hot channel rapidly ex-
pands and transports energy radially out into the cold background gas. At
roughly the same time the microfireball has begun its trip down the plasma
channel so these two phenomena can affect each other. After a few hundred
microseconds the microfireball has reached the end of the channel, the outward
radial motion of the channel has ceased, and the gas begins to return to uni-
formity.

The microfireball propagation is truly a two- or three-dimensional pro-
cess when it occurs in the presence of plasma channels. A schematic picture
of the channel and microfireball system is shown in Fig. 3. The microfireball
will show both energy and momentum transport along the axis of each channel.
The energy of the microfireball will also move radially out from the channel
into the cold background gas and the high temperature of the microfireball
will cause a large radial pressure gradient that drives the channel radially
outward. In the event that the radial expansion of the channels pushes them
into each other, the behavior of the microfireball propagation is three-
dimensional. We have attempted to model the two-dimensional behavior with the
use of two one-dimensional radiation-hydrodynamic computer simulation codes in
series. Previously a numerical simulation of this phenomenon was attempted,
where the expansion of the channel due to the microfireball was neglected and

(10)

a one group diffusion model was used for the radiative heat transfer. In

this paper, we will present computer simulations resulting from the use of an
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Fig. 2 Timeline for Microfireball in Plasma Channel Phenomena.
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improved computer model and will discuss the importance of the radial behavior
to the axial microfireball propagation. We will present improved simulations

for TDF parameters.

2. Computational Method

Two one-dimensional Lagrangian hydrodynamics computer codes with multi-
frequency radiative heat transfer have been used to model the two-dimensional
behavior of microfireball propagation in a plasma channel. The radial
behavior is modeled with the Z-PINCH computer code.(ll) Axial microfireball
propagation is simulated with MFFIRE.(lz)

The Z-PINCH code has one-dimensional Lagrangian hydrodynamics to model
the radial motion of the channel. Electrical current profiles computed by
this code are used to calculate the magnetohydrodynamic contribution to the
pressure terms that drive the pinching of the channel. The current profiles
are dependent upon the temperature profile through a temperature dependent
resistivity. The heat transfer from the center of the channel out to cold
background gas is determined through the use of equation-of-state tables
provided by the MIXERG(13) code and multifrequency radiative heat transfer.

The MFFIRE computer code uses very similar techniques to model the axial
behavior of the microfireball in the plasma channels. There are no electrical
currents, magnetic fields or magnetohydrodynamic forces in MFFIRE. MFFIRE
does, however, compute the deposition in the channels and background gas of x-
rays with a prescribed spectrum and ions of a given species and energy that
emanated from the center of a sphere, the axis of a cylinder, or the edge of a
slab. Except for these differences, MFFIRE and Z-PINCH have identical heat

transfer and hydrodynamics.



A four step procedure is used to simulate the two-dimensional behavior
with these two one-dimensional codes. First, MFFIRE is used to calculate the
temperature profiles in the plasma channels and the background gas due to
their initial temperatures and the deposition of the target generated x-rays.
The deposition is done in spherical geometry so the x-ray heating sees a 1/R2
effect as one moves away from the target microexplosion. The x-ray spectrum
in Fig. 4 is taken from the HIBALL(14) study and is the standard spectrum used
in several studies. The energy of the target debris ions is included in the
lowest energy group of this spectrum. The axial channel and background gas
temperatures at the start of hydrodynamic motion are shown in Fig. 5, for the
parameters in Table 1 and the x-ray spectrum in Fig. 4. The Z-PINCH code is
then used to simulate the radial hydromotion and heat transfer at various
points along the channel, using a central channel temperature and a background
gas temperature taken from Fig. 5. From the calculations with Z-PINCH a
phenomenological radial energy loss function is created as a function of the
gas temperature at the center of the channel. Also, the channel radius is
determined as a function of time at various points along the channel. MFFIRE
is run again with the radial energy loss term included to simulate the axial
propagation of the microfireball in the plasma channel.

Results have been obtained for the TDF parameters in Table 1. The re-
sults of the radial calculations are presented in the next section and the

axial results in the section after that.

3. Results - Radial Behavior

Radial cylindrical magnetohydrodynamic calculations have been performed

with the Z-PINCH code at positions near the target, near the diodes, and in
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between. As seen in Fig. 5, near the target the temperatures in the center of
the channels and in the background gas are much higher than in positions
farther from the target. We will present results both near the target and at
a moderate distance from the target, but will not discuss the situation at the
diode because it is not very different from the middle distance case. These
results have allowed us to find the radial energy loss as a function of the
temperature of the gas at the center of the channels.

The results of simulations at an axial position on the channels 50 cm
from the target are depicted in Figs. 6 through 8. These figures show the
magnetic field, the gas temperature, and the gas mass density plotted as
functions of the distance from the center of the channel. 1In Fig. 6, one can
see the situation at the instant after the x-rays and ions from the target
microexplosion deposit their energy in the gas. The central channel gas
temperature is 50 eV and the magnetic field reaches a maximum of about 3 kG at
a point 1 cm from the center of the channel. The mass density also reached a
maximum at a radius of 1 cm and a minimum near the center of the channel of
about one tenth of the maximum. Figure 7 shows that by 50 microseconds after
the microexplosion the maximum magnetic field has fallen to 5.6 x 10'3 G and
the channel radius has spread to about 15 cm. The maximum temperature in the
center of the channel is then 0.6 eV and the minimum mass density has risen
from 2.4 X 10'6 to 7 X 10_6 g/cm3. By 110 microseconds after the micro-
explosion, the case shown in Fig. 8, the magnetic field is negligible and is
not shown, the channel radius has grown to more than 20 cm, and the central
channel temperature is 0.5 eV. The minimum mass density is 6 x 1076 g/cm3.

Calculations at an axial position of the channels 150 cm from the target

lead to the results shown in Figs. 9 through 14. The radial hydromotion of

11
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Channel Profiles at 5.0e—5 s
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Channel Profiles at 1.1e—4 s
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the channel, shown in Fig. 9 where the positions of Lagrangian zone boundaries
are plotted against time, is mostly outward away from the center of the
channel. At 30 microseconds after the microexplosion a cylindrically expand-
ing shock has reached a point 14 cm from the center of the channel. This out-
ward motion also appears when one plots the gas mass density of the channel
against radial position for various times as in Figs. 10 and 11. As may be
seen in Fig. 10, where the mass density is plotted at relatively early times,
at 30 microseconds after the microexplosion most of the channel out to 10 cm
from the channel center is at 6 x 10'6 g/cm3 while there is a maximum density
at 15 cm of ten times that value. That ratio of the maximum to minimum mass
density is the same at 2 and 10 microseconds after the microexplosion. One

can see the mass density at later times in Fig. 11, where it is of interest

that at 110 microseconds the channel mass density is 6 x 10'6 g/cm3 out to a~

radius of 20 cm. The high gas temperatures in the channel center, shown in
Figs. 12 and 13 where the temperature is plotted against radial position at
early and later times respectively, cause large pressure gradients that drive
this outward directed hydromotion. Radial radiative heat transfer and decom-
pression of the channel center reduce the temperature at the center of the
channel from 35 eV after the deposition of the x-rays and jons to 1 eV at 10
microseconds to 0.47 eV at 110 microseconds after the microexplosion. The
outward spreading of the hot region in the channel center exactly follows the
radial shock that one sees in Figs. 9, 10 and 11. The magnetic field quickly
falls and somewhat spreads out as is shown in Fig. 14. The field has effec-
tively vanished by 30 microseconds after the target explosion.

The calculations done at a point 150 cm from the target are more repre-

sentative of the typical behavior all along the channel than the calculations
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near to the target; therefore we have used them to find the radial energy loss
as a function of the central channel temperature. In fact, past the very ear-
ly times the calculations close to the target are almost identical to those at
150 cm from the target. The radial energy loss term is defined as the power
Tost per unit volume of channel. A1l parts of the channel with a temperature
greater than half of the maximum are defined as part of this volume and the
central channel temperature corresponding to this energy loss term is taken as
the average over this same volume. Figure 15 shows the radial energy loss
term plotted against the central channel temperature. The data points come
from calculations of the energy Toss term on specific time steps in Z-PINCH
runs, while the solid line represents the piecewise linear functional form
that best approximates these data. The term varies by five orders of magni-
tude as the temperature changes by about one order of magnitude. This occurs

because the dominant form of energy loss is through thermal radiation.

4, Results - Axial Behavior

As the energy of the microfireball moves axially down the plasma channel,
it Toses energy radially as prescribed by the radial energy loss term shown in
Fig. 15. A version of MFFIRE modified to include this energy loss simulates
the axial behavior of the microfireball. Since the channel radius is assumed
to be independent of the axial position along the channel, it is appropriate
to run MFFIRE in its slab mode.

Results of MFFIRE simulations have shown that there is very little hydro-
motion because the energy that could drive it is very quickly radiated away,
both axially and radially. One can study the axial heat transfer by examining

the axial temperature profiles plotted at different times, shown in Fig. 16.
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The axial temperature profile falls from the initial curve, that has a maximum
near the target of 87 eV and a minimum of 35 eV, to flat profiles of 23 eV at
57 nanoseconds and 6 eV at 2.7 microseconds. Very close to half of the energy
lost out of each channel exits radially and half axially. Each channel con-
tains 10.03 kJ of energy after the deposition of target x-rays and ions, 4.85
kJ in radiation and the rest in the gas. 4.75 kJ are radiated out to the
diode end of the channel over the first 670 microseconds and 4.73 kJ are radi-

ated axially, with 0.55 kJ remaining in the channel.

5. Discussion and Conclusions

We have simulated the propagation of energy from a microexplosion of a
fusion target through z-pinch plasma channels for the case of the TDF. He
have used two one-dimensional computer codes to model two-dimensional phenome-
na. We feel that computational results from using the method outlined in
Section 2 give us a basis for understanding the important physics of the
problem,

One finds from our computational results that radiative heat transfer,
both radial and axial, is very important, and that axial hydromotion is not
important. Roughly half of the initial energy is radiated radially and half
axially, with only a small fraction remaining in the gas. A considerable part
of the initial energy in each channel is due to the passage of the ion beam
through the channel and the formation of the channel.

Though axial hydromotion is not significant, radial expansion of the
channel could be important. We have previously calculated that a spherical
shock wave in the cold background gas arrives at the first wall 350 micro-

(15)

seconds after the microexplosion. One can extrapolate our radial results
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out to that time and find that the channel radius is about 50 cm when the
spherical shock reaches the wall. If the TDF has 8 channels, 800 cm of the
1885 cm of the circumference in the plane of the diodes are covered by
channels. The interaction of the spherical microfireball with the expanded

channels is not understood, but it clearly must be considered.
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