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Introduction. 

Magnetized Target Fusion (MTF) is a concept for creating a burning D-T plasma in a 
potentially inexpensive system[ 1-31. In essence, the concept involves ion heating on time 
scales short compared to ion transport times plus strong inhibition of thermal electron 
transport with a transverse magnetic field. The magnetic field is not intended to confine 
the ionic component. MTF is an intrinsically pulsed concept. A straightforward analysis 
of MTF indicates that D-T burning conditions can be achieved in compact plasma volumes 
with modest initial temperatures, through the use of pulsed power technology. In terms of 
size, density, temperature, and time scales, MTF occupies a position in phase space that is 
intermediate between steady MFE schemes and ICF. In terms of cost, it is one to two 
orders of magnitude less expensive than these. In this paper, we will consider a possible 
method for creating the initial conditions adequate for the MTF concept through the use 
intense ion beam injection. 

The ion beam injection concept is neither the first nor the current favorite such scheme 
to be proposed for this task. The best studied plasma target for MTF is probably the 
MAGO proposed by Mokhov. et. al.[l]. A schematic diagram of this configuration is 
shown in Fig. 1. In this configuration, a plasma sheath is created and accelerated in a 

Figure 1. Schematic diagram 
of MAGO system. 

plasma focus-like system. Instead of imploding the sheath on itself as would be done in a 
Dense Plasma Focus, the sheath is injected into a neutral gas cavity and allowed to 
equilibrate. Shortly thereafter, a stronger current is circulated around the walls of this 
cavity. The plasma then receives additional heating and is thermal1 insulated by the 
magnetic field. Experiments in a D-T fill have generated over 10'' neutrons without 
implosion[5]. 
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Another popular configuration involves a Field-Reversed Configuration (FRC) in a theta 
pinch geometry. This FRC is injected inside a liner, and the liner is imploded. There is an 
enormous body of information about FRC's but all at somewhat lower densities. If higher 
densities can be reached, this is an extremely attractive scheme. In fact, there is a growing 
community around the world interested in MTF, and many different plasma generation 
concepts have been advanced. It is certainly premature to discount any of these. In this 
paper, we add to the burgeoning list. 

Simple analysis using conservation of energy and momentum, adiabatic heating in an 
imploding plasma chamber, Braginskii transport, and D-T cross-sections indicates that the 
following conditions can result in over 100 MJ of fusion yield. An initial density of 2. 1017- 
2.10'' gkm3 is needed. The initial electron and ion temperatures should be in the range of 
100-250 eV. In a cylindrical chamber with inner radius 8.0 mm, outer radius 60 mm and 
length 100 mm, these conditions will persist for only a few microseconds. This time can be 
increased by circulating a current of 3-4 MA through the chamber. The purpose of this field 
is to enhance to maintain a hot plasma long enough to implode the outer chamber walls, 
through external J x B forces. An implosion velocity of 5-15 km/s will heat the plasma fast 
enough for D-T burn to occur. It is worth noting that MTF is not an ignition scheme. The 
goal is simply to achieve volumetric burn. While ignition could be explored within this 
context, it is not the objective. 

Recent liner experiments have given us the confidence that pulsed power can supply the 
energy needed to implode a 4-6 mm thick aluminum chamber wall at sufficient velocity[4]. 
The key issue to be demonstrated before liner-on-plasma experiments commence is the 
creation of an adequate hot, dense hydrogenic plasma as an initial condition. In this 
paper, we consider the possibility of injecting an energetic ion beam into a chamber that is 
seeded with a circulating current, and hence a magnetic field. The neutral density fill will 
be between 10-6-10-5 gm/cm3. Consider a 1 MeV ion beam with a current of 100 kA 
generated by a Magnetically-insulated Ion Diode (MID), in extraction geometry. We will 
take the ion beam pulse to be one microsecond long. The energy content of this beam is 
therefore Joules. Because of transport and scattering losses, assume 60% of this beam 
is deposited in the plasma chamber. With good thermal insulation of the electrons, the ion 
and electron temperatures would be raised 170 eV. This should be quite adequate to 
provide initial plasma conditions to test MTF. 

Ion Beam Transport and Scale Lengths. 

Ion beam injection is being considered because of the high generation efficiencies and 
reliability achieved with Magnetically-insulated Ion Diodes (MID). A conservative 
estimate of the beam generation conversion efficiency, that is pulsed power input to ion 
beam power extracted, is 50%. With careful design of the extraction structure, it seems 
that figures of 60-70% are credible. These numbers imply high ion beam currents and high 
ion densities. To transport such a beam, virtually complete charge neutralization is 
required. One issue which must be resolved concerns electron dynamics in the transition 
between the extraction structure, where the transverse magnetic field is primarily a B, field, 
and the MTF cavity, where the transverse field component is Be. 

A feature of the MTF cavity which may relax transport requirements is that the 
insulating field is large, varying between 100-500 kG for 3 MA circulating current. Some 
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pre-ionizaton and heating of the hydrogenic gas will occur when this current is introduced 
into the cavity. A preformed plasma can simplify the problem of ion beam space-charge 
neutralization, but it adds large uncertainties about the ion range. We are currently 
studying the characteristics of the plasma formed during the current rise with resistive 
MHD calculations. 

The range of a 1 MeV proton in a relatively small MTF cavity is a major issue. In 
neutral, molecular hydrogen, the range is 8 . 8 ~  g/cm3, 
this range is an uncomfortable 880 111111, and increases to 8800 mm for the lower gas 
density, g/cm3. If instead, the gas fill is mostly ionized by inductive fields from the 
current injection, the primary loss mechanism will be electron scattering. The mean 
pathlength of a 1 MeV proton in a lo+" cm3 plasma then becomes about 4000 111111. In the 
absence of a magnetic field or collective effects, the coupling into an MTF chamber would 
be poor. On the other hand, for magnetic fields of order 100-500 kG, the proton larmor 
orbit varies between 1.8-8.4 mm. Magnetic effects must be included in the analysis, but the 
full spectrum of magnetic field related effects makes the dynamics very complicated. 
Some of these effects are ion transport inhibition, Alfven wave excitation, and loss of 
space-charge neutralization. To obtain better understanding of the dynamics, 2-D 
electromagnetic PIC calculations have been performed. 

g/cm2. For a gas density of 

PIC Simulations of MID Operation and Ion Beam Injection. 

Fully electromagnetic particle-in-cell (PIC) simulations of a typical MIDMTF 
configuration have been performed. Scattering is a key mechanism for beam absorption in 
this chamber. We are currently debugging the coding to calculate scattering with 
quantitatively accurate cross-sections. Calculations in this paper will be limited to the 
effects of geometry and fields on the beam dynamics. 

Fig. 2 is a snapshot of the diode geometry. The extraction cones(B) feed the beam into a 
MTF-like chamber(C). The extraction aperture into the MTF chamber is an annular 

3. 

Figure 2. Configuration of MID 
used in PIC simulations: (A) diode, 
(B) Extraction vanes, (C) MTF 
chamber. c 
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opening with inner radius 6.5 mm and outer radius, 12.0 mm. The dimensions used in the 
PIC calculation are roughly a factor of two larger than any experimental chamber planned, 
but they are useful for studying beam dynamics. 



Typical diode conditions found in the calculations are that the voltage is 700 kV, the 
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Figure 3. Proton flow from MID 
calculation; Time = 50 ns, 
Vdi& = 700 kV, hiode = 68.5 kA, Be = 0. 
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total diode current is 68 kA. This gives a diode impedance of slightly over 10 Q, which is 
suitable for MTF applications. In Fig. 3, we show typical ion flow in the simulation. There 
is no magnetic field in this calculation. Note that the beam remains remarkably laminar as 
it compresses down toward a waist. 

A Be magnetic field is added to the MTF chamber in the simulation shown in Figure 4. 
The ion beam transport is radically modified, as much by the inability of co-moving 

II 

Figure 4. Proton flow from MID into a 
magnetized chamber at time t = 50 ns; 
Vdiode = 700 kV, hiode = 6 1 kA. 
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neutralization electrons to propagate into the chamber as by direct ion effects. Future 
calculations to explore the effects of a preformed plasma within the chamber are needed. 

Conclusions and Future Plans. 

Preliminary calculations of ion beam injection into a MTF plasma chamber have been 
presented. Parametric variations of magnetic field, initial plasma density, and beam current 
must be conducted. Even more important, the self-consistent impact of scattering effects 
on the ion transport must be included in the calculations. The addition of such physics to 
the calculations in underway. 
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