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ABSTRACT 

Present experiments on TMX-U and modeling of MFTF-B indicate that 
plasma-surface interactions can be controlled in MFTF-B. The MFTF-B 
configuration uses a hot electron population created by ECRH and a 
sloshing-ion population created by neutral beams in the thermal barrier 
regiGn to create a potential that confines the central cell ions. Neutral 
beams and ICRH are used to heat the central cell ions. Plasma-surrace 
interactions can be minimized at radial surfaces by control of the axial 
confinement of the edge plasma. The thermal barrier configuration is 
sensitive to the background neutral density, and requires low wall reflux 
and efficient shielding by the edge plasma. Glow discharge cleaning, 
titanium getterinu, and control of the gas fror. neutral beams will be used 
to provide wall conditioning and to reduce the background gas pressure. 
The shielding efficiency of the plasma edge has been modeled in MFTF-B by 
comparing computer codes with current experimental measurements. In 
addition, it is very important to reduce high-energy neutral-beam-injected 
impurities; this is accomplished by using gettering or magnetic separation 
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in the in jec to r systems. Plasma-edge scrapers, d i ve r te r - l i ke devices, and 

direct-conversion equipment w i l l be located in the end region. Major 

disrupt ions are not ant ic ipated. Final ly , MFTF-B w i l l also test some 

technological issues that are revelant to reactors: superconducting 

magnet systems and nearly steady-state (30-s) operation. 

*Viork performed under the auspices of the U.S. Department of Energy by the 
Lawrence Livermore ' 'at ional Laboratory under contract number W-7405-ENG-48. 
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1. INTRODUCTION 

Plasma-surface interact ions can play an important role in the present 

generation of tandem mirror machines, such as the Tandem Mirror 

Experiment-Upgrade (TMX-U) [ 1 ] , Phaedrus [ 2 ] , and Gamma-10 [ 3 ] , which are 

cur rent ly operational, and AMBAL [4 ] and TARA [ 5 ] , which w i l l soon be 

f u l l y operat ional. The importance of plasma-surface interact ions may be 

even more pronounced in la rger , longer-pulse tandem mirrors used to 

invest igate plasmas at reac tor - l i ke condit ions. However, current 

experiments and models of fu ture experiments indicate that plasma-surface 

interact ions can be minimized in tandem mirror machines. This is due to 

the inherent open f i e l d l ines of the confinement conf igurat ion. In 

pa r t i cu la r , plasma-surface interactions can be control led at rad ia l 

surfaces by cont ro l l ing the axial confinement of the edge plasma. 

The Mirror Fusion Test Fac i l i t y (MFTF-B), which is under construction 

at the Lawrence Livermore National Laboratory (LLNL), is an example of the 

next generation of large (64-m axial length) , long-pulse (30-s) machines. 

We present here a descr ipt ion of MFTF-B, wi th emphasis on the issues 

concerned with plasma-surface interact ions. A qua l i ta t i ve discussion of 

the thermal barr ier mode of axial confinement is presented in Sec. 2. The 

thermal barr ier is an in tegra l part of a tandem mirror , and i t d ictates 

the required plasma condit ions par t i cu la r ly at the plasma-surface. The 

experimental configuration used in MFTF-B to create the thermal barr ier is 

then examined in deta i l in Sec. 3. In Sec. 4 the relevant plasma-surface 

in terac t ion issues are addressed, and in several cases experimental 
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results from currently operating tandem mirror machines are included 
because they serve as a guide for the design and operation of MFTF-B. 
Section 5 is a summary and a discussion of future work concerned with 
plasma-surface interactions in tandem mirrors. 

Several issues are outside the scope of the present paper and are 

presented elsewhere. Reference 6 contains a detailed examination of 
experiments concerned with plasma-surface interactions in TMX and TMX-U. 
Reference 7 describes several upgrades to MFTF, including steady-state 
(100-hour) operation with DT fuel and the creation of a region of very 

2 high neutron flux (2 MW/m ) to test various blanket designs. Issues 
relevant to tandem mirror reactor designs such as MARS are discussed in 
Ref. 8. 

2. THE THERMAL BARRIER PLASMA ENVIRONMENT 

To understand the importance of the function of a thermal barrier 
mode in a tandem mirror, and in turn to appreciate the requirements it 
places on the plasma-surface interactions, it is necessary to briefly 
trace the evolution of mirror experiments. Along each step of the 
development, modifications have been motivated by the need for an 
efficient reactor concept, 

lhe early single-mirror experiments showed that to control 
magnetohydrodynamic (MHO) stability, the plasma sould be confined in a 
magnetic well, or "minimum-B" configuration [9]. This requirement 
motivated the design of highly efficient magnetic geametries, such as the 
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yin-yang quadrupole [10], which also have good access for neutral beam 
injection. Similar magnet designs are used in modern day mirror devices 
including MFTF-B. 

The next set of experiments was concerned with the effect of 
high-frequency modes (on the order of the ion gyrofrequency) on a mirror 
plasma with neutral beam injection. These modes [such as the drift 
cyclotron loss cone (DCLC)] are driven by the non-Maxwellian velocity 
distributions present in mirror plasmas [11]. These modes cause diffusion 
in velocity space and can thereby increase plasma losses significantly. 
Several experiments, including 2X1IB, showed that the DCLC mode could be 
stabilized by introducing a low-energy plasma stream [12]. This was a 
major breakthough in mirror physics; however, it was also soon realized 
that a reactor based on a single mirror involved a large amount of 
circulating power. The expected Q (the ratio of fusion power produced to 
injected power) from such a reactor was on the order of unity because 
Coulomb scattering losses imposed a fundamental limit on plasma 
confinement [13]. 

The tandem mirror was invented to overcome the reactor limitations of 
a single mirror, while incorporating its inherent advantages. The tandem 
mirror is composed of two mimimum-B mirror cells (end plugs) with high 
energy neutral beam injection; these are located at each end of a straight 
solenoidal section (central cell). The end plugs provide the MHD 
stablility for the system, and the central cell plasma furnishes the 
required lower energy ions for microstability. This configuration adds 
another dimension to confinement: if the end cell plasma is more dense 
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than the central cell, an axial ambipolar potential is established which 

confines the ions in the central cell. Experiments on TMX showed that the 

confinement time in a tandem mirror machine could be increased at least an 

order of magnitude compared with a single mirror [14]. The plasma was 

also nearly microstable, exhibiting only low level fluctuations attributed 

mostly to the Alfven ion cyclotron (A1C) mode [15]. 

In its early form, however, tandem mirror reactor designs required 

high end plug magnetic fields and a high beam injection energy. This is 

because the ion confining potential is established by the density 

difference between the central cell and the end plug; it scales 

logarithmically with density: $ = T e ln(n /n ). On the other hand, the 

ratio of central cell fusion power to the injection power required to 
2 2 sustain the end plugs scales as n In . The electron temperature T 

can he increased by auxiliary heating, but it is estimated that to 

effectively confine a 40-keV central cell plasma with a density of 
1 4 - 3 1^ - n 

10 cm would require an end plug density of 10 cm" 0, which would in 

turn require neutral beam injection of 600 keV, and peak fields of 

17 T [16]. These requirements seemed quite restrictive; in addition, the 

plasma-surface interactions and materials requirements could be quite 

severe. 

The thermal barrier concept [16] was introduced to ameliorate these 

requirements. The essence of the idea is to introduce a potential barrier 

between the end plug and the central cell to more effectively thermally 
isolate the electrons in these two regions. As a result, each region can 
be optimized according to its purpose: the central cell plasma can have 
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the high ion energy and density required to produce fusion energy, and the 
end plug plasma can have a substantially lower ion density but a large ion 
confining potential to reduce the central cell axial losses. This is 
achieved by adding rf heating, changing the neutral beam injection angle 
from perpendicular to the plasma axis to an oblique angle, and adding 
so-called "ion pumping" of low energy ions trapped in the thermal barrier. 

The thermal barrier configuration is made more clear by comparing the 
axial plasma potential profiles for three end plug configurations shown in 
Fig. 1. The axial magnetic field profile is shown in Fig. la and a 
schematic of the standard tandem axial potential profile is shown in 
Fig. lb. When the end plug beam injection is changed to an oblique angle, 
the sloshing ion mode of operation results (Fig. lc). The value of the 
ion confining potential in this case is equal to that of the conventional 
tandem. However, the beam-injected mirror-trapped ions (so-called 
sloshing ions) create an ion density profile that is peaked off the 
midplane of the plug, thereby causing a potential depression at the 
midplane; this is advantageous from the standpoint of microstability. It 
has been shown experimentally that this type of configuration can be 
created, and that ion fluctuations are low [17]. 

The thermal barrier axial potential profile is shown in Fig. Id. The 
r*ip in the potential near the midplane is the result of two processes: the 
formation of a mirror trapped hot electron distribution by means of 
electron cyclotron resonance heating (ECRH), and the removal of ions from 
the low potential region by ion pumping. The potential peak is formed by 
ECRH heating of the electrons in this region. The ion confining potential 
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can be made quite large while the central cell density is greater than the 
end plug density because of the low passing ion density in the barrier 
region. 

The thermal barrier configuration has also been recently verified 
experimentally [18,19]; axial losses of ions can be reduced to nearly 
zero. Under these conditions, the end plug plasma is quite microstable 
because of the shape of the axial ion density profile in the plug (as 
discussed above) and the central cell ions that pass into the plug region 
[20]. Control of the neutral pressure in these experiments was shown to 
be very important, both to minimize charge-exchange losses and to minimize 
the cold plasma that can fill in the thermal barrier potential region 
[21]. The edge plasma plays a very important role of shielding the core 
plasma from neutrals, particularly in the regions where the plasma flux 
tube is thin. 

Several refinements of the thermal barrier concept have recently been 
made. Again, these were motivated by better understanding of the relevant 
physics issues and by improved reactor designs. Perhaps one of the most 
important issues is the control of radial transport. In a tandem mirror 
with minimum-B end plugs, the ions can be transported radially in the 
central cell by resonant neoclassical transport. As a plasma ion moves 
from the central cell to the end plug, it passes through a transition 
region where the magnetic field has a quadrupole component due to the 
nonaxisymmetric nature of the end plug magnets. As a result, the ion 
undergoes a radial displacement AR at each end of its axial bounce 
motion. The major component of this displacement and its direction is 
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proportional to cos 2\|J, where vjj is its azimuthal angle. Therefore, if 
one end plug magnet set is rotated 90 with respect to the other end, 
the radial displacements cancel. However, this cancellation is not 
complete if an azimuthal drift Ail> is present as a result of radial 
electric fields in the central cell. Therefore, the causes for resonant 
neoclassical transport are nona.xi symmetric magnetic fields and azimuthal 
drifts due to radial electric fields. Detailed explanations of resonant 
transport are included in Ref. 22. 

Several methods of radial transport control have been indentifiea. 
Because one major drive is the shape of the magnetic field, it is 
desirable to terminate the central cell plasma with an axisymmetric magnet 
that "throttles" the flow of ions passing into the transition regions. 
This flow of passsing ions is also important for stabilizing trapped 
particle modes [23], which e>-e similar to those found in tokamaks. An 
axisymmetic design is incorporated into most current tandem mirror 
designs, including MFTF-B. Errors in the end plug field due to 
misalignment can also cause radial transport. This neccesitates careful 
alignment during construction, often with electron beams, and the addition 
of "trim" coils for fine adjustment after installation. 

The drive for radial transport is also reduced, by controlling the 
radial potential profile (and therefore the radial electric field) and 
hence the azimuthal drift. Reducing the radial fields has the added 
benefit of reducing the rotational drive for instablilites. This radial 
field profile is determined by the electron losses along field lines to 
the ends of the machine. If a negative bias is applied to the end wall, 
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the potential in the central cell will decrease to offset this change. In 
practice, this bias must be a function of radius, so segmentea plates are 
used. This technique has been demonstrated qualitatively in current 
experiments [24]. 

Another improvement is the use of drift pumping to remove ions in the 
thermal barrier regions. Neutral beam-;--which remove ions by charge 
exchange—injected nearly parallel to the axis of the machine are the more 
common method. Drift pumping consists of a field supplied by an external 
coil that is resonant with a multiple of the bounce or drift frequency of 
the ions, resulting in a radial displacement. The cumulative result is 
that the ion eventually leaves the plasma. This technique is attractive 
oecause it is selective: it d^es not pump the sloshing ions, which are 

not resonant. It is also effective for removing impurities. 

The linear geometry of tandem mirrors also makes it possible to 
directly generate electrical power from any residual axial plasma losses. 
The conversion efficiency of these devices is usually about 50%. In the 
original designs, these converters were very large because they depended 
on the one-dimensional expansion of the plasma fan and subsequent 
deceleration through a series of grids. Current designs are much more 
compact because of the use of recircularizing coils to expand the plasma 
in two dimensions. Gridless converters can be used because the plasma 
separates the charge carriers: electrons are collected in the core, and 
ions are collected at the edge. 
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3. THE THERMAL BARRIER IN MFTF-B 

The previous section dealt with the plasma physics issues of a tandem 

mirror machine in a general way. Next we turn to the speci f ic environment 

of MFTF-B and how i t s design addresses these issues. The physics goals of 

MFTF-B include confinement of reactor-grade central ce l l plasmas with ion 

temperatures up to 15 keV, demonstration of high Q (the ra t io of the 

plasma pressure to the magnetic f i e l d pressure) plasmas approaching 20%, 

a t ta in ing a plasma density-energy confinement time product nxp of 
13 -3 approximately 0.6 x 10 cm s, and obtaining a DT equivalent Q of 

approximately 0.4. These goals represent a s ign i f i can t step toward 

reactor-type parameters. 

In addi t ion, jus t as reactor designs have motivated the evolut ion of 

mirror machine physics, they have also placed requirements on engineering 

technologies. For th is reason, another important function of MFTF-B is to 

gain experience with some plasma technologies that are relevant to 

reactors. The design and operation of superconducting magnets wi th large 

cryogenic systems w i l l be demonstrated in MFTF-B. Another goal is to 

address the issues of long pulse operation. The 30-s plasma duration of 

MFTF-B puts new technological requirements on a l l of the heating systems: 

neutral beam in jec tors , ECRH, and ion-cyclotron resonance heating (ICRH). 

Nearly steady-state plasma-surface interact ions can also be invest igated. 

Another requirement is a f lex ib le MFTF-B design. As with any large 

project that requires lead time for construct ion, modifications may be 

necessary because of discoveries from current experiments. To date, the 



-12-

modular design of MFTF-B has been used to great advantage to make any 
necessary changes. In fact, the engineering designs have evolved with 
relative ease in response to the mirror physics program. The first 
configuration was a single minimum-B mirror, followed by a tandem mirror 
with a thermal barrier, and then the addition of a axisymmetric cell for 
control of radial transport. Even the most recent improvements such as 
potential control can be integrated easily into the existing design. 

The thermal barrier mode for MFTF-B based on the most recent Mirror 
Advanced Reactor Study (MARS) reactor design is shown in Fig. 2; the 
steady-state profiles of magnetic field, plasma potential, and density are 
presented. Such a plasma is created in two steps: f. 0.5-s startup 
sequence followed by 30-s steady-state operation. The central cell is 
designed to have an electron temperature of 9 keV and an ion temperature 
of 15 keV. The central cell ion confining potential is about 3u kV. The 
high magnetic field region in the axicell decreases resonant radial 
transport and "throttles" the central cell passing particles to allow 
operation in a regime where trapped particle modes are minimized, as 
discussed in the previous section. The yin-yang cell provides MHD 
stability for the system. The desired hot electron distribution (with 
energies up to 500 keV) is supplied by ECRH injection at three frequencies 
in the end plug region. Pumping is supplied both by neutral beams in the 
end region and drift pumping in the transition region. 

Ihe vacuum vessel and magnetic field coils for MFTF- Si are shown in 
Fig. 3. Note that the overall length of the vessel is about 64 m. The 
large cylindrical structures on the outside of the machine are input 
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beamlines and beam dumps for neutral beam injectors. Nearly all of the 
pumping both in the beamlines and in the plasma vessel is by means of 
liquid helium cooled cryopanels. A liquid nitrogen guard jacket surrounds 
each cryopanel and the magnet cases. The magnet system consists of 24 
superconducting Nb-Ti coils and two high field Nb^Sn high field insert 
coils to provide the 12-T field for the axicell region. Also shown in the 
figure are the trim coils used in the transition region. 

Figure 4 depicts the locations of the neutral beam, ECRH, and ICRH 
heating systems. Each end plug has three quasi-optical ECRH systems. The 
56-GHz systems provide 450 kW at a harmonic of the ECRH resonance to 
provide a mirror-trapped hot electron distribution. The 28- and 35-GHz 
systems provide 300 kW near the fundamental ECRH resonance to develop the 
potential peak. Two frequencies are required because of the p 
depression by the plasma in this region. These systems are capable of 
delivering 30-s pulses. 

The ICRH transmitters are located off the midplane of the central 
cell and provide up to 1 MW of power in the frequency range from 6 to 
20 MHz in 0.25-MHz steps. A 40% coupling efficiency to the plasma is 
expected during the steady-state conditions. These transmitters can be 
operated at this power level for 30 s. 

The neutral beams are divided into two classes, 0.5-s beams for 
startup and 30-s beams for sustaining steady-state operation. The 80-kV 
startup beams are shown in Fig. 4. There are 10 in the central cell, 1 in 
each axicell, and 2 in each yin-yang to establish the sloshing ion 
population. Each bean' is designed to provide 50 A of neutral current at 
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the plasma target; the species mix is expected to be 60/20/20% for 
full/half/third energy components. These beams will have gettered arc 
chambers to minimize impurity influx. The steady-state 30-s beams are 
designed to provide 10 A cf the full-energy 80-kV component on the plasma 
target; two each are located in the axicell, the yin-yang or sloshing ion 
positions, and in the end fans as high energy pump beams (HEPB). Magnetic 
separation is used to decrease the current of lower energy species to very 
low levels to minimize barrier lilling. In addition, the impurities are 
reduced to very low levels; this is discussed in more detail in a later 
section. 

Also shown in Fig. 4 are the off-axis 40-kV beams (labeled P2B2) that 
had been proposed for ion pumping in the transition region. Recent 
analysis has determined that these beams must pass very close to magnet 
structures. Beam scrapeoff introduces a source of cold gas. Baffling the 
beams is difficult and also reduces the beam current. For these reasons, 
drift pumping of ions has replaced these beams; the physics of the process 
is described in Ref. 25. Tests of drift pumping will be carried out on 
TMX-U. Drift pumping is also incorporated into recent MARS reactor 
designs [8]. In addition, drift pumping has other advantages that are 
discussed in Sec. 4.2. 

4. PLASMA-SURFACE INTERACTIONS IN MFTF-B 

In a general sense, the plasma conditions for the MFTF-B central cell 
are quite similar to other confinement geometries. A dense plasma i:. 
confined and heated by auxiliary methods such as ICRH and neutral beams to 
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obtain nearly reactor-like conditions. We might expect that the 
similarities in these plasmas would in turn lead to similar plasma-surface 
interactions. However, this is not the case. This is because even though 
the core plasmas are similar, the edge plasma in a tandem mirror can be 
quite different (than toroidal plasmas, for example). In addition, the 
tandem mirror has an extra region that contains both the thermal barrier 
region and the end wall. Briefly, the tandem miTor allows the 
possibility of controlling the edge plasma by means of fueling and 
transport in this region. This relaxes the severity of the plasma-surface 
interactions, particularly in the fusion-producing central cell region. 
The plasma lost to the end regions can be controlled so that it is well 
isolated from the wall. The control of neutrals and impurities is 
especially important in the thermal barrier region. 

The discussion of the relevant plasma-surface interactions can be 
divided naturally based on the important regions of the machine: 
interactions at radial surfaces, processes in the thermal-barrier-forming 
regions, and interactions at the end walls. Impurity generation can be 
important in all three regions. 

4.1 Plasma-Surface Interactions at Radial Surfaces 

The linear geometry of a tandem mirror machine allows another degree 
of freedom for controlling plasma-surface interactions at radial surfaces: 
axial confinement. In this context, a mirror machine is a "natural" 
divertor. That is, a region near the plasma edge is formed that has a 
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much shorter axial confinement time than the core of the plasma. In this 
way, most of the losses of energetic particles flow to the end wall rather 
than the radial wall. In addition, cold gas and impurities will not have 
time to penetrate very far before they are lost out of the machine 
axially. This means that most of the surface interactions will be with 
neutral atoms, photons, and neutrons. 

There is an energy cost to support the edge plasma because as the 
particles are transported axially they can cause power losses by charge 
exchange, ionization, and other processes such as radiation. In a 
reactor, part of this energy could be recovered in the direct converter. 
In current devices, it puts requirements on the cold gas influx into the 
system from sources such as neutral beams and on the reduction of reflux 
from the plasma wall. In the central cell the plasma is quite dense and 
the corresponding neutral attenuation is large. The thermal barrier 
region is more sensitive, and is discussed in a subsequent section. 

Control of the plasma radius has been demonstrated experimentally on 
several mirror machines. The single-cell mirror 2X1IB experiment showed 
that the plasma boundry was determined by the balance of neutral beam 
fueling and charge-exchange losses on background gas at the plasma edge 
[26]. In this way, the plasma was not in direct contact with the radial 
walls. In a conventional tandem mirror such as TMX, each end plug plasma 
is similar to the single mirror of 2X1 IB. In turn, the central cell 
plasma radius is controlled by the end plug radius because the end plug is 
responsible for establishing the potential and, hence, axial confinement. 
In the TMX experiment, the flux tube containing the end plug plasma could 
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be controlled so that it was less than the radius of any physical limiters 
in the central cell. It was found that the plasma density could be 
reduced to a very low value near a central cell radial limiter. The 
central cell plasma radius could also be changed by varying the size of 
the flux tube that was confined by the end plug plasma [27], 

The same type of radial control is possible in a thermal barrier end 
plug. The radial extent of the barrier is determined by several 
processes, including filling in by cold ions and electrons, the spatially 
dependent pumping provided by the neutral beams, and the spatially 
dependent absorption profile of the ECRH power. For the most part, these 
processes favor a barrier forming in the core, with a lower confinement 
time at the edge. Results from TMX-U indicate that this configuration can 
be established. Under certain conditions, the end loss current is greater 
in the outside region of the plasma, while the core has virtually no axial 
losses. A second signature of the influence of the edge plasma in these 
experiments is the observation'-of a pressure rise near the end wall during 
plasi.ia operation [28]. This indicates that plasma is being transported to 
the end wall by the edge plasma. 

Yet another type of radial control is possible based on the control 
of radial transport in the plasma by biasing the end wall as discussed in 
Sec. 2. If a region near the edge of the plasma is not biased, then the 
radial electric field will exist, which can drive resonant transport. In 
this way, the particles at a certain radius experience radial transport 
into the edge plasma and cannot support the core plasma; this defines the 
plasma edge. This technique has the advantage that the plasma radius can 
be varied without changing any other parameters. Details of the plasma 
radiur control for MFTF-B and MARS are presented in Ref. 29. 
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Th e edge plasma operation discussed above will only be efficient if 
its power requirements are reasonable, that is, if impurity generation and 
reflux are minimized. In addition, the machine will have to be cleaned 
initially to obtain optimum operation. Plasma wall conditioning 
techniques will be required. MFTF-B will contain a plasma wall to shield 
the plasma from any direct path to a cold surface such as a cryopanel or 
magnet case. Several methods have been used to condition the walls of 
mirror machines, and a combination of all of them will be used on MFTF-B. 
These include: (1) cleaning by repetitive plasma shots, (2) glow 
discharge cleaning (GDC), and (3) titanium gettering. 

The major disadvantage of the first technique in current machines is 
the low duty cycle. Because 30-s neutral beam operation is possible on 
MFTF-B, it should be more useful. The second technique has been used 
successfully on TMX-U [30], essentially replacing method (1) on this 
machine. On MFTF-B, GDC may be somewhat more complicated, as the magnetic 
field must be off and the pumping capacity of the cryopumping 'y:tem may 
be exceeded during extended operation at the required pressures. This 
requires operation of GDC without the cryopanels and with auxiliary 
pumping. In addition, specialized coatings on the cryopanel surfaces may 
be degraded by the GDC; although experiments [31] have shown that 
electrical isolation of the cryopanels will minimize this damage. 
Titanium gettering will also be used. Experiments are underway on 
operating experiments to determine the required frequency and coverage of 
gettering [32,33], 

Another conditioning technique that is particularly attractive for 
MFTF-B is made possible by the steady-state magnetic field and the 30-s 
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pulse length of the ECRH and ICRH systems. Experiments have shown that a 
tanden mirror plasma can be sustained with ICRH alone [34]; this would 
enable the formation of a confined plasma at fairly low pressures that 
would condition only the plasma walls. Combinations of ECRH and ICRH have 
been successful in conditioning RFC-XX [35]. If effective in MFTF-B, it 
would bypass most of the complications associated with GDC. 

4.2 Plasma-Surface Interactions in the Thermal Barrier 

The parameters of the thermal barrier region can be limited by the 
charge exchange of hot ions, the filling in of the barrier by trapping of 
cold neutrals, and the filling in of the positive potential peak by cold 
electrons. In addition, the plasma flux tube is thinner (fan-shaped) and 
the density is less in this region, so neutral shielding by the core of 
the plasma is less than in the central cell This means that the 
combination of the shielding and particle removal by the edge plasma, the 
pumping in this region, and the control of cola gas sources from neutral 
beams and wall reflux must be sufficient to prevent the loss processes 
from becoming important. 

Calculations for MFTF-B have been carried out to ensure that the loss 
processes can be controlled. Filling in of the thermal barrier region by 
trapping of cold neutrals has been found to be the most important limiting 
process. This establishes a requirement of maintaining the on-axis 
neutral density below 10 to 10 cm" in this region. A gas 
penetration code [36] is then used along with the expected plasma 



-20-

pararneters to calculate the neutral attenuation by the plasma, which 
determines the neutral density at the edge plasma. The model indicates 
that the edge pressure must be in the 10" to 10" Torr range. This 
pressure must be consistent with the supplied pumping speed of the system 
and the sources. Calculations indicate that the requirements can be met, 
as long as wall reflux does not exceed unity by a large amount and gas 
sources from neutral beams are well controlled. 

This model has also been compared with experimental results from 
TMX-U [21] and is in qualitative agreement. The importance of the control 
of neutral gas is demonstrated in Fig. 5 [21], in which the pressure in 
the end plug and the ion end losses are shown as a function of time for 
two cases. In the left half of the figure, the neutral beam gas and wall 
reflux are not carefully controlled, and the thermal barrier plugging 
(reduction of end losses) is lost when the end plug pressure rises. In 
the right half of the figure, extensive baffling of the cold gas and 
reduction of wall reflux has resulted in a lower end plug pressure and a 
longer plugging of the axial losses. 

These same measures have been incorporated into the MFTF-B vacuum 
system. Neutral beam injectors, when possible, are connected to the 
vessel through a beamline with extensive differential pumping. When it is 
necessary to locate the beam closer to the plasma, the beam line is 
incorporated into the machine by installing baffles and pumping. Beam 
dumps are located in separate tanks across from the beam, or in large 
pumping chambers incorporated into the vessel. A schematic of an external 
beamline and an internal beam dump is shown in Fig. 6. Reflux is 
controlled by wall conditioning techniques, especially gettering. 
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lmpurities can also degrade the thermal barrier because they are 
efficiently trappeu in the potential minimum. Cold impurities are 
expected to be shielded from the barrier region by the edge plasma. 
However, impurities present in neutral beams that are used to fuel and 
pump the thermal barrier can penetrate into the core. Figure 7 shows 
impurity emissions from several oxygen, nitrogen, and carbon lines during 
a plasma shot on TMX-U. Note that the nitrogen and oxygen emissions 
decrease rapidly when the neutral beam is turned off, indicating that the 
beam is a source of these impurities. Estimates indicate that about 1% of 
the beam current in normal injectors can be oxygen [37]. Because these 
impurities can be so detrimental, two steps have been taken in MFTF-B beam 
sources. In the 0.5-s beams, the arc chambers are gettered; tests have 
shown that this can reduce the impurity current to less than 0.1%. For 
the 30-s sources, magnetic separation is incorporated into the design, a 
schematic of such a source is shown in Fig. 8. The expected impurity 
current is in the range of 0.001 to 0.0001%; these sources are currently 
being tested. Models have shown than this reduction should be sufficient 
for thermal barrier operation [38]. 

Finally, it should be noted that other means of pumping the thermal 
barrier region, such as drift pumping in MFTF-B, should also be 
advantageous from the standpoint of plasma-surface interactions. This 
method is not expected to produce any neutral gas or impurity influx. 
Ions are moved radially to the edge plasma, where they are transported to 
the end fan regions and are pumped. This is 1n contrast to neutral beam 
pumping, where ions are charge exchanged into neutrals that are lost in 
the pumping region. In addition, it might be possible to selectively pump 
impurities from the system. 
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1.3 Plasma-Surface Interactions at the Etid Walls 

In early mirror machines, a target plasma was injected along field 
lines by a plasma gun. This created a plasma between the end wall and the 
magnetic mirror w.iich could cause large power losses [39]. This problem 
was minimized by the use of a pulsed plasma gun and pulsed magnetic 
fields, thereby breaking the connection to the end wall. In modern tandem 
mirrors, ECRH is used to initiate the plasma [40] for thermal barrier 
operation, and this mode of startup is also planned for MFTF-B. ECRH 
startup also removes one source of impurities because some plasma guns 
injected titanium [41] directly into the plasma. 

Control of the plasma density in the neighborhood of the end wall is 
important to minimize power losses. A fraction of hot ions is not 
confined and is lost to the end wall; the density of these ions can be 
controlled by expanding the plasma flux tube by decreasing the magnetic 
field from the outside mirror point to the end wall. Explicitly, 
J = (B /B 1 j where j is the ion current density and B is the magnetic 
w m w m 
field; the subscripts w and m refer to the wall and the mirror point, 
respectively. The reduction of'density was experimentally verified on 
TMX, where the magnetic field ratio was about 200 [42]. On MFTF-B, the 
magnetic field ratio is equal to 60. 

A second source of power loss could be caused by the cold ions 
produced from recycling at the end wall. The cold neutrals produced by 
interactions with the end wall must be pumped before they ionize and 
accumulate in the end region. The plasma density control discussed above 



-23-

plays a role in this process, as the mean time between ionizations will be 
longer at low density, resulting in a higher pumping probability. A model 
has been computed for MFTF-B [fl3] that indicates that gas accumulation 
should not be a problem with the available pumping. 

The potential near the end wall can also be important. It has been 
shown experimentally that the electron temperature near the end wall can 
be small, which leads to a small sheath potential, reducing the 
probability of unipolar arcs [27]. Secondary electron emission at the 
endwalls was once thought to be a major problem in mirror machines, 
limiting the electron temperature by allowing hot electrons to escape 
[39], When space charge limiting effects were considered, as in the model 
discussad above [43], it was found that only modest increases in the end 
loss power would occur. In the case of MFTF-B, an enhancement of only 40% 
is predicted for a particle reflux coefficient of unity even if the 
electron temperature near the end wall is equal to the central cell 
temperature. The actual temperature in the region near the end wall is 
expected to be much less than this value, so the effect of secondaries is 
expected to be even smaller. 

Impurity generation in this region is not anticipated to be a 
problem, as ions must penetrate the large axial potential to influence the 
rest of the plasma region. Radiation losses should be small for 
impurities in this area because the electron density and temperature are 
low. 
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5. SUMMARY 

MFFF-B, a large tandem mirror machine under construction at LLNL, 
represents the next generation of these devices. It is designed to 
confine reactor-like plasmas. It will also address certain technological 
issues such as operation of superconducting magnet systems and long pulse 
(30 s) operation. Plasma-surface interactions at radial surfaces can be 
minimized due to the control of the edge plasma confinement which can be 
lost axially. Gas and impurity sources must be carefully controlled in 
the thermal barrier region, requiring gas control in the neutral beams and 
also impurity control by gettering and magnetic separation. Wall 
interactions at the end of the machine can be minimized by expanding the 
plasma flux tube, and controlling gas recycling. Wall conditioning 
techniques will be employed that are similar to other machines; the steady 
state heating systems will also be used. 

In summary, present experiments along with current models indicate 
that plasma-surface interactions are expected to be controllable in large 
devices such as MFTF-B. Current experiments will be used to optimize 
these methods of control, particularly in the thermal barrier region. 
Several experiments are examining novel techniques, including metal vapor 
jets to control neutral beam gas, and operation with high temperature 
plasma walls [4]. Diagnostic techniques are also becoming much more 
sophisticated, including laser fluorescence measurements of the neutral 
density [44]. Most importantly, most of the methods used to control 
plasma-surface intoracLions in large machines such as MFTF-B are also 
relevant to current reactor designs. 
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F1GURE CAPTIONS 

Fig. 1. The operating modes of a tandem mirror help illustrate the 
thermal barrier configuration. The axial magnetic field 
profile in the end plug is illustrated in (a). The axial 
potential profile for the conventional tandem mode is shown in 
(b). Changing the end plug neutral beams to off-axis injection 
results in the sloshing ion mode profile in (c). Addition of 
ECRH and ion pumping is required for the thermal barrier shown 
in (d). 

Fig. 2. The axial profiles of magnetic fields, potential, and density 
are shown for MFTF-B. The thermal barrier region is in the 
yin-yang cell. 

Fig. 3. The vacuum vessel of MFTF-B with its associated neutral 
beamlines is shown. The right half of the figure is cut away 
to show the superconducting magnets. 

Fig. 4. The neutral beam and rf heating locations for MFTF-B. The 
bottom half of the figure indicates the azimuthal angle where 
the 0.5 s and 30 s neutral beam sources are located. 

Fig. 5. The end plug pressure and the axial ion loss as a function of 
time in TMX-U. In (a), the plugging ceases as the pressure 
increases. In (b), measures have been taken to reduce the cold 
gas sources and wall reflux, resulting in a reduced pressure 
rise and a longer duration of plugging. This illustrates the 
importance of gas and reflux control in the thermal barrier 
region. 
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Fig. 6. Schematic representation of external beamlines and integral 
beam dumps for MFTF-B. These are important for the reduction 
of gas, particularly in the thermal barrier region. 

Fig. 7. The time histories of carbon, nitrogen, and oxygen ionization 
states are shown; the neutral beams are turned off at 35 ms. 
Note that the nitrogen and oxygen amnions decrease at this 
time. 

Fig. 8. Schematic of the pure beam injectors for MFTF-B. These beams 
provide 10 A of full energy, low impurity current. 
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