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ABSTRACT 

An improved version of the tandem mirror fusion reactor is presented 
in which a power gain factor Q ~10 to 20 can be obtained at a tew 100 MWe 
electrical output with much simpler technology in the end plugs. The 
improvement is obtained by rsising the electron temperature in the encJ 
plugs well above that in the central cell (which would be ignited). The 
heating power required to Maintain the high electron temperature is greatly 
reduced ~ to 20 to 40 MW per plug « by creating negative depressions in 
the potential that serve to thermally insulate electrons in the end plugs 
from those in the central cell. The overall concept and several proposed 
methods for creating the thermal barriers are discussed in Appendix A. A 
reactor example 1s discussed in Appendix B. 



-2-

1. Introduction 

This note describes an improved version of the tandem mirror fusion 
reactor concept that promises to yield a very high power gain (high Q) with 
much simpler technology in the end plugs. With the new scheme, it appears 
that in a full scale DT reactor producing 20 HW or more of fusion per meter 
of length, the total power consumed by the end plugs would Se no more than 
20 to 40 MW per plug, independent of the reactor length (the solenoidal 
plasma would be "ignited"). Then Q ~ 10 to 20 is readily possible at a few 
100 MWs electrical output, with still higher Q values in larger systems. 

The main point of the improved concept is to thermally insulate the 
i.A plug electrons from contact with those in the solenoid. Then, with 
ECRH or other auxiliary heating in the end plugs, the electron temperature 
can be much higher there than in the solenoid. With a high electron 
temperature in the plug, the usual tandem mirror potential barrier that 
plugs up ions leaking from the solenoid can be generated with a much lower 
plasma density n in the end plug. In fact, n can be less than n , 
the density in the solenoid, whereas in the original tandem mirror concept 

p c 

It is this large reduction in the plug density that both reduces the 
power consumed in the plugs and opens up options for less demanding magnet 
and neutral beam technology in the end plugs. As the highest field on any 
conductor would be 12 T, the multifilamentary NbjSn conductor already 
dsveloped would suffice. Neutral beam energies could be around 200 Kev but 
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at greatly reduced power (and efficiency) requirements. While some ECRH 
heating is now required, it may be possible to use the 28 GC gyrotrons 
already in development, certainly in experiments and possibly in the 
reactor itself. 

The concept is described in Appendix A. Briefly, the new feature is 
a depression in the plasma potential at the entrance to each end plug, as 
sketched in Fig. 1. This depression in the positive potential appears to 
the negatively charged electrons as a potential barrier and therefore 
serves as an electron "thermal barrier" between the end plugs and the 
solenoid. If we now heat the electrons in the plug at a rate faster than 
they can escape from the plug by collisions, the electron temperature would 
rise in the plug relative to that in the solenoid. Such electron 
temperature differences (along field lines) have been observed 
experimentally in the 2XIIB experiment, with neutral beam heating only, 
and this fact has been explained by Monte Carlo computer simulations of the 
experiment. Indeed, it was this observation that prompted the train of 
thought that eventually led to the new concept described here. 

2. The Thermal Barrier 

Several schemes for creating a thermal barrier have been 
considered. One such scheme is shown in Fig, 2. The first step is to add 
a simple mirror coil (circular) at the end of the solenoid; the thermal 
barrier region lies between this coil and the end plug. The simple mirror 
coil serves to throttle down the flow from the solenoid toward the plug. 
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In the absence of collisions, the density would then drop as the plasma 
expands in cross section as it emerges from the high magnetic field at the 
throat of the mirror coil. As is explained in the Appendix, this drop in 
density would create a potential depression, 4^, for the same reason that 
the increase in density in the end plug creates an increase in potential 
there. It is this effect that we shall utilize to create ^, hance the 
thermal barrier. 

However, to salvage the desired effect, it is necessary to add one 
other element to the system. As noted, the desired density drop occurs in 
the absence of collisions. The flowing plasma (which we may think of as 
"passing" particles) decreases in density as it passes through the field 
minimum and then rises again as it passes into the end plug. However, 
collisions among these passing particles — ions and electrons -- cause 
some to be trapped between the magnetic mirrors. In time, because of the 
collisions, the trapped particle density would grow until the total 
pressure is equal to that in the solenoid. 

To prevent this, we introduce a second coil producing a weak 
oscillating magnetic field in the neighborhood of the field minimum, B., 
in the barrier region between the simple mirror and the end plug. This 
oscillating field, at a frequency near the bounce frequency for trapped 
ions, serves to push the mirror fields back and forth axially, thereby 
jostling the trapped ions out of the magnetic well back into the solenoid 
and the end plug. This is a variant of the well known technique of 
"magnetic pumping". The required frequency 1s around 1 MHz — readily 
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available commercially. The required power, mostly dissipative losses in 
the coil and cavity, is estimated to be at most a few megawatts, a small 
fraction of the total power input to the plugs. 

The magnetic pumping scheme, as well as other approaches mentioned 
in Appendix A, are currently being analyzed to determine their effec
tiveness in preventing the accumulation of trapped ions in the thermal 
barrier. If results bear out expectations, it should ultimately be possible 
to reduce the ion density in the thermal barrier to about twice the passing 
ion density, of the order of (nc/R|j), where R b = B^/Bj, is the 
mirror ratio in the barrier. The electron density would drop accordingly; 
it is this that forces the potential to drop. Then, as is shown in 
Appendix A, Eq. (6), 

*b = Tec * n ( R b / a ) ( 1 ) 

where a ~ 1 represents a collection of factors depending on details of the 
pumping process, and the end plug density becomes 

/ *b\ *b*A 
n p = n c e x p r a e x p _ v 12) 

where n_ and n_, and T and T„„, are the densities and electron 
temperatures in the end plug and solenoid, respectively. When ^ = 0, 
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Eq. (2) reduces to the usual tandem mirror relation between the density 
ratio n /n and the desired potential barrier <)> to confine the ions 
in the solenoid. In that case, always n > n . But if $ b is 
sufficiently large, and T » T , one can obtain n « n ; hence 
the advantage of the thermal barrier. 

3. Reactor Design 

Example reactor parameters are given in Appendix B. As one can see 
from Eqs. (1) and (2), the new parameters available to the reactor designer 
are the barrier mirror ratio Ru and the end plug electron temperature 
T , which can be increased by ECRH heating. By increasing Ru and 
T , n can be reduced more than an order of magnitude with the result 
that the midplane field in the end plug can be as small at 2 to 4 Tesla. 
This in turn permits a mirror ratio R in the end plug of 2 or more while 
restricting the field at the conductor to no more than 12 T. A large 
mirror ratio permits a smaller beam injection energy E- , while 
satisfying the requirement that newly injected ions have energies above the 
ambipolar potential that could otherwise eject them promptly, namely, 

E i„ j > r h r r • < 3> 

Typically *c + 4 e
 B 300 Kev for OT ignition. 

t 
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Another scheme for reducing E. . still further is the "auxiliary 
cell", which is a second end plug with a density (and beam power) 
considerably below that of the main plug. This serves as a "voltage 
divider", whereby the potential drop across the main cell can be reduced by 
a factor of 2 or more, the remaining drop occurring across the auxiliary 

3 4 
cell. Recent reactor studies at LLL and the University of Wisconsin 
have shown that an auxiliary cell can significantly reduce E ^ . (and, 
correspondingly, the magnetic field) even without a thermal barrier. 
However, with a thermal barrier it does not appear that an auxiliary cell 
will be needed for a DT reactor. 

4. Experimental Program 

Fortunately, it appears that only modest modifications of the 
planned experiments are necessary to test the new thermal barrier concept. 
Moreover, by further reducing end losses that tend to mask other problems, 
introducing thermal barriers in these facilities should facilitate the 
study of radial transport in the solenoid and other physics issues not 
directly concerned with the end losses. 

Introducing thermal barriers into TMX by the magnetic pumping method 
would require about 100 kW of 1 MHz ion pumping power (commercially 
available) together with 2 additional simple mirror coils. This should 
suffice to demonstrate a reduction of n„ to about the level of n c (or 
rather, an increase of n_ to nearly equal n j and, with neutral beam 

p 
heating only, a temperature difference T - T - 0.5 T . such an 
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experiment would constitute a proof-of-principle. The later addition of 
about 1 HW of 28 GC ECRH heating, as is already planned, would further 

12 -3 increase T and increase nx to about 10 cm sec. 

The addition of a thermal barrier to the proposed MFTF-B (tandem 
version of MFTF) would greatly improve its performance. Preliminary 
studies indicate that, with about 1 MW of 28 GC ECRH heating, one would be 
able to reach I I T ~ 10 1 4cm" 3sec at r . » 10 Kev. The 80 Kev MFTF 

ci 
beams would be used to heat the solenoid. In the end plugs, we would 
require 120 KV beam injection in the plugs, but one TFTR source for each 
plug may be sufficient. At 200 Kev injection, but again at low beam power, 
the performance would be still further improved. 

We have also considered the implications of the thermal barrier 
concept for a DT-burning Mirror Next Step. Ideally, such a device would 
consist of Z end plugs suitable for a full scale reactor together with a 
short length of ignited solenoid suitable for engineering development of 
the blanket. With the thermal barrier, we believe this ideal goal can be 
achieved and are now proceeding with conceptual studies of such a 
facility. If successful, this could lead to an Engineering Test Facility 
at moderate cost which could later be converted to a power-producing 
experimental reactor. Technology requirements are for tha most part 
compatible with development programs in progress. 
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APPENDIX A 

REDUCTION OF TANOEH MIRROR PLUG DENSITY BY FORMATION OF THERMAL BARRIERS 

D. E. Baldwin and B. G« Logan 

In tandem mirror (TM) confinement of fusion plasma, ions of a magnet
ized central cell are confined axially (or plugged) by the electrostatic 

1 2 potentials of more dense magnetic-mirror-confined plasmas. * When the 
electrons have an axially uniform temperature T , the creation of a 
potential difference <f> requires a plug-to-central-cell density ratio 
given by 

% — ft) (; 

(see Fig. 1 ) . The degree to which the whole system floats above ground 
potential, fixing <t> , is determined by the balance of total ion and 
electron loss. 

Achievement of values of <!>c required for fusion is gained only 
logarithmically in the density ratio, whereas the ratio of central-cell 
fusion power density to that required to maintain the plugs varies as 
? 2 nc^ no* Elevation o f t n e common T by auxiliary heating permits 

a decrease of n p/n c for fixed 4>c> but at the expense of raising the 
electron pressure above the ion pressure in the central cell, which then 
causes a decrease in the fusion power density for fixed total pressure. 
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These considerations have led to a conceptual TM reactor having severe 
14 .echnological requirements. To plug a central eel? of density » 10 

-3 
cm , temperature »40 keV, and magnetic field » 2 T requires-high pres
sure plugs having peak fields «= 15 T and neutral-beam injection energies of 
order 600 keV with, or 1 to 2 HeV without, auxiliary electron heating. 
In the following, we describe a means by which, for the same central cell 
conditions, the density and power requirements for the plugs might be 
dramatically reduced. 

The essential idea is to raise the plug electron temperature above 
that in the central cell by auxiliary electron heating in the plugs. The 
heating power required is reduced by creating a locally negative potential 
dip between the plugs and central cell that thermally insulates the 
electrons of the two regions. 

Consider the potential, magnetic field, and density profiles shown in 
Fig. 1. Electrons from the central cell pass through the plug and mix by 
weak collisions with those trapped in the higher potential. The resulting 
thermal contact is sufficient to allow only relatively small electron 
temperature differences between plug and central cell, even though con
siderable neutral-beam and auxiliary heating be applied to the plug. 

The temperature difference is increased markedly by the addition of a 
(relatively negative) barrier potential <J>b £ T e c (see Fig. 1) which 
would act as a thermal barrier between the plug and solenoid electrons. 
Power applied to the plug raises the temperature there ( T ) relative to 
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that in the central cell ( T ) , which is close to the local ion 
temperature T^Q. Since plug electrons are confined by a potential 
*b + *c' ̂ e power/volume transferred between the plug and transiting 
central-cell electrons can be estimated 

p
c ~ n * G P T^~ <U - T J exp [- ̂ - ^ ) , (2) c-wp e n t e e

 A 'ep 
where 

«»-(-*£*) • 

and Gfi of order unity is a weak function of potential and mirror ratir. 
(Accurate determination of this transfer rate is important for detailed 
reactor calculations and is being pursued by analytic and numerical means.) 
The power applied to the plug electrons eventually ends up in the central-
cell electrons and contributes to their total power balance. 

The barrier density n^ is related to n c and n by 

(3a,b) 

or, i f we replace Eq. (1), there results 

\ ec ep / 
n p = n c exp ( - ^- + -^—* | . (4) 

From Eq. (3a), generation of *b requires n^ < n c < The ratio n /n c can vary 
with parametric values, but it is always reduced below that given by 
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Eq. (1), This reduction results both from the explicit presence of <f>b 
in Eq. (4) and in the insulation permitting T > T e c- Most importantly, 

2 the power required to maintain the plug has dropped by n . 

The depression in the central-cell density required in Eq. (3a) might 
be achieved by one of several means; three possible ones are described 
below. In each case, we take as an Irreducible minimum ion density in the 
barrier that which is due to central-cell ions streaming through the locally 
negative potential. Assume this drop in potential is also accompanied by a 
drop in the magnetic field by a factor R b. Then, by particle flux 
conservation, when $ b > T e c , the density of central-cell ions passing 
through region b Is given by 

nc AieV 
"CM-'TT {intV2 • (5) 

Added to this will be the density of ions trapped in *b, and it will be 
most important that their accumulation be prevented. If the total barrier 
ion density n b (passing plus trapped) is normalized to the density of 
passing ions, i.e., n b = g bn c(b), then from Eqs. (3a) and (5) we find 

($••#* (6) 

This result points up the importance of a large mirror ratio 1n the barrier 
region and a nearly complete pumpout of the trapped thermal ions from this 
region (for which g b •+ 1). Two considerations are important in assessing 
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reasonable estimates for g b: (i) The degree to which specific pumpout 
mechanisms can compete with collisional trapping, and (ii) The questions of 
microstability of the resulting distributions. Because of the number of 
these physics uncertainties, g^ must at this time be considered a variable 
physics parameter that must be of order unity to be useful. 

As a first method for thermal ion pumpout, we propose a transit-time 
heating of locally trapped ions. For this purpose, a circular coil would be 
inserted into the central cell to generate a local mirror (see Figs. 1 and 
2). The mirror ratio R b in Eq. (5) is then the ratio B ^ / B ^ 
Parallel heating of locally trapped ions will result when there is applied a 
parallel force oscillating at the ion bounce frequency. Examples of such a 
force are a parallel electric field (difficult at high density) or small 
oscillation of the position, depth, or axial extent of the local magnetic 
well. The first method has been successfully used to pump some electrons 

5 out of the Phoenix mirror machine, creating a rise in the ambipolar 
potential. The second method is most easily described in the case where 
B(z,t) = B[z 0(t)], for then in the oscillating frame 

where (e,u) are the particle energy and magnetic moment, and the oscillation 
frequency is tuned to the bounce frequency of the bulk of trapped ions. The 
absorbed power density for this heating, which ends up as heating to the 
whole central cell, is that which competes with the trapping rate for 
passing central-cell ions into the potential well, a formula similar to 
Eq. (2), 
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pump 
r " b n c ( b ) T 
Gi (nxj^ 'ic ' (8) 

where ( n T ) i f = 5 x 1 0 1 1 T ^ / l n A cm 3 • s, and G i * 1 . 
Determination of the degree to which thermal ions can be pumped out by 

this means against collisional filling and the amplitude of the required 
fields depends upon details of the electrostatic and magnetic well shapes, 
resonance frequencies, their widths and overlap, the applied frequency 
spectrum, island formation in phase space, etc. Modeling of this process in 
both the diffusion, or Fokker-Planck, limit and by single particles with a 
Monte Carlo collision process are underway at Livermore. 

The microstability question does not appear to pose a limit on the ion 
density in the barrier region. For k̂  = 0 ion-ion and ion-acoustic modes, 

1/2 treating the passing ions as two beams of velocity u n = (2*b/m^) ' and the 
v -integrated trapped ion distribution as nearly independent of parallel velocity, 
we find the local dispersion relation 

4ne\(b) 
D(t») = 1 •*• e — 

mi kl! 
+ (flh - 1) TT k„u; " ST L J 

^ + 

( u - kj | U b) ( « + k n U b ) 
= 0 (9) 

The low-to ion-ion mode is stable when fie D(«s=0) > 0, true even at g. = 1 
when 2 ^ > T . This correlation would still permit a negative energy 
wave destabilized by electron Landau damping (the ion-acoustic mode). A 
sufficient condition for stability is a combination of the density and 
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distribution of trapped ions satisfying Im D > 0, or 

3f h m. 3f 

which represents a low density, rising gently to match the passing particle 
distribution. For much the same reasons that these k x = 0 modes are stable, 
Drummond and Rosenbluth find that, for nearly equal ion and electron 
temperatures, k^ ̂  0 modes in a magnetic field require relative drifts of 
some 15 to 20 times the ion thermal spread. For purpose of reactor eval
uation, we have assumed the value ĝ  = 2, for which all of these beam-
driven modes are stabilized. 

Potential MHD modes in the barrier region are the firehose, requiring 
for stabilitv 

0G " h * 2 , (11) 

and the flute interchange, requiring for stability 

/ 
J|.CP X+P,)%>«> . d2) 

where K. is the component of the line curvature normal to the constant-
pressure flux surface, and the integration runs the entire TM length. We 
rely on positive curvature plugs to stabilize the negative-curvature regions 
joining high-field plugs with the uniform central cell, as in the con
ventional IN.' of possible concern is the added destabilization of the 
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barrier region. Using model fields and pressure profiles, we find the 
minimum-B plugs of mirror ratio 2, ellipticity 30, and 6̂  te0.4 can line-
average-stabilize a mirror ratio 10 barrier region of 0. « 1. The curvature 
constraint is more stringent than the firehose, but is easily satisfied. 

A second pumpout mechanism is related to the first in that it entails 
a local mirror region embedded at each end of the solenoid. In this scheme, 
the minimum of the barrier region in Fig. 1(b) would periodically be raised 
to the peak mirror value, so that all trapped thermal ions would escape. 
When returned to its minimum value, the barrier regions would remain empty 
of trapped ions for a fraction of a collision time, at wh*ch time the cycle 
would be repeated. The potential barrier offered by such a barrier region 
would not be constant in time, so that this method might require a pair of 
such barriers, operating out of phase. 

As regards issues of stability, this means of emptying the barrier 
region would be expected to be similar to the preceding one. 

Finally, in the stream-stabilized mode of 2XIIB operation, it fre
quently occurred that stream density outside the mirror on the upstream side 
exceeded the hot ion density between the mirrors. At the same time, 
there appeared at the mirror throat a marked density dip, by a factor of 5 
to 10. It was argued that the ion cyclotron rf precluded accumulation of 
ions at the magnetic maximum by a process similar to rf plugging. If this 
interpretation stands up, one would expect a similar profile between the 
plugs and central cell in the Tandem Mirror Experiment (TMX). Furthermore, 
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it might be possible to extend this technique for barrier generation to 
reactor conditions, either by internally or externally generated rf. 

An addition that might be necessary in some situations is the con
finement of anisotropic, hot electrons in the barrier region. When added to 
the right side of Eq„ (3a), the prestos of such electrons would give a 
larger 4^ for a given n,, further reducing the power transfer between 
the plug and central-cell electrons. However, the power necessary to sus
tain these hot electrons, presumably generated by electron-cyclotron reson
ance heating, must compete with the electron-electron scattering rate. 
Provided good pumpout can be achieved, g b a 1 to 2, we find nearly equal 
power is required not to generate anisotropic electrons, but to bulk heat 
the plug electrons as described above. 

In summary, we have emphasized the utility of barrier potentials be
tween the central cell and the plugs of a TM. Of crucial importance are the 
questions of how the barrier is formed and how completely the accumulation 
of thermal ions can be prevented. The most favorable conditions would 
permit a TM reactor with dramatically improved parameters. The degree to 
which this ideal can be approached will take time to evaluate, and probably 
we have not yet found the best scheme for efficiently pumping thermal ions. 
The potential improvements to be gained from this approach are so great as 
to warrant a thorough theoretical and experimental study. 
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Appendix B 

TMR Examples Utilizing Thermal Barriers 

B. 6. Logan 

In this first calculation of TMR parameters with thermal barriers, we 
pursue a primary goal of reducing plug technology requirements - neutral 
bean voltage, power, and plug magnetic fields. In addition we look for 
higher fusion power density in the center cell to raise the blanket power 
loading. To exploit the thermal barrier principle described in the previous 
appendix, we will necessarily introduce new reactor components -
specifically, ECRH or other electron heating in the plugs, simple rcirror 
coils, and an ion pump in the thermal barrier such as one of those described 
in Appendix A. While we believe the different technologies required by 
these new components are available today or in the near future, the aim of 
this section is to give a preliminary assessment of the new TMR; parameters, 
rather than give a detailed design of these new reactor components which 

i will come later. Since some of the reactor parameters will be [influenced by 
the chosen type of electron heating and ion pumping, however, «:e assume ECRH 
for the electron heating and compresslonal ion pumping using pilsed coils to 

i 
guide the reactor design in these first examples. The physics,and 
engineering of congressional pumping is straightforward; at the same time, 
it is too soon to tell if R.F. pumping will ultimately prove hotter. 

The axial profiles of potential, field and electron density are as 
shown in Fig. 2 of Appendix A, except the field is allowed to dip in the 
transition regions between the thermal barrier mirror ceils and the 
m1n1mum-B mirror cells. Thus there are four peaks in the magnetic field at 
each end of the center cell, with the outer two peaks formed by a m1n1mum-B 
magnet and the Inner two peaks generated by a pair of circular colls, all 
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superconducting. The ion pumping in the thermal barrier cells is achieved 
by periodically pulsing normal copper coils inside the blanket at the local 
field minima in the thermal barrier cells and in the transition regions. 
After a characteristic time 

2.5 x 10 1 0T 3 / 2(keV) 
I £ 5 V- LT-5 / = 0.1 - 0.5 sec. (1) 

1/2 n b (cm ) 

for trapped ions to accumulate by collisions to a density equal to the 
passing ion density {barrier fill factor g b + 2) in the local potential 
well of the thermal barriers, the pulsed coils at the barrier cell midplanes 
are pulsed on, raising the barrier midplane field B^ temporarily to the 
barrier mirror field B . , thus allowing the trapped ions to escape. At the 
time, lower field pulsed coils at the field minima in the transition 
regions are pulsed on to lower the field and ion density there, temporarily 
holding the same electron thermal barrier there while the main thermal 
barrier mirror cells are being purged. The pulsed coils in the transition 
regions need produce only -0.6 T bucking field while the pulsed coils at the 
barrier cell midplanes must add -3.4 T, so only the power dissipation in the 
pulsed barrier coils is important. The pulse duration T Q N is short 
compared to T „ ( T Q N = 30 ms) so that ions don't trap in the barrier cell 
as the barrier midplane field 1s restored to its steady state value, and so 
that the duty factor for the pulsed coils is small. To reduce the stored 
magnetic energy in the pulsed barrier coils, the static mirror fields (U^ 
are kept small, usually less than the minimum-B mirror fields B , but 
larger than the center cell field B c. Higher temperature reactor regimes 

are also desired to 
pulsed coils. 
with longer T are also desired to allow longer pulse times T Q N for the 
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For TMR reactor regimes of interest, the ECRH power required to 

maintain the plug electron temperature higher than the center cell electron 
temperature, given by eq. 2 in App. A, is the dominant power input to the 
plasma. Therefore to maximize Q, reactor designs should minimize this ECRK 
power. Neglecting the plug neutral beam power and the ion pump power for 
the moment, we can write 

. rfusion | Vc \ r<>\ 
ÊCRH a f Z U\TJ { } 

Pf 
rcP 

Using eq. 2 in App. A for the ECRH power P_n, we obtain 

fnA2 A u • 
«ECRH ' \ <*>« A X P T - ^ <ffV>0T T - h : i ? X W •p/ e xh ep 

where E F = 17,600 keV is the energy release per fusion, and (nt) » 4 x 
1 0 8 T ^ 2 at In A e e = 20. Thus using eq. * in App. A for the 
density ratio n /n c, we have 

«ECRH " l f l B T e p 1 / 2 e " e C P <^^—T—M-W- !• <«> 

Then, using eq. 6 of App. A for the ratio of barrier potential to center 
cell electron temperature i> b /T e c , and taking 7^= T^ , we get 
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«ECRH ~~ l0* V ^ I ̂  V T^ J • '* ^ J - T - I » r l <5> 

Eq. 5 shows that Q increases as T increases, so we choose the maximum 

T e p(max) * \ + *c (keV) (6) 

for marginal validity of our model, which assumes the trapped plug electrons 
to be Maxwellian up to the local potential barrier i>^ + 4>c which 
confines them. At high reactor temperatures where <fv + $ is large, one 
must check that the synchrotron radiation power in the plugs 

Psync - 5 * 10-2°BJ;(T>U - *„> T*. n p 2V p * L (watts) ( 7 ) 

is small compared to P , as is true in all the examples we will 
consider. K. is the radiation reabsorption parameter which is K< 1 for 
T <200 keV, but rapidly approaches unity above 200 keV. 

Since the hot electrons extend to their local potential barrier peak 
<£. + $ located at the thermal barrier midplane, the ECRU power can be 
applied anywhere between the thermal barrier midplane and the ion plug 
midplane, where f £ e = f and where f „ < f c e : 

B r e s = 3.6 x 10 " 1 1 f p (tesla) ( 8 ) 

e " - * "cutoff ± 1 0 Bres (9) 
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Typically, the latttr condition eq. (9) restricts -JS to f = 6 0 GHz, where 
B_.os - 2T halfway up or down the barrier mirrors which are adjacent to the 
plugs. At the present time, however, the next step in ECRH gyrotron tube 
development beyond the present 28 GHz tubes is planned to be 110 GHz. This 
frequency allows cutoff densities above the plug densities in our examples, 
although we would still prefer to apply the ECRH to the transition regions 
near the outer barrier mirrors where B r e s = 3.6 T, to avoid crowding and 
interference with the plug neutral beams. We note that microwave absorption 
increases with T , so that at reactor temperatures the absorption can be 
nearly 10055 even without microwave cavities' ', simplifying microwave 
antenna design and reducing stray microwave power. 

As indicated in eq. (5), Q increases as the square of the mirror ratio 
R b = ^nb^b ™ t h e t h e n T i a l barrier, so large mirror ratios there are 
desired. An upper limit on R b is set by either P.HH flute stability (eq. 12 
in App. A) or by the firehose instability (eq. n in App. A), the former 
being more restrictive on R. for our reactor examples. An analytic 
approximation to eq. 12 of App. A gives approximately 

0.4 R b 

3/2 3.168 for R p = 2 
0.916 for R = 3 «* fc)(^F to -

for minimum-B plug magnets with vacuum mirror ratio R_ = B „/B» and 
P mP p 

maximum ellipticity = r
m a x / r m i n = ^ » w n e r e 

c 

| j (1) Miklos Porkolab, UCRL-52634, Dec. 1978. 
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is the vacuum mirror ratio from the barrier mirror to the center cell, and 
L J L is the ratio of mirror-to-mirror lengths of the barrier and 
plug. For the large R^ = 7-10 allowed by eq. 10 for R = Z, the 
dominant beta-weighted bad curvature contribution to eq. IZ in App. A comes 
from the barrier midplanes even when the center cell beta & is high, 
since B,, - 1 in the barrier at these mirror ratios. The limit on B 
is set instead by ballooning, for which Newcomb and Pearlstein* ' have 
calculated % limits up to 0.75 for an axisymmetric simple mirror 
appropriate to the region between the center cell and the inner barrier 
mirror. Note tr it for a fixed maximum ellipticity that can be accommodated 
in a minimum-B magnet geometry, the stabilizing force of the plugs is 
reduced at higher R . Thus lower R is desired to allow higher R^ and 
Q; however, lower R also raises the ambipolar cutoff potential (<j>e + 
^c)/[(Rp//l - &,) - 1] in the plugs, forcing higher neutral beam 
injection energies E. - We choose R. = 2 (vacuum) for the mininuira-B 
plug magnet in our examples, as a compromise. Note also in eq. 10 that 
RL, and therefore Q, would also increase with increasing R , or 
increasing barrier mirror field B ^ . However, practical limits on the 
stored magnetic energy required in the pulsed barrier coils set B ^ < 4T 
with congressional pumping. This consideration does not apply to R.F. 
pumping, which can use B . up to 10T, easily obtainable with circular 
coils. The higher barrier mirror ratios thus possible with R. F. pumping 
would nearly offset the higher g b = 2 4> b/T 1 c = 5 that results from 
diffusive R. F. parallel heating. 

The plug beta B which appears in eq. 10 is limited by 
Drift-Cyclotron-Loss-Cone (DCLC) instabilities in that the number of ion 

(2) W. A. Newcomb and L. D. Pearlstein, UCID-16736 (1975). 
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gyroradii in the plug radius (<*_/aj) required for DCLC stability is a 
monotonically increasing function of plug beta for a given average ion 
energy E and T _. (See Fig. Bl for hydrogen and E + T = 1 MeV, 

P "P M e r 
for example.) Higher P allows higher R b {up to some limit of B of 
order unity at which eq. 10 derived in the low beta limit would no longer apply) and also enhances the effective plug mirror ratio R_/'l - B„, 
reducing the ambipolar cutoff potential and required neutral beam voltages. 
As hydrogen ions in the plugs allow higher 8 due to their smaller 
gyroradius, the plugs are assumed to be hydrogen. Hydrogen plugs also 
greatly reduce neutron fluxes in the plugs, easing magnet shielding and 
extending neutral beam life against neutron damage. 

As the thermal barriers allow ECRH heating of the plug electron 
temperati- T sufficient to give any desired 4> , we choose a 
sufficiently high $ c (and therefore T by eq. (6)) to give ignition in 
the center cell with respect to the center cell ion and losses: 

J "c^T E
a
 fai " (nSFc

 (*c + V + \ n c 2 < 0 V > D T *r 

+ ((n^ c
+l"c 2<-Ww 2V^ n 

•c 3 / 2 <Tic - V 
+ 1 0 1 2 T 3 / 2 

ec 
(12) 

where r— = In 
ic 

(«% 

. » 1010 !,«(.£. 
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E a = 3520 keV is the alpha energy, f ^ is the fraction of alpha energy 
transferred to the ions (see fig. B2 of Fokker-Planck calculations of f • 

by Marvin Rensink), 

F r = 45 + 3/2 T i (. ( 1 3) 

is approximately the mean reacting ion energy, and where f c x/f, o n - 0.6 
is the ratio of charge-exchange to ionization for low energy neutrals 
impinging on the center cell plasma which is thick compared to the neutral 
ntean-free-path. As the ECRH power to the trapped plug electrons is 
transferred to the center cell electrons, T would generally exceed 
T. , raising the center cell electron potential $ e together with the 
plug ambipolar cutoff potential, and also increasing the center cell plasma 
pressure for a given fusion power density. Since <t> is no longer tied to 
T , we can improve the fusion power density for a given field and lower 
plug potentials by cooling the center cell electrons to offset the 
transferred ECRH power and any excess alpha heating of electrons, to keep 
T

e c 1 T j C * There are many ways to do this, but perhaps the simplest way 
is to release a cold electron current I £ from a grid-controlled cathode on 
the end wall, removing I.T power from the center cell electron 
population. The cold electron current which would result in T * T^ 
can be calculated from the electron energy balance: 

n 2 

WT (*e + Tec> V c + MV + I n c 2 < f f v > DT(*e + V V, 

\ "c^DT Ea f a e Vc + -ML-g L ( 1 4 ) 
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+ "c m ( T1c - Tec> y 

1012 T W V c 
(15) 

ec 

where we set the last term on the RHS to zero. Eq. (15) can then be solved 
to give 

j-= (nt) c<ov^T r r + -T 
C I EC 

+ _—) 
ec (16) 

where fa is the fraction of alpha energy transferred to electrons (Fig. 
B2), 

T V* yc X c " 1 ^ ~ (17) 

is the center cell ion loss current, and where the electron potential is 
given by 

In 
ec 

(nyg * y i c ) 
5 x io 8r 3' 2 

ec ( * ) 

(18) 

Note that * e / T e c is also reduced by the cold electron current I , a 
beneficial effect. While we find a cold electron current I s is not 
essential to achieving a satisfactory reactor performance, the improvements 
obtainable with such a current, particularly the reduction In the plug 
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ambipolar cutoff potential, and therefore minimum neutral beam injection 
energy, may he worth the trouble. To some extent the same effects may occur 
anyway with a finite secondary electron emission from ths direct converter. 

The ignition condition, which is given by eq. (12), essentially 
determines (nx) c as a function of T^ c. As T e c = T^ c (up until 
I + 0 at high T e c by eq. 16, at which point T e c drops below T i c ) , 
the potentials $ , ^ and <p are all increasing, not quite linearily, 
with T. . By eq. 6, T is also increasing with T i c . Minimum neutral 
beam voltages are constrained to be above the ambipolar cutoff energy, so 
beam voltage, is also scaling up with T^ . Thus T- c is the primary 
variable controlling the TMR parameters, and so we will work out parameters 
for three cases: (1) T i c = 20 keV, (2) T i c = 40 keV, and (3) T i c = 
60 keV. One consideration is that (ni) for ignition by eq. 12 is minimum 
(=9 x 10 cm"3sec) at T. = 40 keV, assuming end losses dominate over 
radial losses, as we have done. If instead radial losses were dominant, the 
minimum (n-r) for ignition would occur around 25 keV, since radial loss 
energy per particle would be 3/2 T instead of $ + T per particle lost out 
the ends. Since the addition of circular mirrors for the thermal barrier 
will virtually eliminate neoclassical radial loss, and since finite beta may 
stabilize drift waves, the prospects for small radial loss in this type of 
tandem are very good. 

What remains to complete the reactor design is to determine the volume 
ratio V /2V , which appears in the expression for Q. This volume ratio ^ p 

is determined by three constraints: 

(1) Total fusion power: 
Pfusion - 2* r w r Lc W . (19) 
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where r y is the first wall radius in meters, r the first wall neutron 
wall loading in MH/m , and L, is the center cell length in meters. 

C 
Specifying a combination of r and r 1s also equivalent to specifying the 
fusion power per unit length p f u s ^ o n / L c -

(2) Conservation of magnetic flux: 

1/4 ,a , 1/4 -"•<*r(^)W© (20) 

where T = 8.3 x 1 0 1 0 <ov> n TE f „ T ^ 2 (keV) (21) 
a Did «e K ' ' ^ ' 

is the average perpendicular hot alpha energy per unit center cell density. 

(3) Maximum conductor field in the plug magnet: 

where n m = B m a x / B = 0.75 is the magnet mirror efficiency, and where 
the center cell field is given by 

f »e<T1c * \* TJ 
fj 2.5 x 1 O 1 5 0 C 

B C = i c .": . e i * • (23) 

Where the center cell density is related to the center cell radius r 
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through the wall loading constraint (1) as 

. 1 3.55 x 10 1 2r 
« c " r " * { o ) J — . . . . . r , r em'3 (2«> 

3 -1 where <ov>D-r is the fusion reaction rate in cm sec . Solving eq. 

(22) for r c using eq. (23) with (24) , we get 

•10 / 0 . 8 I + T \ / r r \ 1 / 2 / n \ /R„ r c - 7 ' T V° ' I I f c l (^K^i(-). «25) 
B ' \ p p / V O Y * D T , 
max \ H r \ i 

Although the plug ions extend out to the mirrors where L is long 

compared to the plug plasma radius r in general, the axial density 

profile when finite beta is taken into account gives an equivalent plug 

volume which can be approximated as a sphere of radius r , in computing 

power losses such as P which scale as n : 

Vp - ( W 3 ) rjj. (26) 

Thus the volume ratio becomes 

V c ^c2 L c 3 / r c \ 3 L c 

which, using eq. (25) and eq. (20), becomes 
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jc - M x W % Y S < /M 1 / 4-of , 

Substituting th is expression in:a> eq. (5) for Q£(;RH» taking Rp = 2, and 

using 

nb A * , * ^ ' g b \ 7 ^ U m p ; U 1 c + ^ T J e V W 

obtained from the MHD constraint, eq. 10, and eqs. (23), (24) and (25), we 
obtain finally 

+ *c 
0.5 ,, ,0.9 _ 0- 3 5 T a n 

^ " T e p / 

< g V > ^ . , (0.8 I * T ) ° ' 6 5 ! f i t t !on 1/4 3/4 
+ T + T V * 6 5 P eP fr r l 3 " P c 

c ec V v » ' 

<oV>, 

< T i _ 

(^r • (30) 

We can now evaluate Q E Q R H and other plasma parameters for the three 
cases T j c * 20 keV, 40 keV and 50 keV, holding fixed the following: 
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<l> "fusion - 1 5 0 ° m 

(2) r w r = 4 HW/m * L c = 48 m, P f u s 1 o n / L c = 31 MK/m. 
<« 3max = lZT 
(4) ^ = 0.75 (fl̂ p = 9 T) 
(5) R p = 2 (B p = 4.5 T) 
(S) Yin-Yang el l ipt icity = 30 

< 7) «-.* = % 
(8) S c = 0.75 (ballooning limit) 
(9) E . n j - 1.5 (*e + ̂ J/ffRp/^l - %) - l] . rounding off 

to the lowest "canonical" voltage, 
(10) T e p = ̂  + *c 

(11) E = 2.5 E^ • (small electron drag) 
(12) B ^ = 4T 
(13) g„ = 2 
^ K' rwall = rc + 2 p a ' i n c o mP u ti |' t9 r ) 

Instead of Qcroii* *& a r e m o r e interested in the overall reactor Q 
which includes the neutral beam power trapped in the plugs P N B and the ion 
pump power P D u m D absorbed by the plasma ions: 

p 
n _ fusion ,,.1 

PECRH + KNB + Kpump 

Where the absorbed ECRU power PECRH = pcp( 2 vp)is given by 

P E C R H ' ^ 1 2 1 1 <""> (32) 
tLKN U E C R H 

where QECRH is given by eq. 30, where 
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rNB 
2"p2 WW 1- 6* 1 0"^ 

(nx) p 
(MW) (33) 

(r p in m) 

with (n T) 6.3 x 1 0 1 0 iV*. l Og 1 0 R (eff) 

(E. n. in keV) 

being the plug ion particle confinement for hydrogen in the ion-ion 
scattering limit (small drag) with an effective mirror ratio 

Rp(eff) V ^ - ' p 

< ^ ) 

(35) 

that approaches unity as E. . approaches the cutoff energy, and where 

* & ) J ^ b

3 T. c(1.6 x IP" 1 6) 

P u m P 2.5 x l O 1 0 T . c

3 / 2 
(HW) (36) 

is the ion pump power (absorbed) with r b in meters and T. in keV. 
The resulting plasma parameters for the three ion temperature cases 

are given In Table A. The important point to note is that both the Q and 
wall loading rare relatively insensitive to the ion temperature and beam 
Injection energy. However, the thermal barrier filling time T increases 
nearly an order of magnitude going from T^ c = 20 keV to T t c = 60 keV. 
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Table A 

TMR PLASMA PARAMETERS 

Case 1 Case 2 Case 3 
T i c (keV) 20 40 60 
T e c (keV) 20 40 52 

( n T ) c cm sec 
20 

1.75xl015 

1.6 
9.0xl0 1 4 

0 
1.2xl0 1 5 

4. C< e V) 90 125 173 
4>e (keV) 117 244 356 
4b ( k e V) 45 83 108 
"p 0.50 0.64 0.70 
Einj <*"> 
E p (keV) 
n c (cm - 3) 
n p (cm"3) 
n b (cm - 3) 

150 
375 
2.20xl0 1 4 

6.22xl013 

2.3xl0 1 3 

200 
500 
1.53xl014 

5.15xl013 

1.9xl0 1 3 

300 
750 
1.20xl0 1 4 

4.06xl0 1 3 

1.5xl0 1 3 

Tep ^ e V ) 136 217 293 
r c <n) 0.85 0.87 1.05 
rb <•> 1.22 1.33 1.70 
r p (m) 0.51 0.64 0.83 
B C < T > 2.33 2.98 3.11 
I «b(T) 
nx) cm sec 

0.563 
8.7xl0 1 2 

0.638 
1.23xl013 

0.593 
3.95xl013 

both 
plugs 

P 

PECRH lmy 
P N B (MW) 
PPUMP ^ 

•lasma Q (overall) 

47 
12 
1.7 

24.7 

50 
15.2 
1.8 

22.5 

57 
10 
1.9 
21.8 

Barrier Filling Time x (msec) 
Neutron Wall Loading r (MW/m2) 

73 
3.3* 

260 
3.6* 

550 
3.1* 

""null (•) 1.2 1.1 1.3 

* This value can always be reduced by Increasing the first wall radius 
if such proves to be cost effective from the wall lifetime point of view. 
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>ince T is the time any pumpout mechanism must compete with, the implied 
pump power dissipated in the driver, as opposed to the P_ u m D which is 
absorbed in the plasma, can be expected to decrease as the temperatures are 
increased. Thus any technology associated with higher beam injection 
energies required for the higher ion temperatures is traded off against pump 
technology made easier by longer T at the higher temperatures. As a 
compromise, case (2) at T- c = 40 keV, E^. = 200 keV, and T_ = 260 
msec, would appear to be the best choice. It must be emphasized that the 
neutral beam injection energies given in Table A are the bare minimums that 
would be possible at those temperatures without an A cell. With A cells 
added to the ends of the plugs to divide up the plug potential drop, 
somewhat lower beam energies could be used, but with the added complexity 
and cost of the A cells the payoff may not be worth it. With 50* higher 
injection energies than those given in Table A, the plug (nx) 's would 
increase an order of magnitude due to large percentage increases in R e f f - 1, 
resulting in 10 times less beam power required, and 10 times less beam 
current density. To do this, however, requires neutral beams based on 
negative ion sources. If it were absolutely necessary, positive-ion neutral 
beam systems with direct recovery might be usable in case 1, but with a 
severe penalty in beam efficiency (with hydrogen at 150 keV, neutralizer 
efficiencies are only 10%). 

To take a preliminary look at some of the power system and economic 
parameters that go with the plasma parameters 1n Table A, we compute power 
flows with the following assumptions: 

(1) Blanket neutron energy multiplication 
M = 1.2 

(2) Blanket thermal efficiency 

(3) ECRH tube efficiency 
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"ECRH = °- 6 7 

(assuming depressed electron collector potentials and thermal 
recovery of collector heat at 33%) 

(4) Neutral beam efficiency 
n N B = 0.67 

(5) Direct Converter Efficiency 
nQQ = 60S direct, single stage 

+ 33£ thermal recovery 

The neutral beam trapping fraction is computed from 

f t = 1 - e" Y (37} 

where v = 1.85 x 10" 1 2 n p r p E}*?1 

_3 
with n„ in cm , r „ in m, Ein.: in keV. 

p • ' p * m j 

For the assumed compressional pumping, the quantities of interest are the 
magnetic energy stored in the pulsed coil 

1 (&,* " BJ R 
Wcoil = 2 i r rb ~^? 1 0 ( H J » e a c h c o 1 l )- ( 3 8 > 

Assuming a transfer efficiency of 905J for this stored energy between the 
con and rotating machinery such as homopolars, the average pulsed coil 
dissipated power is 
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Table B 

TMR ENGINEERING PARAMETERS 

Case 1 Case 2 Case 3 
plasma Q 24.7 22.5 21.8 

rMW/m2 3.3* 3.6* 3.1* 
T (millisec) 73 260 550 

(each coil) W c o i l HJ 54 66 143 

/ Pcoil < * e> 148 50 52 
I PECRH tapped) (HW) 47 50 57 

both . 
ends 

PECRH Electrical) (MWe) 
P N B (trapped) (MW) 

70.5 
12 

75 
15.2 

85.5 
10 

P N B (incident) (HK) 26 39 34 
iP N B (electrical)(HW e) 39 58.5 51 

PGross electric^ e> 744 749 750 
p recirculating 258 133.5 188.5 

recirculating 0.347 0.245 0.251 

trap 0.46 0.39 0.29 
Direct Converter HW e) 216 220 221 
Electric Power (direct) 
P net m * 486 566 561.5 

* This value can always be reduced by increasing the first wall radius 
if such proves to be cost effective from the wall lifetime point of 
view. 
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0.1 (2 V.,) 
Pcoil - ^ C 0 1 1 "" < e> • W 

The results for the engineering parameters of the three reactor cases 
are given in Table B. The minimum coil power Pco.»i is significantly 
reduced in case (2) compared to case (1) as expected from the longer T in 
case (2). However P- Oo is not further reduced in going to case (3) at 
still longer T since the coil radius, volume, and stored energy W c 0 1-^ 
is also increased enough to offset the longer T , Thus for minimum 
neutral beam voltage at minimum coil power, case (2) appears to be the 
choice. Note that while the neutral beam trapped power is small in 
comparison to the absorbed ECRH power, the neutral beam electrical power 
consumption is more comparable to the ECRH electric power due to the finite 
neutral beam trapping efficiency. Note that in cases (2) and (3) the 
direct electric output from the direct converter is sufficient to supply all 
the recirculating electric power. Since the single-stage direct converter 
is simple and low cost, this will have a significant impact on the cost 
associated with the recirculating electric power. In particular, since the 
ECRH gryotron tubes' main power requirement (to the electron collector) can 
in principle be unregulated, and the electron beam voltage matched to the 
direct converter output, very little electric power conditioning equipment 
such as transformers, rectifiers, regulators, etc. may be needed for the 
ECRH, which is the primary electric power consumer in this type of reactor. 
Thus substantial cost savings may result. 

To scale from these 500 PW(e) reactor outputs to larger reactor 
outputs, note that since the center cell is ignited, 

Q " Lc * Pfusion« 
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so that approximately we have 

Recirculating " 1 / L c " 1 / Pnet* 

In conclusion 1t appears that THR's with thermal barriers can have 
substantially increased Q and wall loading at smaller size, lower fields and 
lower beam injection energies than in previous designs. New technology 
requirements for ECRH heating and congressional ion pumping, while not 
precisely defined until detailed designs are made, would appear to be quite 
manageable. Neutral beam systems based on negative ions, while not 
absolutely essential, are still desirable. 
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