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ABSTRACT

This report documents a study of compact alternate magnetic
confinement fusion experiments and conceptual reactor designs.
The purpose of this study is to identify those devices with a
potential to burn tritium in the near future. The bulk of the
report is made up of a review of the following compact alter-
nates: compact toroids, high power density tokamaks, linear
magnetic systems, compact mirrors, reversed field pinches and
some miscellaneous concepts. Bumpy toruses and stellarators
were initially reviewed but were not pursued since no compact
variations were found. Several of the concepts show promise of
either burning tritium or evolving into tritium burning devices
by the early 1990's: RIGGATRON, Ignitor, OHTE, Frascati Tokamak
Upgrade, several driven (low or negative net power) mirror
experiments and several Reversed Field Pinch experiments that
may begin operation around 1990. Of the above only the Frascati
Tokamak Upgrade has had funds allocated. Also identified in
this report are groups who may have tritium burning experiments
in the mid to late 1990's. There is a discussion of the differ-
ences between the reviewed devices and the mainline tokamaK
experiments. This discussion forms the basis of recommendations
for R&D aimed at the compact alternates and the applicability of
the present CFFTP program to the needs of the compact alter-
nates. These recommendations will be presented in a subsequent
report.
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1.0 INTRODUCTION

Most of the CFFTP R&D programs to date have been aimed at the
government funded mainline tokamak devices being built or
operating in the United States, Europe and Japan. This is
understandable since budgetary constraints, the pressure to
continually demonstrate progress and the fact that the tokamak
is the most advanced concept have led to the tokamak programs
being the largest.

However, there are many alternate approaches to fusion that may
provide opportunities for CFFTP involvement (Table 1.1). Many
of these alternate programs are government funded, are in the
early stages of development and can be regarded as physics
experiments. But, other groups are funded by private industry
and may be quite near (perhaps five years) to building tritium
burning machines.

Conceptual reactor designs based on the alternate approaches
show promise to be economically competitive with tokamak reac-
tors but since much of the physics is still not understood,
their ultimate competitiveness can only be regarded as
uncertain. Examining the technology requirements of these
reactor designs in the areas in which the CFFTP has a interest
does, however, provide guidance in planning the CFFTP R&D
program.

With those groups that are planning to begin construction of
tritium burning machines in the near future, it is not too early
to make contact. Information obtained about their plans can
influence the near term CFFTP R&D program and may indicate those
groups with which collaboration should be considered in the
longer term.

Therefore, in order to examine the alternate concepts, a study
group was formed. The objectives were to identify those groups
around which D-T burning ignition experiments may some day be
formed, to recommend directions for the CFFTP R&D program based
on the differences between the alternates and the mainline toka-
maks, and to identify near term opportunities for the CFFTP.
The possibility also exists of finding needs in the alternate
concept programs for expertise existing or being developed in
Canada.

The group began by examining all of the alternate concepts.
Subsequently it was decided to limit the study to compact
alternate concepts where the adjective "compact" is used to
denote any reactor concept which has a much higher power density
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than the reactor descendents of the standard tokamak. The range
of power densities of the various compact designs is presently
projected to be 10 to 30 times that of a tokamak reactor. The
main advantage of having a high power density is that for a
given power output, the reactor itself would be smaller and, it
is thought, cheaper than a tokamak reactor. Some preliminary
work was done by the group on stellarators, torsatrons and bumpy
toruses and is presented in Appendices C and D. No compact
variants of these concepts were identified so this work is
presented separately from the rest of the review.

The compact mirror Section (2.5) discusses two separate types of
mirrors: Field Reversed Mirrors (FRM) and driven mirrors. The
FRM, which is also discussed in the Compact Toroid sec-
tion (2.2), is a true compact in the sense described abo\7e. The
driven mirrors (ie, they consume more energy than they produce)
are considered compact in the sense that the near term experi-
ments will be physically small - not that reactors based on them
will have a high power density. They are included because they
could be of near term interest to the CFFTP.

The study was divided into two phases. In the first phase, a
general review was done of the compacts. Those compacts whose
timetables showed the most promise of the near term construction
of a tritium burning experiment were selected for visits or more
detailed examination during the second phase. These devices
formed the basis for recommendations of R&D aimed at the
compacts.

The bulk of this report consists of Chapter 2 which contains the
reviews of the "compact" concepts. The concepts reviewed are a
mixture of compact reactor conceptual design studies, of ongoing
experiments and of experiments planned for the near future. The
latter two are usually not prototypes of power producing
reactors or are not expected to evolve directly into reactors,
but rather are investigations into some aspect of the physics of
the concept. Often the experiments are aimed at more than one
reactor design. Exceptions are the RIGGATRON FDX (Fusion
Demonstration Experiment) and the GA Technologies' OHTE
(Ohmically Heated Toroidal Experiment) which are expected to be
built in the next few years and will be a prototypical. The
categorization of the concepts follows the literature. Some of
the categories contain further subdivision; for example the
Compact Toroids are subdivided into Spheromaks, Particle Ring
devices and Field Reversed Configuration (FRC) devices.
Appendix A lists all of the experiments and reactor designs
reviewed, categorized as in Chapter 2.

Chapter 3 gives the basis for selection of groups for the Phase
Two visits and includes a comparison of the different concepts
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and a preliminary assessment of the concepts. Those groups
which have the potential to become the nucleus of an ignition
experiment are identified. Chapter 4 presents the conclusions
of the study.
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2.0 REVIEW OF COMPACT ALTERNATE CONCEPTS

2.1 INTRODUCTION

This chapter makes up the bulk of this report in that it con-
tains the reviews ot the devices examined by the study group.
These devices are listed in Appendix A, grouped by concept and
subdivided by experiment and reactor design.

In general a "concept" is made up of a mixture of on-going
physics experiments, plans for future physics experiments, plans
for ignition experiments and conceptual designs for compact
reactors - all related by some similarities in the physics.

Following the literature/1,2,3/ there are five major concepts
(Sections 2.2 to 2.6) and some miscellaneous concepts
(Section 2.7). Each subsection is divided up into several
parts. The first, introductory, part contains any aspects that
are common to the concept, including, in some cases, an evalua-
tion of progress. The second part is usually a description of
the on-going experiments that are exploring the concept and the
third part usually contains a description of the reactor concep-
tual designs.

2.2 COMPACT TORPIDS

2.2.1 Introduction

This study uses the usual definition of a compact toroid (CT) as
being a plasma whose magnetic confinement configuration is
closed and axisymmetric and has no (toroidal) magnetic coils or
material walls passing through the torus/1,2,4/. Stability of
the plasma configuration is maintained by external poloidal
fields and by the toroidal and poloidal fields produced by cur-
rents induced in the plasma. This lack of toroidal field coils
results in several advantages which make this concept quite
attractive. It is simpler and more compact than the tokamak
configuration and therefore it is easier and cheaper to build
and maintain. Its compactness may mean that the reactors can be
built in smaller sizes - possibly 10 to 100 MWe/5/. The plasma
is not entwined in the magnetic field coils so that reactor
concepts based on moving the plasma from the point of generation
to another point for heating and burning are possible, allowing
isolation of the plasma generation equipment from the neutron
flux of the burning plasma. Finally, the nature of the magnetic
fields produces a natural diverter action (Figure 2.2.2a).

Figure 2.2.1 shows the classification scheme for CT configura-
tions/1/, by characteristics of the magnetic confinement. The
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PF lines are those which lie in the plane containing the axis of
symmetry of the torus and are labelled as Bp in Figure 2.2.2c.
The TF lines are those which encircle the axis of symmetry of
the torus and lie in a plane perpendicular to it. They are
labelled by B, in Figure 2.2.2c.

The earliest work related to CTs was on the Astron/8,9/, a par-
ticle ring device which is no longer being pursued/l/. In fact,
the particle ring concept (Figure 2.2.2.1), as a basis for a
reactor is not being investigated as extensively as other
concepts/191/ although particle rings are being considered to
provide stability, heating and current regeneration for FRCs and
spheromaks.

An interesting categorization of CT reactor concepts is shown in
Figure 2.2.3. It highlights some of the attributes other than
magnetic configuration, which the various schemes have in
common: type of operation (steady-state or pulsed), translating
or stationary plasma and whether the plasma is formed inside or
outside the burn chamber.

Table 2.2.1 is a listing of the advantages of steady-state and
of pulsed operation/1,3/. For tokamaks the method of choice for
commercial reactors is now very long burn operation because both
modes of operation seem viable and steady-state operation, on
balance, appears to be more economic/1/. Nevertheless, the
first efforts to design tokamak reactors were for pulsed opera-
tion because, apparently, the physics problems with stability
and equilibrium brought into question the viability of steady-
state operation/l/. The same thing seems to be happening in CT
reactor designs. Difficulties with equilibrium and stability
have led most CT reactor designers to go to pulsed operation
(see Figure 2.2.3) where the physics is clearer. It is felt
that economic considerations (eg, the need for thermal storage)
at this point in CT development are not as important as the
question of viability. Thus the conclusion of Reference 3 that
"the future emphasis of reactor studies of the CTs in all like-
lihood will focus on the examination of steady-state, stationary
systems that still maintain the potential reactor attractiveness
of the translating systems (ie, compactness and high beta)".
Subsequently, work was started in this area/11/.

The FRC and Spheromak configurations are not equal as far as
suitability for steady-state operation is concerned/12/. The
FRCs, whose configuration lifetimes are only several times the
particle life times, are considered much less suitable than
spheromaks whose configurations will be at least an order of
magnitude longer. In addition, spheromaks have the possibility
of their configurations being refreshed, thus prolonging their
lifetimes/12/. The FRCs appear to be more suitable to the
translating type of reactor/9/.



A second important aspect to CT operation is the formation of
the plasma. As shown in Figure' 2.2.3, there are two options:
formation of the plasma inside or outside the burn chamber. For
the translating-plasma, pulsed-operation reactor concepts the
plasma is formed outside the burn chamber. One reason for this
is that the environment for the formation equipment is much less
harsh than closer to the burn.

CT plasmas have been produced by theta pinches, plasma guns and
by slow induction/2/. Figure 2.2.4 shows the formation of an
FRC in a field reversed theta pinch (FRTP). Figure 2.2.5 shows
the formation of a spheromak configuration using a FRTP and an
axial current. The axial current is to induce the toroidal
magnetic field, which is not present in the production of
Figure 2.2.4. Figure 2.2.6 shows the formation of an FRC using
a coaxial gun which can also be used for spheromak formation.
Spheromak plasmoids can also be formed by slow induction, which
is illustrated in Figure 2.2.1. This type of plasma formation
is slower than the others and avoids some of the problems with
fast pulse formation such as high thermal stress. It is there-
fore more suitable for reactor applications/2/.

Auxiliary heating has not yet received much attention and both
FRCs and spheromaks will probably need it to reach ignition.
Spheromaks can take advantage of tokamak experience with RF
heating but FRCs will need different methods/15/.

The united States has a well coordinated CT program under the US
DOE (Department of Energy) with two major FRC facilities
(Mathematical Sciences Northwest, Inc and Los Alamos National
Laboratory) and two major spheromak facilities (Princeton Plasma
Physics Laboratory and Las Alamos National Laboratory). The
main goal of the program is "to identify and test concepts that
offer the potential of significantly improved reactor charac-
teristics such as simplicity, small size and high power
density"/10"/« The major issues for FRCs and spheromaks are
given in Tables 2.2.2 and 2.2.3 along with the present status of
the issues and the future plans. To put the issues into
perspective, the reactor requirements are also given.

The timetable for the US CT program is shown in Figure 2.2.8.
CTX, PS-1, S-l are spheromak experiments and TRX-1, FRX-C and
HBQ are FRC experiments (see Section 2.2.2). As shown, there is
to be a major decision between 1985 and 1987 when it should be
possible to choose the best plasma creation method and heating
method for each concept. It should also be possible to choose
reactor features, such as pulsed or steady state etc. On the
1989-90 time period a decision will be made to choose either the
spheromak or FRC concept to be the basis of a major facility to



- 7 -

be called CCTX (Collisionless Compact Toroid Experiment). The
goals of this facility are/10/: (1) Obtain long-lived,
moderately collisionless CT's in a stable quiescent state;
(2) demonstrate a preliminary level of plasma engineering,
including such areas as impurity reduction methods, instability
control, manipulation, and formation methods appropriate for
reactor applications? (3) develop auxiliary heating techniques.
This facility is not to burn tritium.

Reference 10 states that data from the CTX facility will not be
available in time for the CT concept to compete with the
Reversed Field Pinch (RFP), Stellarator and ELMO Bumpy Torus
(EBT) concepts to be the basis of an alternate compact ignition
experiment. The report concludes by stating that the CT program
should be continued at least to the CCTX stage because reactor
designs based on CTs appear so promising.

Section 2.2.2 contains brief descriptions of the various experi-
ments now being performed while Section 2.2.3 outlines the reac-
tor designs that have been produced, based on the CT concept.

In summary, work on the CT concept is very active because reac-
tor designs based on CTs offer many advantages over other fusion
reactor designs. However, it is approximately fifteen years
behind tokamak development and enough behind RFP, Stellarator
and EBT development to not be in competition with them for the
first alternate compact ignition experiment. A tritium burning
CT ignition experiment could not be expected until the late
1990s.

2.2.2 CT-Related Experiments

Table 2.2.4 is a list of the various CT-related experiments
reviewed in this section. Much of the information was taken
from References 12, 16 and 17. As indicated in Table 2.2.4, the
major CT facilities are S-l (PPPL) CTX (LANL), FRX-C (LANL) and
TRX-1 (MSNW). The facility at the University of Maryland,
Maryland Spheromak (MS), is expected to be constructed by the
end of 1984.

2.2.2.1 S-l, Proto S-l A, B, C

The PPPL devices are compared in Table 2.2.5, including start
date and objectives. The cost of S-l (Spheromak-1) - see
Figure 2.2.9, will be Ç8.106. During the 1983-84 period of
operation, S-l will concentrate on realizing the design specifi-
cations and reaching the objectives for confinement shown in
Table 2.2.5. Phase II for S-l (1985) will be experiments on the
translation and adiabatic compression of the plasmoid. The
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first experiments/18/ have shown that a spheromak plasma was
formed, that a toroidal current of 350 kA was achieved and that
the configuration lifetime was 1 ms. The S-l examines the
generation of a spheromak plasma, one of the three aspects of
the duty cycle of a spheromak reactor - the other two being
translation into a reaction chamber and adiabatic compression
and heating. To address the latter two issues a 2-D computer
simulation of a proposed S-l upgrade has recently been
presented.

The principal results to date of Lhe various Proto S-l
(Prototype Spheromak-1) experiments have been/20/: (1) the MHD
instabilities have been experimentally investigated, (2) experi-
mental verification of the effectiveness of passive coils
against gross MHD instabilities, (3) they have produced an
electron temperature of 30 to 40 eV and electron density of
-2.10 ra~3 using ohmic heating. Further work, especially
related to diagnostic techniques, is planned for Proto S-1C/38/.

2.2.2.2 PS-1,2,3, MS

The PS-1, PS-2 and PS-3 (Parametric Spheromak-1, 2, 3) devices
of the University of Maryland use a combination of theta pinch
and Z-pinch discharges to form a spheromak plasmoid - see
Figure 2.2.4. Some of the design parameters are: 20 cm coil
diameter, 0.9 T magnetic field, -0.4 T magnetic bias field; 30
to 50 eV electron temperature; and 3 x 10 m~3 plasma density.
Investigations into the physics are continuing/21,22,23/.

Recently/24,25/ plans were announced that a new facility was to
be constructed at the University of Maryland called MS (Maryland
Spheromak), which would be somewhere between S-l and CTX
(Section 2.2.2.3) in size. Construction is expected to finish
in 1984.

2.2.2.3 CTX, Prototype Gun

The CTX (Compact Toroid Experiment) facility at LANL produces
spheromak plasmoids using a magnetized coaxial gun
(Figure 2.2.6). The purpose of this facility is to study
impurity control and heating. The facility and some of the
diagnostics are shown in Figures 2.2.10 and 2.2.11 (the flux
conserver traps the plasmoid so that measurements can be
taken). Studies have been carried out on the stability and
equilibrium properties/26/ and it has been found that the
configuration life times are up to 350 ys and the electron tem-
perature is about 10 eV. It has been found that reduction of
the impurity levels allows electron temperatures of up to
100 eV. Recent results/27,28/ are in the following areas:
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diagnostics; methods for impurity reduction; operation with a
hydrogen background in the source, flux conserver and vacuum
tank (reduces impurity production); and local beta
determination.

The prototype gun is used for improvements in the formation and
preliminary RF heating/10/.

2.2.2.4 CTCC-1 (Osaka)

The CTCC-1 at Osaka is a coaxial gun experiment similar to the
CTX at LANL/12/. The objective of the experiment is to demon-
strate the stable merging of two spheromak plasmoids. This has
been successfully done for about 0.8 ms/29/. They have recently
been experimenting with titanium coating on the flux conserver
surfaces/30/.

2.2.2.5 Beta-II

The Beta-II device (the experiments were discontinued in
June 1981 due to lack of funding) used a magnetized coaxial-
plasma gun to create the plasma, the object being to stndy
neutral beam injection. Figure 2.2.12 shows the dimensions.
Some of the parameters were 50 to 150 kJ input energy,
2 x 1021rn~3 electron density, 0.5 to 0.8 T magnetic field and
200 y s confinement time. It had been found that theory was in
general agreement with experiment/31/.

2.2.2.6 Dual Conical Theta Pinch

Figure 2.?.. 13 shows the conical theta pinch discharge experiment
at the University of Washington. It has been known for some
time that this would produce a spheromak plasmoid/32/ but the
novel aspect here is the study of the collision of two plas-
moids. The main accomplishments were to transport the plasmoids
a distance of 1 m in a copper flux conserver and to show the
stability of the colliding spheromaks. Recent results show the
temperature of the merged plasmoid to be 5 to 10 eV/33/.

2.2.2.7 TRISOPS IIX

This device uses a theta pinch to create a spheromak plasmoid
(D-D and D-T), which is compressed and whose temperature is
inferred by the neutron yield. Some results/34/ for a D-D
plasma are: 6 keV ion temperature (5 ys rise time) and 1021m~3

ion density.
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2.2.2.8 Rotating E-Beam

The unique aspect of this experiment is the method used to
create the FRC plasma: two rotating relativistic electron beams
are injected sequentially into an initially field free metal
tube filled with neutral hydrogen/35/. The first beam induces
the fields and heats the plasma. The second beam eliminates the
axial current that had been created and an FRC plasmoid is
formed. The main advantage is the simplicity with which the
plasinoid is formed and the ease of implementation of auxiliary
heating. A cross section of the facility is shown in
Figure 2.2.14. Preliminary experiments have been performed with
the only unexpected result being that the configuration was
axially non-uniform.

2.2.2.9 RECE - Christa, RECE - Berta and CHIP

These three devices demonstrate the formation of field reversed
rings using relativistic electron beams. The main differences
are the beam energy (RECE-Christa: 3 to 5 MeV; RECE-Berta and
CHIP: 0.4 MeV) and the method of injecting the beam (RECE-
Christa and RECE-Berta use tangential injection and CHIP uses
cusp injection). This results in field reversal durations from
a few y s to a ms. Some recent results for the RECE-Christa
experiment (Figure 2.2.15) are a new type of electron-layer
equilibrium and a reduction in the applied toroidal field/36/.
Recently a copper liner was installed in RECE-Christa to study
the ring decay as the toroidal field is reduced/37/.

2.2.2.10 IREX and LONGSHOT

The IREX (Figure 2.2.16) and LONGSHOT experiments at Cornell
both involve cusp injection of protons from a Hall accelerator
to form spinning proton beams. The objective of the program is
"to trap a 10% diamagnetic proton ring by a scheme which is
scalable to full field-reversal or compact torus formation by
mating it to a ~1 TW pulse power generator". The main
difference between the two is the length of time it takes to
inject the protons (90 ns for IREX and 700 ns for LONGSHOT). A
recent experiment on the IREX/38/ was to prefill the region near
the cusp with plasma. This improves the proton beam propagation
by a factor of 3. Preliminary results/39/ with the LONGSHOT
have shown an unexpectedly large fraction (2;75%) of the beam is
lost during injection. Improvements are planned.

2.2.2.11 NRL Ion Ring Program

NRL is also studying field reversal by the injection of proton
beams (0.7 TW peak power) through a magnetic cusp into a uniform
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magnetic field/40/. The proton beams are then trapped in a
magnetic mirror. The objective was to produce field reversed
proton rings, with 120% reversal having been achieved to
date/17/. The proton beam is considerably more energetic (1 to
2 MeV versus 100 and 430 keV) than that of LONGSHOT and IREX.

2.2.2.12 IBM

This is an experiment where energetic ion beams are injected
into a small torus to study ion beam heating of plasmas/10/.

2.2.2.13 FRX-A, B, C

FRX-A and FRX-B are field reversed theta pinches at LANL, used
to study FRCs/41/. Typical parameters for FRX-B are: 20C eV
ion temperature, 110 eV electron temperature and 3.5 x 10zlm~3

density. There has been a considerable amount of computer work
done in connection with the devices and it has been in good
agreement with experiment as far as predicting the threshold of
MHD instabilities is concerned but is not in agreement in
predicting confinement times (up to 50 ms)/17/. FRX-C is
physically part of the CTX facility, sharing the CTX tank (which
holds the plasmoids for measurements), with the CTX coaxial-gun
spheromak generator (Figure 2.2.11). Recent results on FRX-C
include: flux loss measurements during the equilibrium phase of
the plasmoid/42/; plasma parameter measurements/43,44/ (density
= l-8.1021m"3, temperature 1200-100 eV as fill pressure varies
from 5 to 40 mtorr) and impurity line broadening/45/. Scaling
law studies are underway/46/ and translation experiments are
planned/47/.

2.2.2.14 HBO

The HBQ (High Beta Q machine) is to study RF heating and the
formation of multiple cell FRCs, which are created by driven
magnetic mirrors along the axis of a theta pinch coil/48/.
Results have shown good agreement with numerical simulation/49/.

2.2.2.15 TRX-1

The TRX-1 is a FRTP device (Figure 2.2.17) whose object is to
investigate methods for more energetic FRCs. It has indepen-
dently triggerable active end mirrors and very high bias
fields. They have shown that the reconnection of field lines
can be controlled to some extent providing certain advantages
with respect to plasma heating and high flux trapping/50/.
Recent results are the controlling of instabilities by use of
octopole magnetic fields/51/ and a new formation method that
does not rely on triggered magnetic reconnection/52/.
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2.2.2.16 Laser Heating at the University of Washington

This is a small (21 cm), high density (2.1023m~3) experiment
being carried out to investigate the effects of auxiliary laser
heating on flux trapping and plasma equilibrium, flux trapping
for slow reversal and scaling of FRCs, The laser used is a
2 ms, 300 to 400 J CO2 laser. The novel aspects of the experi-
ment are the high plasma densities and small size. It has been
found that the laser pre-heating does enhance the initial flux
trapping. Future work will include hotter plasmas and study of
the plasma beta/53/.

2.2.2.17 Field Reversed Theta Pinch at Penn State University

The 50 cm long FRTP at Pennsylvania State University is being
used to study the formation and behaviour of CT configurations
resulting from high fill pressures (200 mT). They have found
the formation of a low density cool CT with rotation stabilized
by contact with the wall/54/.

2.2.2.18 NUCTE

This device/55/ is a linear theta pinch used to produce an FRC
(plasma volume =1.2 10~3m3). To date they have achieved a
confinement time of 3.10"5 s and a density of 5.l021m~3. They
also plan to study spheromak configurations by adding a bumpy Z
pinch.

2.2.2.19 Rotamak

The Rotamak experiment is at Flinders University in
Australia/55/. It is a small device (2.10~3m3 plasma volume)
which uses a rotating magnetic field to drive the toroidal
current. They have found stable closed flux surfaces with a
lifetime of about 10 ms/56/.

2.2.2.20 FRTP at Ruhr University (West Germany)

This is a 140 kJ device which is being used to study the
stability properties of an FRC plasmoid when impurities are
injected/57/.

2.2.3 CT Related Reactor Design Studies

Table 2.2.6 gives a list of reactor design studies based on the
CT configurations and Tables 2.2.7 and 2.2.8 give the major
parameters. Below we give a brief description of each concept.
The Field Reversed Mirror, which is also considered a CT is
discussed in more detail in Section 2.6, Compact Mirrors.
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2.2.3.1 KARIN-I

The KARIN-I/58,65/ is a translating moving ring reactor with a
spheromak plasmoid. The major parameters are shown in
Table 2.2.7.

2.2.3.2 Spheromak (PPPL)

The PPPL study/59/ of steady-state spheromak reactors showed
that an oblate shaped plasma offered better stability and higher
obtainable beta than the classical spherical spheromak
(Figure 2.2.2b). They looked at a number of spheromak reactor
types, one of which (ignited DT) is given in Table 2.2.7. The
others were a DT reactor with 2-component type operation and an
ignited catalyzed DD reactor. The reactor in Figure 2.2.18
would work as follows. A 1 keV non-reacting gas (H or He)
plasma is produced by the generator and translated into the
reaction chamber where it is enlarged. The desired current
configuration is created and maintained. The non-reacting gas
is then replaced with DT fuel which ignites.

The advantage of the Spheromak reactors are:, no burn control
needed; possibly have lower loss rates than FRCs; steady-state
operation (see Table 2.2.1); and circular, unlinked magnets
which makes assembly and dismantling for inspection very easy.
The disadvantage is that the stationary plasmoid tends to decay
and will require periodic repair.

2.2.3.3 Spheromak (UI)

The use of a translating plasma/60/ solves many problems and
allow the engineering to be much more flexible than for
steady-state reactors. Figure 2.2.19a shows the principal
components of the UI spheromak design and 2.2.19b shows a
conceptual design. The spheromak plasmoid is created by some
scheme (such as the S-l scheme, Figure 2.2.7) in the formation
component which is separate from the burn chamber and therefore
requires less shielding. External coils are used to move the
plasmoid through to the heating and fuelling module where it is
heated (ohmic, neutral beam, etc) and/or additional fuel is
added (by pellets, etc). The plasmoid then enters the burn
chamber where the fusion energy is extracted by means of
neutrons, charged particles and radiation. The remaining energy
may be recovered by direct conversion or a thermal dump or it
may be possible to freshen-up the plasmoid (remove the
impurities, etc) and re-inject it into the burn chamber.

The UI Spheromak shares the advantages of the PPPL Spheromak
except those related to steady-state operation.
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2.2.3.4 IRC

The uniqueness of the Ion Ring Compressor (IRC) lies in the way
in which the field reversal is formed. Referring to
Figure 2.2.20, an ion accelerator injects ions into the chamber
as shown. The magnetic fields created by the external coils
cause the ions to form a ring. The magnetic field of the ring
causes closed magnetic field lines which trap the plasma par-
ticles. The first approach was to use relativistic electron
beams/8,9/ but it was discovered that synchrotron radiation
caused the ring to decay too quickly for energy breakeven to
occur. After the ion ring has been formed it is moved along the
burn chamber and compressed until ignition occurs. After fuel
burnup the ring would be moved to the ring dump where it would
be cooled by expansion and the gases pumped off.

The IRC has the following advantages: The energetic ions serve
as an internal energy source for heating the confined plasma;
the MHD stability of the plasma is enhanced by the ion orbits;
the high beta allows a more compact reactor; the magnetic field
is low so normal magnets can be used; ring replacement time can
be much shorter than the fusion burn time so a duty cycle of 80
to 90% is possible; and impurities are exhausted with each ring.

2.2.3.5 FRM

The Field Reversed Mirror (FRM)/14/ is shown in Figure 2.2.21.
A plasma gun or some other means is used to create the FRC
plasmoid which is injected into the burn chamber. The ring is
stabilized by weak mirror and quadrupole fields and the ring
current is maintained by the rotation of the plasma in the
presence of the quadrupole or other means/62/. The FRM is also
discussed in Section 2.6.

2.2.3.6 MRFRMR

In an Moving Ring Field Reversed Mirror Reactor (MRFRMR)/63/ the
ring is moved down the burn tube by a moving magnetic mirror
(note, it is pulsed compared with steady state for the FRM). In
order to avoid instabilities it may be necessary to spin the
ring or to add some axis-encircling particles/62/. The ring is
heated by compression and the first wall is conducting (high
purity Ai). Cold (3 keV) ions have to be injected to keep the
fusion power output constant and to avoid the destructive
thermal cycling of the first wall.

The strength of the MRFRMR design is that it minimizes exotic
technology and maintenance complexity; has lower safety hazards
than fission plants; and is modular.
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2.2.3.7 MRR

The Moving Ring Reactor (MRR)/58/ has the plasma characteristics
of the spheromaks and IRC and a translating burn section but a
non-conducting shell. The major design goals were to minimize
nuclear related problems therefore maximizing hands-on mainte-
nance and preventing a melt-down following a loss of coolant
accident.

2.2.3.8 CTOR

The Compact Toroid Reactor (CTOR)/1,64/ reactor concept is shown
schematically in Figure 2.2.23. The FRC plasmoid is created in
the FRTP, heated by compression and translated down the linear
burn chamber. The FRTP and compressor are separated from the
beam chamber and so are not subjected to as severe an environ-
ment as in other designs.

The speed and injection rate of the plasmoid can be adjusted so
that the thermal load of the first wall and blanket is nearly
steady-state/4/. At" the end of the burn chamber, labelled
Expansion/Quench in Figure 2.2.23, the plasma energy is
converted to electricity, directly, by expansion.

2.2.3.9 TRACT

The TRACT/6/ reactor concept has pulsed operation at about 1 Hz
and has a stationary plasma. The first stage in the operation
of a TRACT reactor (Figure 2.2.24) is the creation of a low
temperature plasma which is confined by a magnetic field gener-
ated by dc superconducting coils. A current pulse in the copper
coils then creates a field reversal in the plasmoid and shock
heats the plasma by causing radial compression. The magnetic
field lines, which had been broken by the copper coil current
pulse are reconnected by fields produced by trigger coils which
also radially compress the plasma producing most of the shock
heating. A pilot plant based on the TRACT concept would produce
about 65 MW thermal and could be built with late 1980"s tech-
nology. A non-tritium breeding blanket would be used in the
pilot plant. The high power density and low circulating power
means that the TRACT design has the potential to be used for
small power reactors.

2.2.3.10 LINUS (LANL and NRL)

The LINUS/1,66,67/ concept is based on the use of an imploded
liquid metal liner to adiabatically compress and therefore heat
an FRC plasmoid. Figure 2.2.25 shows and explains the four
cycles. The plasmoid is created externally by an FRTP or even
in situ using rotating relativistic electron beams/68/. The
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LINUS reactor has a number of novel aspects: the dimensions can
be chosen such that the alpha particle energy added to the
plasmoid will compensate for the mechanical losses incurred
during implosion and recompression of the helium; the liquid-
metal liner is thick enough to shield the permanent structures
from"neutrons and severe thermal shocks; and the liner can also
serve as a breeder blanket and primary heat transport mechanism.

The two groups, NRL and LANL, have done independent modelling of
the LINUS concept/l/ and differ in the details whereby the
compression is accomplished.

2.2.3.11 SAFFIRE

The SAFFIRE reactor has been designed for alternate fuel use
(D - 3He) but is included because reference parameters for a D-T
burning version have been produced/69/. It is based on the FRM
concept and is considerably smaller than the other reactor
designs (Table 2.2.8), it is also discussed in Section 2.6.

2.3 HIGH POWER DENSITY TOKAMAKS

2.3.1 Introduction

Most of the high power density tokamak work in the US is
associated with MIT or was initiated at MIT. The AFTR (Advanced
Fusion Test Reactor) designs and the CITR (Compact Ignition Test
Reactor) design were done by teams at MIT, the Ignitor
experiment was conceived and will be directed by B. Coppi of MIT
and the RIGGATRON of INESCO (a private company based in
California) was co-invented by Coppi/70/, although he is no
longer associated with them. The major non-MIT associated
experiments, are the TORUS II tokamak (high beta, short pulse)
which is at Columbia University, and the Frascati Tokamak
Upgrade (FTU) which is competing with the Ignitor for Italian,
government money.

The aspect which sets these concepts apart from other tokamaks
is the high beta, or high power density, at which the machines
will operate. Theoretically, a circular tokamak plasma will
become unstable to ballooning modes at 2-3% volume-averaged
toroidal beta. The ISX-B tokamak at ORNL confirmed these limits
by reaching about 2.5%. However, if the plasma is vertically
elongated and triangular or dee-shaped, the MHD beta limit can
be increased to over 5%. Measurements on Doublet-Ill at GA have
reached 4.5% beta/73/. For mainline tokamaks, 4% beta is
believed to be the minimum necessary for economical fusion
power.
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Theoretical work by Coppi and others/74/ has indicated that
there is a second stability regime at a higher beta and this
has inspired the Ignitor and RIGGATRON designs. Recent results
at TORUS 11/75/ operating at a volume averaged beta of 13% shows
stability under some operating conditions and indications of
instability under others so the results are not yet conclusive.
The PDX machine at Princeton has recently been reconfigured to
produce bean-shaped plasmas and also investigate this high-beta
regime (it's now called PBX).

The advantage of operating at high power density is a smaller,
and therefore cheaper, reactor. But the disadvantage is a very
severe thermal-mechanical environment and a short life time for
the reactor core. INESCO solved this problem by designing the
RIGGATRON PPC (Fusion Power Core), the RIGGATRON reactor
concept, to be disposable. The balance of the plant, including
the blanket, would have a thirty year lifetime-

The other advantages of the high power density tokamaks are:

1. they could be built using existing or near-term technology
(copper magnets for example),

2. throw away core (RIGGATRON) means less maintenance, more
reliability,

3. throw away core (RIGGATRON) means that as new technology is
developed for the core it can be almost immediately used?
on conventional fusion reactors the core will have to last
the lifetime of the reactor (30 years),

4. smaller unit size,

5. cheaper ignition experiments.

The other disadvantages of the high power density tokamaks are:

1. the coils will be near the first wall, limiting thermal
efficiency and the ability to breed tritium/80/,

2. high recirculating power fraction,

3. impurity and plasma exhaust removal are difficult because
of higher power density and less space.

The US high power density tokamak ignition experiments (Ignitor
and RIGGATRON) are in the planning stages but either could be
operating within 4 to 5 years. A feasibility study of Ignitor
has been produced by Coppi and collègues in Italy at CNEN and



- 18 -

the CEC Joint Research Centre/71/. They are presently looking
for funds to construct the Ignitor (see Section 2.3.2.1).
INESCO has enough private funding to continue their research and
are seeking funding to build an ignition experiments to be
called the RIGGATRON FDX (Fusion Demonstration Experiment) -
Section 2.3.2.2. INESCO is also seeking US Government
backing/72/. Such an arrangement would benefit both parties -
INESCO would receive funding and more respectability (and
therefore, perhaps, more private backing) and the DOE would be
insuring itself against criticism of its main stream program if
the RIGGATRON concept proves viable.

The proponents of the RIGGATRON and Ignitor have quite different
intentions for their devices. Coppi looks on the (first)
Ignitor as a device for physics experiments/71,74/, whereas
INESCO regards the RIGGATRON FDX as a demonstration reactor.
This is shown by their intention to build five RIGGATRONs as
part of the FDX, each to operate in a different physics regime.
This shotgun approach is to compensate for the uncertainty in
extrapolating the present physics data base.

One aspect that the Ignitor, RIGGATRON PDX and FTU all share is
the need for tritium, since all are DT experiments. This
implies a need for tritium handling as well. The workshop on
fusion ignition experiments/76/ concludes that the tritium
handling systems will be less complex than reactor requirements
because there will not be any tritium-breeding blankets. They
point out, however, that the cost of tritium is significant and
should be included in the planning.

2.3.2 High Power Density Tokamak Experiments

This section contains both experiments and proposed near term
experiments. Much of the information on the Ignitor and
RIGGATRON comes from trip reports on visits there/77,78/.

2.3.2.1 Ignitor

The Ignitor is a high magnetic field tokamak which will burn DT
and is expected to achieve ignition. It is considered to be a
physics experiment designed to study the physics of ignited DT
plasmas rather than a demonstration reactor. It is expected to
cost between $50 and $70 million and take three to four years to
construct. A considerable amount of design work has been done
on the Ignitor, much of which has not been published because of
its proprietary nature.

The Ignitor was conceived of and is being promoted by
Prof. Bruno Coppi of MIT. The concept grew out of his work in
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theoretical plasma physics and his Alcator project (a small high
field Tokamak) at MIT. Coppi has assembled a group which is
presently carrying out design work: CNEN, MIT, PPPL, Brown
Boveri (Milano), Fiat, Nucleare Italiana Reuttori Avonzak
(Genova), Stone and Webster Engineeing Corp. (Boston), SNIA.-
TECHINT (Roma) and eight Italian Universities.

As mentioned above, the Ignitor is a high magnetic field
tokamak. The high magnetic fields induce a large plasma current
density which will produce considerable heating (called ohmic
heating) in the plas' i. Additional heating will be provided by
the compression rings/ shown in Figure 2.3.1. The magnetic
field produced by these rings will compress the plasma from the
shape whose cross-section is labelled A in Figure 2.3.1 to that
labelled B. The compressional and ohmic heating will heat the
plasma (it is hoped) high enough to reach ignition.

The key aspect of the performance, which will determine whether
or not ignition is reached, is the amount of alpha particle
heating. The D-T fusion reaction produceb 3.5 MeV alpha par-
ticles and when those alpha particles provide the plasma with
enough heat to compensate for bremsstrahlung and other heat
losses, ignition occurs- Coppi expects this to happen in
Ignitor; as a comparison alpha particle heating in TFTR at
Princeton is expected to compensate for under 40% of heat
losses. If it turns out that the compressional and ohmic heat-
ing are not sufficient to produce ignition then Coppi has made
provisions to provide 5 MW of additional heating to the plasma.

A consequence of being able to operate at high beta is being
able to use other fuels such as D-D or D-He3 to compensate for
the lower yield of the reactions. The advantage of such fuels
is obvious, since tritium handling would be minimized and the
need for lithium breeding blankets eliminated. (There is still
some tritium production because some of the deuterium ions will
collide with each other and produce them.)

A proposal has been submitted to the Commission of the European
Communities (CEC) for funding to build the Ignitor. A panel
consisting of Sir John Adams (CERN), Dr. R. Bickerton (JET),
Dr. P. Reardon (PPPL), Dr. P.H. Rebut (JET) and Prof. M.N.
Rosenbluth (Institute for Fusion Studies, Austin, Texas) was
given the proposal to assess and they presented their final
report in February 1983. Their basic conclusion was that a full
design study should be undertaken. Excerpts from this report
are given in Appendix E.

The costs for the Ignitor (taken from the proposal given to the
CEC) are broken down as follows:
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(a) Fabrication of components to be tested before
construction and design:

(b) Machine fabrication and assembly:
~ Power supply & control system
- Machine core
- Platji'ûd chûiïibèr a Ad vacuum
- Remote handling & removable shields

(c) Building
- Construction
- Tritium systems

(d) Diagnostics (basic, until it is seen
if Içnitor works)

(e) Auxiliary heating (5 MW -
may not be needed)

(f) Power line to site
(costed for Ispra)

$2.0xl06

8.5xlO6

9.0xl06

l.SxlO6

l.OxlO6

2.0xl06

l.OxlO6

2.5xlO6

7.5xlO6

2.0xl06

$ 37xlO6

and the time to construct is about three years,
estimates do not include staff costs.

These cost

The Adams panel estimated that the costs (but including staff
costs) would be between $50 x 106 and $70 x 105 and then
suggested a further 20% contingency be added.

They also pointed out that even $70 x 106 + 20% contingency "may
be exceeded after the project has emerged from a proper design
study". They also felt that the construction time would be
closer to four years.

The Ignitor will burn only a small amount of tritium, between 30
and 100 Ci/shot (ie, between 3 mg and 10 mg/shot) and there will
be several shots per day. About 14 Ci will be burned per shot.
They do not plan to reprocess the exhaust plasma or to breed
tritium.

The next step will be either a D-He3 burning machine or a
materials testing facility with the Ignitor descendent used as a
neutron source.
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2.3.2.2 RIGGATRON

INESCO plans to build, test and market (by 1989-94) RIGGATRON
FPC (Fusion Power Core) units. The RIGGATRON FPC unit
(Figure 2.3.2) is a tokamak-type fusion reactor with several
unique features:

1. High-strength watercooled copper alloy magnetic field coils
are used instead of conventional superconducting coils.
The use of copper means that a large fraction of the
electricity generated must be used to maintain the magnetic
fields and to minimize this, the coils are placed inside
the tritium breeding blanket rather than outside as in
conventional tokamak reactor designs. This also makes the
reactor more compact. This design of blanket outside coils
means that the core and breeding blanket are independent.
Inesco does not plan to supply the blankets themselves.
The company has already developed the copper alloys
necessary and is presently marketing them. Figure 2.3.3
shows the stress distribution in a cross section of the
RIGGATRON toroidal field coils (generated by computer) and
Figure 2.3.4 shows the strength of the INESCO developed
copper alloys.

2. The size of the commercial RIGGATRON FPC will be about
1.52 m by 2.29 m, about 1/10 the size projected for tokamak
reactors based on the use of superconducting magnets
(Figure 2.3.5).

3. A commercial RIGGATRON FPC is expected to cost about
$6 million and produce an amount of thermal energy
equivalent to 1 million barrels of oil.

4. The lifetime of the RIGGATRON FPC is expected to be about
one month, after which the FPC will be taken out and
disposed of. The surrounding blanket structure is expected
to last approximately 30 years.

5. Because of the disposal nature, no in-plant maintenance
will be required.

6. INESCO believes that an 1100 MWe power plant will use two
RIGGATRON FPC units and cost about $1.5 billion.

The company has been in existence since 1976 and has spent over
$17 million on research into the RIGGATRON concept. They are
currently spending about $300,000 per month, most of this money
being advanced by Penthouse Energy Technology Systems Ltd
(PTS). INESCO is owned by PTS-50%, the RC Guccione Family Trust
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No 1 (Grand Cayman Islands) -20%, the directors and officers of
INESCO-22.8% and the balance by employees of the company. They
presently employ 50 people, down from 80 in April 1983, due to a
cutback in funds from PTS. They are in the process of offering
common shares and warrants to the public which will be available
early in 1984 and be worth 50% of the company/81/.

INESCO has no plans to build their own tritium systems and plan
to buy them from an outside firm. They have had some contact
with TSTA (Tritium Systems Test Assembly) who have done some
preliminary design work for them.

The timetable leading up to a commercial RIGGATRON FPC is as
follows.

Phase I (1984 - 1987). This Phase includes the design of the
RIGGATRON FDX (Fusion Demonstration Experiment - the precursor
of the RIGGATRON FPC) devices, completion of tests necessary to
substantiate the design, detailed specifications of support
systems and the design of the FDX facility (Figure 2.3.6).

Phase II (1986 - 1989). During this period INESCO intends to
demonstrate fusion ignition and burn at the FDX facility using a
D-T fuel. They plan to build five FDX devices, each of differ-
ent dimensions and magnetic fields, reflecting the uncertainty
in the physics extrapolation.

Phase III (start between 1989 and 1994). This will be the
commercial phase during which RIGGATRON FPC units will be sold
commercially for such purposes as electric power generation,
synthetic fuel production, desalination plants, fission-fusion
hybrid plants etc. Typical parameters are shown in Table 2.3.2.

The amount of money raised by the public offering will be insuf-
ficient to see the company through Phase II, which is expected
to cost about $500 million, with the site costing about $150
million. At present they are negotiating with two groups for
this money, one American and the other European/Israeli. They
expect negotiations to be finished by the end of 1984. If they
are successful with the European/Israeli group the facility will
be sited in Israel and if they are successful with the American
group then the facility will be located in Arizona, where they
have purchased an option on a piece of land with 115, 230 and
500 kV lines available.

The remote manipulation aspects of the RIGGATRON FDX would not
involve maintenance since there is not expected to be any, but
would involve the dismantling and cutting up of the core (after
its one month lifetime) for shipment to a disposal site. They
expect to subcontract t lis work out.



They are presently negotiating with a major "nuclear partner"
who would design and build the balance of the plant for either a
fusion electricity generation plant or a fusion-fission hybrid.
This unnamed "nuclear partner" has committed $5 million to do
system studies.

A Fusion Power Report item/72/ states that the US House Science
and Technology Committee has directed the US DOE to begin a
limited form of cooperation with INESCO and that at present
preliminary discussions are ongoing. INESCO is also preparing
for the plant licensing and regulatory procedures/84/.

2.3.2.3 TORUS II

TORUS 11/75/ is a small high-beta tokamak at Columbia University
whose purpose is to explore MHD equilibrium and stability
properties. It has a short pulse operation (20 ys) and uses
non-ohmic heating. To date/76/ a volume averaged beta of 13%
has been achieved. Present experiments fall into three cate-
gories: (1) measurement of the complete plasma pressure
profile, (2) use of infrared interferometry to search for MHD
fluctuations on the edge of the torus, and (3) use of magnetic
probes to quantify the currents and magnetic field structure of
the plasma. Although it may be too ambitious/82/, there are
discussions going on about using the TORUS II to test the theory
that a plasma with a kidney bean shaped cross section can cross
the "unstable" region from a beta of 4-5% to 13-14% without
instabilities developing. The TORUS II has recently received
$900,000 from the DOE/82/-Ç180,000 for theoretical work and the
balance for operation and equipment.

2.3.2.4 Alpha Tor

This is a Russian ignition experiment about which little infor-
mation is available/76/. It is an Ignitor-type device in which
there is 2-stage compression of the plasma. The difficulties/
uncertainties with this device are: it is very difficult to
rapidly compress the minor radius; alpha particle confinement
appears poor and the plasma current appears to be too low.

2.3.2.5 STOR-I

The purpose of STOR-l/83/ at the University of Saskatchewan is
to investigate turbulent heating in a high density toroidal
plasma by the use of fast rising skin currents. They have found
preferentially inward thermal transport to the plasma center.
They believe that this could be a viable auxiliary heating
method for fusion reactors. They are at present just starting
experiments on STOR-IM, the modification of STOR-I into a
tokamak, and plan to "have STOR-M, a larger tokamak, operational
in 1984.
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2.3.2.6 FTU

The Frascati Tokamak Upgrade (FTU) is a project jointly between
Euratom and ENEA. The project was begun unofficially in 1981
and funding was obtained February 1, 1983. At present/ tenders
are being let for the magnets. The device is approximately 1.5
times the (linear) dimensions of the FT Tokamak, and uses 8 MW
of RF (lower hybrid) heating. The device is expected to operate
in the regime near scientific breakeven, and with plasma condi-
tions which complement those obtained on JET and TFTR. It is
also possible that limited tritium shots will be made towards
the end of life. 500 to 1000 shots with tritium and deuterium
are expected; an inventory of 10 000 Curies has been planned
for. Of this, approximately 500 Curies is estimated to be wall
inventory. A preliminary study of effects anticipated on the
operation of the facility from the presence of tritium in the
plasma burn is available/161/.

The tritium system being considered appears to be based on the
ZEPHYR experiment/162/. They are also considering the use of
gas chromatography for isotope separation.

The design philosophy will be for zero releases. Thus, a
"defence in depth" approach must be incorporated in the tritium
system. At present Frascati is only permitted to hold a maximum
of 100 Curies of tritium on site. Above 100 Curies an
environmental impact statement would be required.

2.3.3 High Power Density Tokamak Design Studies

Coppi has not done a reactor design study for the Ignitor and
the RIGGATRON reactor is described in Section 2.3.2.2.

2.3.3.1 CITR

CITR/lO/ (Compact Ignition Test Reactor)/3/ is a design study
from MIT and is meant to be an inexpensive way to study ignition
physics. It would have strong auxiliary heating, a pulse length
of 10 to 30 s, a 3% beta and a major radius of 1 to 2 m. The
magnets would be copper, inertially cooled by liquid nitrogen.

2.3.3.2 AFTR

There are various versions of the AFTR, the Advanced Fusion Test
Reactor: AFTR-1S, AFTR-1 and AFTR-2/3/. The AFTR-1S is a test
reactor using a steady-state toroidal field magnet and would
operate in a long pulse mode. AFTR-1 and 2 are larger devices
that could operate with DD and DT mixtures as fuel. Typical
parameters for AFTR-1S are: 2.8 m major radius; 10 keV average
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temperature, 4% average beta, 200 s pulse length and 600 MW
thermal power.

2.4 LINEAR MAGNETIC SYSTEMS

2.4.1 Introduction

The term "Linear Magnetic Systems" (LMS) is generally used to
describe reactor concepts for which the system length (SL) is
much larger than the confinement magnetic inner radius (r)/85/.

Typically, the reactor core is a long, cylindrically symmetric
plasma column.

Linear systems can be classified according to heating and con-
finement schemes. Candidate heating methods which have been
investigated are:

- radial shock wave heating/86/
- radial adiabatic compression/86/
- laser beam heating/87/
- reiativistic electron beam heating/88/
- radio frequency heating
- alpha particle heating
- neutral beam heating.

Typical axial confinement schemes which have been proposed to
reduce free-streaming end losses are:

- material end plugs (gas or solid)/89/
- re-entrant end plugs/90/
- magnetic mirrors (simple or multiple)/91/
- end cusps/86/
- electrostatic barriers
- highly elongated field-reversed systems

Electrostatic end plugging is an integral part of the mainline
tandem mirror concept and is treated elsewhere in this report.
Field-reversed systems represent the most recent evolution of
linear systems and are discussed elsewhere in this report.

Section 2.4.3 summarizes the LMS concepts which use one or more
of the above confinement and heating schemes. These are laser-
heated solenoids, relativistic electron beam heated solenoids,
linear 6 Pinch, fast linear reactor and Dense-Z pinch reactor.
Plasma focus devices are not fusion oriented and have been
excluded. Field-Reversed mirrors and the slowly imploding liner
(LINUS) belong to the LMS family but have been treated elsewhere
in this report.
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Reactor concepts based on linear configurations have been inves-
tigated since the inception of fusion research. Inability to
resolve free streaming end loss and excessive reactor lengths
led to abandonment of LMS in favour of closed geometries. New
techniques for heating and axial confinement methods resurrected
interest in LMS in the 1970's. At present long linear systems,
per se, are not particularly attractive for pure fusion although
for fusion-fission hybrids the outlook is more optimistic. One
of the concepts, the Field Reversed Mirror, which evolved from
LMS has recently been included by DOE in the group of "compacts"
which merit further experimental investigation. Russian work on
linear systems has evolved into a multiple, linear mirror
concept/92/. It is possible that this concept may be under
development in the USSR as a space propulsion system.

Part of the attractiveness of linear systems rests on their
configuration. The linear geometry facilitates system assembly,
maintenance and accessibility, encourages modularity and reduces
the neutron damage for a given wall loading. The simplicity of
the geometry permits attainment of high beta (3 ~1),
neutrally-stable high-density core plasmas, reduces magnetic
stresses on the walls and reduces remote handling operations.
The high beta reduces magnet requirements and so reactor costs.
The high plasma density yields very large nx values in compari-
son to magnetic mirrors despite the large end losses associated
with solenoids. Plasma exhaust from the ends can, however, be
used for MHD power generation to enhance the overall plant
efficiency or for hybrid fission-fusion power generation/85,93/.

Two interrelated obstacles prevent linear magnetic concepts from
achieving energy breakdown: axial particle (and energy) con-
finement and total system length. Particles escape axially from
a plasma column after a time

X ~ j

where L is the system axial length and v^ is the ion sound
speed ( =/kTj[/m^ ). For typical reactor conditions
(T-[ -6 keV, n ~1022 #/m3 ) the Lawson criterion will be met
when

n T > 10 2 0 s/m3

This interim specifies a minimum reactor length of

L -vi x > 1.2 km

for DT burning plasmas.
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One approach to resolve these difficulties simultaneously is to
bend the solenoid back on itself into a torus, trading off the
end loss difficulties against more complex magnetic field con-
figurations and loss of modularity. Various toroidal scenarios
are discussed elsewhere in this document.

An alternate approach is to select reactor axial lengths which
retain the favourable solenoid properties and subsequently
tackle the end loss problems. Each of the axial confinement
schemes listed above are effective to varying degrees in
reducing the end loss is below the free streaming (FS) rate. In
general, linear magnetic devices do not exhibit axial
equilibrium.

The dependence of the confinement field on the plasma column
length for various end plugging methods is illustrated in
Figure 2.4.1. For example, to assure m ~1021 s/m3 when
3 = 80% and T = 10 keV, a plasma column length of 10 km and a
field of 25 T is required to achieve a significant net fusion
gain in a time that is short when compared to the axial loss
time.

Insertion of low atomic number ablative material into the end
regions of a linear device can modestly reduce axial particle
losses/89/. If the ablative material end plug (MEP) can support
the axial plasma pressure, the particle end loss problem is
transformed into one of reducing the axial thermal conduction
losses by electrons/93/. If alpha particle confinement is
required, MEP is only marginally better than FS.

Re-entrant end plugs have been proposed to circumvent energy and
particle end losses. Two parallel linear devices supply each
other with the majority of the thermal conduction losses by
means of a short U-bend. Although this approach appears to
offer excellent "effective" suppression of free-streaming and
the potential for long pjlsed operation, these attractive
features must be balanced with the physics uncertainties and the
instability of the "U" section.

Although the placement of simple mirrors at the ends of the
plasma column can effectively reduce free-streaming, experiment
has shown that this arrangement induces plasma instabil-
ities/86,95/. Cusp geometries offer an alternative. The
potential reduction in the flow area available to the streaming
particles is :
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annular region between cusp and solenoid
solenoid cross sectional area

2TT R C A

where Rc is the radius of curvature of the cusp, A is the
electron or ion sheath thickness and a is the solenoid radius.
Sheath thicknesses on the order of the ion gyro-radius are
attainable but offer little improvement over material end
plugs. sheath thicknesses on the order of electron gyroradii
represent substantial improvements in axial confinement times
but are difficult to achieve and maintain/96/.

Axial modulations in the confining magnetic field to create a
sequence of magnetic cells within the solenoid has been proposed
as a means to induce axial drag on the plasma particles. Exper-
iments in low density cold plasmas confirm that the ion loss
time is dependent on the square of the reactor length, a scaling
typical of diffusion processes/91/. Pictorially, the ions
trapped in one cell escape only to be retrapped in an adjacent
one slowly migrate towards the solenoid ends. Substantial
improvement in confinement time has been projected. Experiments
at plasma conditions more relevant to reactor devices are
needed.

In many respects, the key advantages and disadvantages of most
linear concepts are determined by the benefits and limits of
particular combinations of confinement/heating schemes. Before
looking at the engineering and physical data base of specific
reactor concepts, the generic merits and drawbacks of he"ating
systems are discussed.

Adiabatic compression is a proven heating technique. It is well
suited to igniting high beta plasmas. Adiabatic compression
magnets conveniently serve double-duty as radial confinement
magnets, an attractive feature in reducing reactor complexity.
The efficiency of compression increases with:

(1) increasing beta
(2) decreasing compression ratio
(3) decreasing energy losses

To retain optimal compression performance, the plasma column
should be preheated to -1 keV by some other method and subse-
quently heated to ignition (-10 keV) by adiabatic compression.
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Implosion heating physics is well understood. Reactor relevant
conditions in e Pinches (2-4 keV at 10 2 2 #/m3) have been
regularly attained. Implosion heating is well attained for
preheating plasma columns. The key disadvantage of this method
is the need for expensive capacitive energy storage devices and
fast switch gear.

Laser beam heating offers the potential of decoupling the
heating source from the reactor core. This approach is suited
for a pre-heating function which must be subsequently coupled
with an adiabatic compression stage. An experiment to verify
this approach for reactor applicability (nT ~10

19 s/m3, 1 keV)
is under consideration/97/. Beam-plasma coupling at reactor
conditions needs verification.

Relativistic electron beam (REB) heating offers the same advan-
tage of decoupling heating source from solenoid as does laser
heating. REB-plasma coupling, however, is better understood and
more efficient. Only modest scale up of the state-of-the-art
REB devices are required for reactor applicability.

RF heating offers an interesting alternate to implosion heating,
preferentially heating the plasma ions without the in core elec-
tric fields typical of implosion heating.

In addition to the generic problems associated with the various
end plugging and heating methods, areas of physics and engi-
neering uncertainties arise in each specific reactor scheme.
These are discussed in Sections 2.4.2 and 2.4.3.

None of the concepts discussed below are in a position to under-
take DT burns. In fact, few have passed the proof of concept
stage.

2.4.2 LMS Related Experiments

2.4.2.1 Scylla IV-P, Linear Scyllac, Scylla IV-3 and Scylla I-C

A comparison of theory and experiment for free streaming endloss
from a linear device has been carried out on Scylla IV-P, linear
Scyllac, Scylla IV-3 and Scylla I-C. Figure 2.4.2 reports the
comparison. Increase in energy confinement time by using
material end plugs has been observed in e Pinch devices
(Figure 2.4.3). Experimental tests with multiple mirrors within
solenoids have increased confinement time in low density cold
plasmas/91/. Extrapolation to reactor conditions, however,
needs verification.
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2., 4.2.2 Linear Theta Pinch

The linear Theta Pinch program has yielded near ignition param-
eters on a regular and consistent basis (2-4 keV, 1022 #/m3).
Both adiabatic compression and implosion heating are well
established theoretically and experimentally. Laser heating of
plasmas to reactor relevant conditions have been designed/97/.
Relativistic Electron Beam heating methods are within modest
extrapolation of the state-of-the-art devices/88,98/. The
characteristics of the University of Washington linear theta
pinch are given in Table 2.4.1.

2.4.2.3 Z Pinch

2 pinch experiments are summarized in Table 2.4.2. The HDZP
experiments have been designed around current sources v/hich use
600 kV Marx banks feeding transmission lines. Results of the
experimental work/99/ are:

- small uniform channels at hydrogen fill pressures 1/3 - 4 atm
have been produced

- at higher fill pressures experimental results verify the
expected model

- plasma temperatures up to 1 keV have been reached.

An experiment in the planning stage at the Naval Research
Laboratory in Washington would explore the dense Z Pinch as a
possible candidate for a naval propulsion reactor/100/. A dense
Z Pinch is created in a reaction chamber 100 microns thick by
3 cm long. The experiments will use small glass capsules which
could contain a mixture of tritium and deuterium. The reactor
concept would use a vortex water bath to surround a gas stream
and electrodes. Preliminary calculations and experiments
indicate that while kink instability dominates in the discharge,
the instability reconnects and a dense high temperature plasma
is formed within the kink. These results are in publication,
along with a proposal for a larger experiment.

2.4.3 Linear Magnetic System Design Studies

Of all of the concepts reviewed below, comprehensive design
studies have been undertaken for only the Laser Heated Sole-
noid/87,101/, the Relativistic Electron-Beam Heated
Solenoid/88,98/ and the Linear Theta Pinch Reactor con-
cepts/86,102,103/. Point designs have been carried out for the
fast-liner reactor/104/, the shock-heated wall-confined
reactor/105/ and the dense Z-pinch/106/.
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Ryutov/92/ recently presented an alternative to the Tandem
Mirror on which the USSR is presently working. A linear, multi-
mirror system which has simple and reliable confinement physics
and uses state of the art low-cost technology was discussed. An
experiment, GOL-3, which is planned for operation early in 1984
was outlined. The concept uses 30 mirror cells with a 6 cm di-
ameter bore. Confinement is primarily by the conductive wall.
If the experimental work goes well, reactor studies indicate a
device that could reach ignition would be a 1 km tube operating
in pulse mode. Filling pressure is approximately 500 atmo-
spheres. Although such long devices may appear impractical at
first, the physics and engineering problems associated with
their design may be less substantial than for the Tandem
Mirror. A suitable wall material for the reactor configuration
probably does not yet exist. It would have to have very high
conductivity, very high strength, and be able to withstand the
high energy flux of a pulse device.

2.4.3.1 Laser Heated Solenoid

The reactor concept/87,101,94/ consists of 125, four meter long,
two meter outer diameter segments assembled end to end. A
typical segment cross section is illustrated in Figure 2.4.4.
The reactor core consists of a group of small diameter plasma
chambers located symmetrically about the cylinder's axis. Each
chamber is surrounded by a 25 T normal conductor pulse magnet
located immediately beyond the first wall. The entire segment
is embedded in a 3 m diameter breeding blanket module.

An assembled power plant is shown in Figure 2.4.5. DT gas is
puffed into each chamber, ionized by the 50 MJ CO2 laser, pre-
heated with the 25 T pulse magnets and adiabatically compressed
to ignition by the 20 T superconducting magnets.

Twelve to 20 ms burns are projected with dwell times of ~4 s
between sequential burn pulses in each of the plasma chambers.
Typical plasma parameters expected are 5 keV temperature at a
density of 5 x 1023 #/m3. Alpha particle heating is expected to
enhance the reactivity of the DT gas by increasing the plasma
temperature.

Detailed reactor studies have been made of this approach and
have suggested that the possibility of relatively small fission-
fusion hybrids may be attractive.

This concept is amenable to individual component building and
testing on an incremental basis. Propagation of a 10 kJ CO2
beam in a 3 m long 300 kG solenoid has been tested. Magnet and
CO2 system development can proceed independently. There is no
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need to assemble one full scale test center until each of the
critical questions are resolved.

Critical problem areas for this approach are/87/:

- laser beam propagation with even heating of the DT gas over
reactor relevant distances

- development of the outer 45 T superconducting coils for plasma
containment

- the first wall is closer to the plasma column than in most
other concepts. First wall lifetimes may be limited by the
large pulsed heat loads from X-rays

- the development of end stoppering which will reduce end losses
by at least one order of magnitude below the free streaming
rate is necessary if 20 ms burns in a 500 m long device are to
be achieved.

2.4.3.2 E-Beam Heated Solenoid

The reactor/88,94,98/ consists of a number of identical cylin-
drical segments positioned end to end to form a 34 mm diameter
300 m long plasma chamber. Approximately 30 MJ, 10 MV of
relativistic electrons are injected into the chamber to deliver
a current density of about 500 MA/m2.

A conceptual drawing of a typical segment is shown in Fig-
ure 2.4.6. Each segment consists of a fuel and vacuum manifold
just beyond the first wall, a compression coil, a lithium blan-
ket and the 15-20 T superconducting solenoid. An alternate
design incorporates several small bore tubes within each cylin-
drical segment instead of just one located at the cylinder axis.

Pulsed beams of relativistic electrons heat the DT gas to
temperatures about 10 keV and a plasma density of 1022 -
1025 #/m3. Pulsed compression coils or possible puffed gas
would compress the plasma lifting it off the wall. Table 2.4.3,
shows the key features of a demonstration reactor based on this
approach under different end plugging assumptions/94/.

A reactor based on pulse and confinement coils with multiple
mirror end plugs is capable of producing 384 MWe (net) with a
recirculating power fraction of 35% and a 260 ms pulse period.
Projected neutron wall loadings are 4 MW/m2.

A number of fundamental physics and engineering problems must be
resolved before this approach is viable/87/:
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- propagation characteristics of high current pulsed beams of
relativistic electrons over hundreds of meters.

- identifying the exact mechanism of energy disposition within
the plasma. Although the beam absorption rate has been
measured at 1-10% per meter, the beam-plasma interaction
physics are unclear.

- the use of multiple mirrors to reduce the overall reactor
length may destabilize the plasma column.

- demonstration of effective end plugging.

- development of rapidly pulsed beam sources.

- development of 15-20 T superconducting solenoids.

As in the previous case, this concept is amenable to individual
system development and increment scale up (and funding) to test
the key reactor parameters, before a demo need be built.

Beams have been propagated several meters into dense plasmas.
Tests to extend the propagation length up to 10 m at reactor
relevant densities (1022 - 1023 #/rrr ) are required.

Megajoule E-beams capable of delivering 1017 W are available.
Generators about 10 fold more energetic with approximately 10 ys
pulse lengths are needed. This need is regarded as a modest
extrapolation of the existing technology/87/. The most strin-
gent development need centers on developing these generators and
the ancillary switching gear for repeated reliable pulsing at
rates up to 100 H3. Foil-less diodes, although preferable, are
not essential.

Comparison of laser and E-beam approaches favours the latter for
the following reasons:

- high efficiency electron beam generators (~80%) and elimina-
tion of pulse coils can reduce the recirculating power frac-
tion to about 7% as compared to about 40% for laser systems.

- shorter time scale for system development because of the
advanced state of the electron beam generators.

- E-beam energy deposition is much faster than classical and
permits shorter reactor design. Laser energy deposition is
classical.
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A comparison of solenoids with other reactor concepts is made in
Table 2.4.4. Laser heated solenoids have modest needs for
compression coil by comparison to theta pinches. This greatly
reduces the ohmic and switching losses typical of theta
pinches. E-beam heated solenoids may not use pulse coils at
all. Shock preheat requirements are characteristic of theta
pinch type reactor concepts. The need for fast circuitry which
drives the shock preheat subsystem is eliminated in the other
linear magnetic reactor concepts. The inherent simplicity of
linear systems leads to many of the favourable features
discussed earlier. High density operations typical of the
solenoids reduces the need for critical vacuum technology and
permits the formation of higher plasma densities.

The exact status of the development of high energy laser and
electron beams is difficult to establish because of the military
applications and the classified nature of the work.

2.4.3.3 Linear Theta Pinch Reactor

In its simplest form, the linear theta pinch/74,102,103/ con-
sists of a single coil sheet wrapped around a low density DT
plasma column. The configuration is illustrated in Fig-
ure 2.4.8. The pre-ionized DT gas is heated by a fast (~1 ys)
radial compression shock to temperatures of about 1 keV. The
plasma is subsequently compressed adiabatically to ignition tem-
peratures. The combination of implosion/adiabatic compression
in the theta pinch typically produces stable plasmas in the
range of 1022 #/m3 within temperatures of 2-6 keV. High betas
(-0.8) are readily achievable. Parameters for a reactor
concept with re-entrant end plugs (Figure 2.4.8) are given in
Table 2.4.5. In this approach, two 150.m long e pinches are
ganged together with a 5 m radius re-entrant plug to form an
elongated race track. End losses from one pinch are channeled
into the second pinch.

The key obstacle to be resolved in this concept is the rapid
loss of plasma energy from the open ends. This approach has
been abandoned in favour of the toroidal theta pinch reactor.

2.4.3.4 Fast Liner Reactor

This concept/94,104,107/ uses a magnetically driven metallic
liner to adiabatically compress a preformed D-T plasma to fusing
conditions.

At the onset of a pulse, D-T gas is preionized within a small
(10 to 20 cm) cylindrical liner to form a dense (1021+ #/m3 ) warm
(500 eV) plasma. Large axial currents are driven through the
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liner to crush the walls radially at velocities up to 10 km/s
and energies on the order of 400-500 MJ. The liner implodes in
20 to 40 ^S; raising the plasma temperature and pressure to
fusible conditions. The D-T burn, inertially contained by the
liner and end plug walls, lasts for 2-3 ys. System studies have
concentrated on developing realistic plasma/liner models which
optimize the burn conditions. Typical reactor parameters are
shown in Table 2.4.6. Figure 2.4.9 illustrates a conceptual
design of a fast liner reactor.

The major engineering and technology problems associated with
fast liner reactors are:

- initial plasma preparation
- economics of recycling the routinely destroyed leads and liner
- containment of repeated blasts
- the switching and transfer of energy (400-500 MJ, 20-40 ys) to
the liner

- a method to replace the liner and leads every 10-20 s

The physics, engineering and technological requirements for the
Fast Liner Reactor are unconventional and lack an experimental
data base. If the energy transport/switching problems can be
resolved and if the approach can be made to work, prototypical
reactor conditions can be produced relatively quickly and at
modest expense.

2.4.3.5 Dense Z-Pinch Reactor

In the dense Z-pinch reactor concept/94,106,107,108/, a large
electrical current (1-1.5 MA, 6-8 GA/m2) is driven by a 70 MJ,
40 MV low conductance power supply along a 10 cm long 4-6 mm
diameter laser,formed current channel in a dense
(~3 x 1026 #/m3) DT gas. The radius of the self-constricting
current channel can be controlled to maintain a nearly constant
burn radius by programming the power supply voltage ramp.
Plasma heating comes from ohmic dissipation initially, adiabatic
compression and finally by alpha-particle thermalization.

The filamentary burn channel may destablize under "hock heating,
alpha particle heating, coronal diffusion or gas injection.
Analysis of techniques which may stabilize the channel are
ncouraging but require experimental verification.

A variant on the Z-pinch concept is to immerse the pinch in
lithium as shown in Figure 2.4.10, to remove any first wall
problems. The attraction of this reactor concept is couched in
the simplicity of the approach:
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- a magnetic confinement system which does not require coils
- the elimination of first wall problems by liquid or gas
blanketing

- elimination of some subsystems typically associated with
fusion reactor concepts.

The critical problem areas are:

- formation of the narrow current channels
- plasma stability
- high voltage energy storage and switching

Large extrapolation in energy storage and transfer are neces-
sary. The use of liquid lithium loops to blanket the first wall
and to "shock absorb" the explosive release of fusion energy
requires development.

2.5 COMPACT MIRRORS

2.5.1 Introduction

A simple magnetic mirror consists of an axial magnetic field,
stronger at each end/109-111/. Charged particles moving along
the field lines are reflected by the increased end magnetic
field, and so prevented from escaping. This plasma confinement
concept was first proposed around 1930 as part of the explana-
tion for the atmospheric aurorae at the north and south poles.

Magnetic mirrors were subsequently one of the first configura-
tions considered for fusion plasmas. Over many experiments, a
good understanding of mirror particle confinement - the critical
physics parameter - has been formed. Basically, there are three
broad classes of losses that must be considered: classical
losses, MHD instabilities, and microinstabilities.

Classical losses provide a fundamental upper limit to confine-
ment. In a simple mirror, the mechanisms are radial diffusion
of particles across the axial magnetic field, and particle
escape out of the "loss cone". This latter loss occurs because
reflection at the end mirrors is not perfect - only particles
with sufficient gyromotion (perpendicular velocity) are re-
flected. Thus there is a "cone" in velocity-space (Vpara^^e^
versus Vperpencjicuiar) in which particles are not trapped. As
ions bounce between the mirrors, they undergo small collisions
with the surrounding plasma which tends to randomize their
velocities. Eventually, they acquire a velocity which has
insufficient perpendicular velocity to remain trapped, and they
promptly escape. The limiting mirror confinement is the rate at
which the plasma diffuses into this "loss cone".
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In practice, confinement was initially much worse than this
because of various instabilities. Ioffe demonstrated control of
large-scale MHD instabilities by creating a "minimum-B" field
configuration where the magnetic field strength increases in all
directions away from the plasma in the machine center. His
"Ioffe bar" magnet configuration was soon optimized, first to a
"baseball seam" coil shape, and then to the present "yin-yang"
coil sets.

With the gross MHD instabilities under control, various micro-
instabilities proved to be limiting - not because they caused
large-scale motion of the plasma but because they enhanced
particle and energy diffusion. The most important of these are
the CLC (Convective Loss Cone) and DCLC (Drift Cyclotron Loss
Cone) mode. Roughly speaking, the CLC mode becomes more
unstable as the plasma lengthens and the DCLC mode becomes more
unstable as the radial density gradient increases. In practice,
both of these can be controlled by a warm plasma formed at the
mirror ends (either naturally or artificially). This partially
fills in the mirror loss cone and so reduces the instability
strength.

Around 1970, with magnetic mirror theory and experiments in good
agreement, MHD and microinstabilities under control, and experi-
mentally observed reactor-relevant temperatures and plasma beta,
it became clear that simple mirrors were in fact limited by the
fundamental loss rate out the mirror ends to Q of -1 - no net
energy gain. In principle, energy gain could be achieved by use
of fission-fusion hybrids, but as a practical fusion device it
was not useful. New approaches were then proposed to try to
retain the simplicity of the mirror concept and its excellent
theoretical and experimental database.

If a string of simple mirrors are placed in series, each addi-
tional mirror reduces the overall loss rate, and there would
eventually be net energy gain, but only in large sizes. In one
variation, the "Multiple Mirror", high-density collisional
plasmas are used so that axial losses scale as (length)2, rather
than the usual direct scaling with length. Alternately, a
mirror chain could be turned into a ring with no "ends" and so
reduce the end losses in principle. This leads basically to the
EBT concept, with the addition of electron rings for greater MHD
stability. Other concepts for plugging the end losses have also
been proposed, but the present "mirror" configurations are the
Tandem Mirror (TM) and the Field-Reversed Mirror (FRM).

In a TM, two "plug" mirrors are placed on the end of a regular
mirror to form a chain of three magnetic mirrors. However, the
plug mirrors plasmas are substantially different from the
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central cell plasma in order to enhance the confinement of this
central plasma. In particular, the end losses are reduced by
adjusting the plasma ambipolar potential. This is the electro-
static potential that naturally forms between any plasma and its
surrounding walls. Such a potential confines the plasma elec-
trostatically, although not significantly so in a simple
mirror. In a TM, the end plugs are operated at different ion
densities and ion temperatures than the central cell plasma.
This enhances the ambipolar confinement. This configuration
basically "earns" power from the central cell, and "pays" power
and technical complexity at the end plugs in order to get
adequate confinement. However, realistic end plug densities and
temperatures could still not affect the fundamental plasma
losses sufficiently to provide energy gain in a compact machine
- lengths of order 1 km are necessary.

However, if the electrons can be isolated in each region of the
TM, then quite large changes in electrostatic potential, and
thus confinement, can be achieved by varying the electron
temperatures. This is normally difficult because electrons move
very freely along field lines and rapidly conduct heat, thus
maintaining a uniform electron temperature. In principle,
"thermal barriers" will isolate the central and end plug
electrons. Schemes for producing thermal barriers - charge
exchange pumping, drift ion pumping - are presently being
tested. It is probable that these will work as expected and
lead to a magnetic confinement concept that is a reasonable
candidate for a large-scale utility power reactor. Nonetheless,
the final concept of a tandem mirror with thermal barriers is
not a compact machine/112/.

However, since the basic physics is well understood or about to
be verified, and since the engineering is presently reasonable,
a small TM with Q less than unity (ie, driven, not ignited)
could be built in the near term as an engineering test facili-
ty. In small sizes, its transport scaling may be superior to
tokamaks. It is in this sense of a small driven TM, that the TM
is included in this report as a compact approach to fusion.

The second major mirror-related confinement approach is the
FRM. This solves the plasma loss problem by turning the field
lines back in on themselves so that none leave the plasma. The
basic configuration is a compact plasma ring or toroid held in
the middle of a weak mirror. More specifically, the plasma in a
field-reversed mirror has a compact toroid geometry bounded by
closed poloidal field lines generated by an azimuthal (toroidal)
plasma current, with the external axial field reversed at the
toroid center. Since the basic plasma is small, this is truly a
compact approach to fusion.
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2.5.2 Compact Mirror Related Experiments

2.5.2.1 Driven TM

Operating TM experiments are all "driven" since they consume
more energy than they produce. These machines include TMX-U
(LLNL), Phaedrus (U of Wis), and GAMMA-6 (Japan); with TARA
(MIT, 1984), GAMMA-10 (Japan, 1983), AMBAL (USSR, 1983) and
MFTF-B (LLNL, 1985) under construction. The characteristics of
TMX-U, the largest operating TM, are given in Table 2.5.1.
Present and anticipated performance of Tandem Mirrors is shown
in Figure 2.5.1.

The principal advantages of driven mirrors, compared to toka-
maks, as Technology Demonstration Facilities (TDF) are: central
cell testing volume is relatively independent of overall machine
size; better transport scaling in small sized machines; higher
beta; continuous operation; natural divertor action; and simpler
geometry for maintenance. The primary disadvantages are:
thermal barrier performance is untested; generally smaller data
base; very high field choke coils; possibly high neutral beam
(NB) injection energies; edge or "halo" physics is only now
being studied; and uncertainties in scaling of instabilities to
larger, hotter machines. Of these, the thermal barrier is the
key question for the future of tandem mirrors and experiments to
test current theories just began (1982) on TMX-U/116/.

Table 2.5.2 summarizes possible testing capabilities of existing
and proposed facilities. Other than INTOR/FED/NET, there are no
tokamak or non-mirror concepts specifically intended to provide
the necessary blanket exposures (1-10 MW-yr/m2 of DT neutrons in
a 1-10 m3 volume) in a 1990's time frame. Tokamaks like TFTR
and JET will yield transport scaling and some DT physics infor-
mation, but will not have sufficient DT runs for engineering
tests. ALCATOR-DCT, TORE-SUPRA, and ASDEX-U will provide sub-
stantial engineering information (eg, divertors, superconducting
coils), but are not DT burning. The potential near-term DT
devices are TFCX, FTU and Ignitor, which are plasma demonstra-
tion experiments, and RIGGATRON and OHTE, which could serve as
engineering test facilities but are based on less certain
engineering and physics.

Since there is a smaller experimental data base for mirrors,
with thermal barriers as yet untested, INTOR is probably a more
proven physics design than TASKA or LLL-TDF at this point.
However, the major mirror physics uncertainties will be answered
by experiments over 1983-1988. If favourable, then a driven
mirror could be designed to operate in the 1990's, the same time
frame as INTOR (See Table 2.5.3). Note, though, that INTOR is
ignited so is still a more ambitious experiment.
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In terms of cost, INTOR is anticipated to be about 2-4 G$ (US
1982, including indirect costs and contingency)/l20,121/
depending on the exact design goals. The LLL-TDF and TASKA are
about 0.8 and 1.6 G$ (US 1982), respectively. The Japan-PEF
and TASKA-M are smaller and simpler machines. TASKA-M, for
example, does not use thermal barriers, and is estimated as
0.8 G$. There is some feeling that, while loss expensive, it
looses in terms of price/performance ratio since the central
cell (and thus test volume) ends up "being very small.

Thus, a driven mirror engineering test facility on the scale of
the LLL-TDF design seems able to provide sufficient blanket test
exposure (fluence plus volume), with credible physics and engi-
neering, in the 1990's time frame. However, the overall issue
of the best nuclear testing device - whether it is necessary
and, if so, what should it be - is precisely the goal of the US
Fusion Integrated Nuclear Technology development program (called
FINESSE) over the next two years. The comparable European
effort is with NET, but the nuclear technology emphasis not not
strong.

2.5.2.2 FRM

In the original FRM experiment, the 2X1IB simple mirror at LLNL
had extra neutral beam injectors added to provide enough azi-
muthal current into an existing hot mirror plasma to reverse the
field on-axis and produce the FRM configuration. Although the
field was reduced by about 90%, it was not reversed completely
for reasons now understood. Full reversal requires considerably
more beam current or better confinement. Since neither seems
plausible on a reactor-scale device, attention has shifted to
fast pulsed methods for producing a cold field-reversed plasma
ring, and then heating it to ignition with neutral beams. The
2XIIB facility was reconfigured with the addition of a
magnetized coaxial plasma gun to produce the initial FRM and was
called BETA-II. This experiment was discontinued in 1981 due to
lack of funding.

Although not true FRM's, several experiments have produced field
reversed plasmas, and yielded information on the equilibrium and
stability of this state (see also Section 2.1, Compact
Toroids). These include Astron at Cornell and Field Reversed
Theta Pinches at Garching, Kurchatov and LANL.

The FRM is a true compact reactor, but has a minimal data base
at present. The basic magnetic configuration has not been
experimentally demonstrated. However, a small proof-of-princi-
ple experiment could solve most of the physics issues. The
basic engineering questions are already being addressed in
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the course of other experiments and should be available as
needed by the FRM program.

2.5.3 Compact Mirror Reactor Design Studies

2.5.3.1 Driven TM

Of the driven mirror Technology Demonstration Facility (TDF)
designs (Table 2.5.1), the Lawrence Livermore Lab LLL-TDF/113/
seems the most reasonable. It was produced by the most experi-
enced mirror physics group and its engineering - eg, no tritium
breeding, relatively conventional NB, ECRH and coil technology -
is the simplest. TASKA/114/ is a more ambitious engineering
test facility, roughly the tandem mirror equivalent of a driven
(not ignited) INTOR. The Japanese FEF/115/ (Fusion Engineering
Facility) and TASKA-M/123/ (a smaller version of TASKA) are also
of interest. It should be noted that LLL-TDF components (espe-
cially magnets, neutral beams and ECRH systems) are only at the
MFTF-B level, except steady-state rather than 30 s operation.
TASKA-M was designed to use largely existing technology (TMX-U
level), and does not use thermal barriers.

The primary question is how well thermal barriers work. Since a
driven TM can now be built, this question really addresses how
efficiently they operate. The primary engineering limits are
summarized in Table 2.5.4.

2.5.3.2 FRM

The most detailed design is the FRM Pilot Reactor study by
EPRI/111,119/. The parameters are summarized in Table 2.5.5.
This is essentially a steady-state reactor with the plasma ring
sustained by neutral beam injection. In a slight variation of
this geometry, the Moving Ring FRM, small rings are formed, com-
pression heated to ignition, and then expanded and cooled as
they are moved axially down the reactor chamber. Although the
physics is even more speculative, this is also more interesting
from a utility point-of-view since each region of the reactor
can be optimized for its particular function. For example, the
ring-formation equipment does not also have to handle high
neutron fluence or surface heating.

An earlier design, SAFFIRE, is a D-He3 FRM, although it has also
been sized for DT operation (Table 2.5.5). The FRM configura-
tion was chosen since it was thought better than tokamaks for
advanced fuels.

The primary question, in the absence of any experiments, is
whether the configuration works. In conceptual design studies
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of an FRM reactor/119/, the primary physics assumptions were:
(1) equilibrium with zero toroidal field and beta of unity;
(2) MHD stability due to finite ion Larmor radius effects and
low aspect ratio; (3) cross-field transport reasonable (propor-
tional to ion-ion confinement time); and (4) neutral beam injec-
tion is sufficient to maintain density, temperature and ring
current. The primary engineering questions are in the design of
the negative ion beams, direct convertor, and high-neutron-flux
first wall. In the Moving Ring version of the FRM, neutral beam
injection is not used, and the principal uncertainties stem from
the requirements for ring compression heating and controlling
the axial motion.

2.6 REVERSED FIELD PINCH

2.6.1 Introduction

The Reversed Field Pinch (RFP), a descendant of early pinch
experiments, uses the self-constriction which occurs in the
plasma from the passage of a unidirectional current, to compress
and confine the plasma away from the walls of the device.
Because of its apparent simplicity/ the toroidal pinch was the
focus of extensive research in the 1950's and early 1960"s.

One of the first investigations of quiescent plasmas in the RFP
was performed at Culham in the ZETA experiment/127/.

The RFP is a toroidal axisymmetric magnetic configuration in
which the plasma is confined by a combination of poloidal field
B0, produced by a toroidal current in the plasma, and a
toroidal field, B ̂ , applied from external coils which surround
the minor diameter of the torus. The mean values of the poloi-
dal and toroidal fields are approximately equal in magnitude.
The resultant field is helical. A vertical field, Bv, is also
required to counteract the outward displacement of the plasma.
With a conducting liner, this field is small, though it must
increase slowly during a long burn. The plasma is heated, by
the induced toroidal current. The absence of a limiting
toroidal current, as exists for the Tokamak, potentially allows
the plasma to be heated to ignition. The Tokamak restriction on
the ratio of major to minor radius (aspect ratio) also does not
apply.

There are important differences between the RFP and earlier
pinch experiments:

- the existence of the toroidal field, and the use of a highly
conducting liner limits the growth of "sausage" (m=0) and
"kink" (m=l) instabilities which had formed in the plasmas of
the earliest devices.
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- the toroidal field has opposite directions on the inside and
outside of the plasma column (field reversal).

The lattar point, the existence of stable plasma confinement
regimes involving reversal of the toroidal field across the
minor radius of the plasma, is the cornerstone of current RFP
research. The high rate of magnetic shear possible as one moves
out from the minor axis of the plasma permits essential stabil-
ity criteria to be met/128,129/. Field reversal occurs natur-
ally, or may be "programmed" by the application of external
fields (aided mode field reversal).

Important parameters which characterize the RFP include the so-
called tokamak "safety factor",q, which is related to the angu-
lar rotation "L" of a magnetic field line in a single traversal
around the major circumference of the torus:

L(r) = 2 /q(r)

In the RFP, the "pitch" of the field lines, and consequently L,
varies with r, the distance from the minor axis. L is
large/130/, giving, typically, q = 0.1 in the RFP. Field rever-
sal is characterized by the pinch parameter 9 = B,
wall/CBi], and the field reversal ratio, F = B^ wall/[B,].
Where [B^] is the average value of the toroidal field over the
minor diameter of the torus. After the initial turbulent,
toroidal discharge occurs, the plasma "relaxes" into a
"quiescent" state characterized by F < 0 and 1.2 < 6 < 1.6.

The set-up of the reverse field configuration involves a trade-
off between energy consumed and confinement time. Following
Zeta, experiments with fast "programmed" set-up fields were
emphasized, since this reduces the total energy consumed in
achieving stable field reversal. However energy confinement
time/temperature suffer in this approach, and recent experiments
have reduced emphasis on driving the reversal with programmed
fields during set up. Instead energy consumption is reduced
during setup by "matching" the poloidal and toroidal fields with
the coils, and when the Reversed Field state is established,
"pumping" the oscillating stable state with coil energy to
prolong the RF configuration.

Plasma total betas, the ratio of plasma pressure to total
magnetic confining pressure and a measure of magnetic field
"efficiency", of up to 50% are predicted from "ideal" magneto-
hydrodynamic (MHD) theory and have been observed in small
experiments to date. For larger experiments, used to approach
ignition, instabilities which can occur when nonzero resistivity
is included in the "ideal" MHD equations must be considered.
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In addition to "pure" RFP experiments, the "OHTE" concept which
uses external helical windings to maintain the RFP configuration
has been developed by GA Technologies. The OHTE concept/130/ is
an example of a "programmed" field RFP type device. However,
its helical windings result in a non-axisymmetric system similar
to a Stellarater or Torsatron (Appendix C). In theory, the OHTE
permits field reversal and plasma confinement to be sustained
more predictably than with the self-reversal of the "pure" RFP.
Because of their potentially high beta with low magnetic fields,
RFP devices open up the possibility of D-D operation.

The US Magnetic Fusion Advisory Committee (MFAC) has summarized
the reactor potential of the RFP as follows/131/:

"The reversed field pinch has the potential to produce
a qualitatively different reactor product for the
fusion program, namely a high-power-density, high beta
compact reactor with prospects for ignition solely
with ohmic heating. Demonstration of sustained,
stable operation at high beta and favourable confine-
ment scaling at high current are essential require-
ments for achieving this reactor potential. Large
extrapolations of confinement behaviour are required
in considering reactor potential.

Additional important aspects which emerge from physical
considerations are/132/:

(1) Conductive shell requirements: although RFP equilibria
have been established on small machines; for the long time
scales needed for a reactor, corrections for the effects of
the field diffusion into the shell and the small field
errors which cause departures from axisymmetry will be
needed. These might be provided by specially designed
field coils, but this approach has not yet been
demonstrated.

(2) Energy Losses: A major loss of plasma energy in small
devices, particle transport (diffusion) across toroidal
field lines, is inversely proportional to the square of the
minor radius (a~2). Thus "reactor-scale" devices are not
expected to exhibit significant diffusive losses. Simi-
larly, at reactor scale, large aspect ratio (R/a) machines
with uniform magnetic fields should produce small cross-
field thermal conduction losses.

(3) Ohmic heating to ignition seems feasible: while the effec-
tiveness of ohmic heating decreases as plasma temperature
increases, computer calculations show that ignition
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A.

temperatures can be achieved even if transport losses are
significantly larger than present "classical" models
predict.

(4) Impurity generation: Recent experiments have exhibited
symptoms of extensive wall interactions, which produce
impurities that limit plasma temperatures. Stable equili-
bria on larger RFP devices should produce a current free
region between the plasma column and the wall, which should
reduce impurity release by wall bombardment. OHTE devices
show significantly less wall interaction. Suitable
limiters or divertors have yet to be developed for RPP's.

(5) Setting up the Reversed Field Pinch configuration may
require programmed fields on large devices to minimize
transformer energy expenditures. Once established, the
configuration may require further programming to sustain a
cyclic energy flow between coils and plasma (the "dynamo
effect") which has been shown to prolong configuration
times. In physically large systems such as required for a
reactor, field programming on time scales shorter than
100 ms becomes difficult both from an economical and reli-
ability viewpoint, since this requires large input power,
high voltages, and high-quality energy storage. However,
the verification of a "dynamo" effect may simplify the
reactor development of the reversed field pinch by provi-
ding a mechanism for sustaining the reversed-field con-
figuration and also providing a potential mechanism for
steady-state current drive.

(6) For high power RFP devices, setup times must be extended to
avoid excessive forces on coils and structures. This
provides an additional constraint on the design of the
field-programming coils discussed above.

Although recent progress has been rapid, current values of
important fusion parameters in RFP devices are far below those
obtained in Tokamaks (See Table 2.6.1).

While the RFP does not obey the tokamak scaling law for energy
confinement time (proportional to density x major radius2),
there is evidence that at higher densities energy confinement
time is improved. It is important that future experiments study
conditions at high density and current.

The observed poloidal beta values between 10 and 20% are well
below the ideal-MHD-stable limits of 40%. It is not possible tc
predict the scaling of instabilities which will limit the
achievable beta values.
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Experimental results indicate that temperature scales as In

where 0.5 < n < 1. OHTE results are the most favourable, with
n « 1. Energy confinement appears to scale as Te

3/2 and
particle confinement time as a2. From Figure 2.6.1/133/ it may
be seen that a toroidal current of greater than 10 MA would be
required to reach ignition temperatures, a scale-up of almost
100-fold. On the brighter side, there is evidence that
temperature-current in RFP's scale better than tokamaks (Alcator
scaling)/133/, and CRFPR design studies/134,135/ indicate
economically feasible designs exist with only 20% of Alcator
transport scaling.

At the time of writing, three scaled up RFP devices are being
considered: ZT-H at LANL, RFX at Padua, and OHTE (ignition
test). RFX, a 2 MA device has recently received approval for
construction. Design of ZT-H is proceeding on limited funding,
and OHTE (ignition test) underwent proposal review during
December 1983.

Finally, the mechanisms of formation and maintenance of the
reverse field leading to phenomena in the RFP are the focus of
theoretical and experimental studies of the RFP concept
today/131/. It is apparent that while there are many possible
models to describe the phenomena, none are sufficient to permit
accurate physics predictions of the performance of ignition-
scale devices/134/.

2.6.2 RFP Experiments

Early RFP experiments included the Zeta device built in 1958 at
Harwell, which operated until 1968, HBTX-1 at Culham, ZT-1 and
ZT-S at LANL. Eta-Beta I at the University of Padua, and
ETL-TPE-1 and TEP-IR at the Electrotechnical Institute, Tokyo.
Zeta was the largest of these experiments, achieving longer
quiescence in the reversed field state than many of its smaller
successors until recently. Current RFP experiments are listed
in Table 2.6.2.

In general, confinement experiments carried out on the ZT-40
HBTXlA and ETA-BETA II machines have produced plasma parameters
that considerably exceed original expectations. For instance,
ZT-40 is now operating at reactor relevant beta levels up to
10-15% for 20 ms. For plasma current in the 100-200 kA range,
energy confinement times of 0.2-0.3 ms are observed on ZT-40
with fields of 0.1-0.2 T at the magnet coils. These confinement
times are expected to increase with current as observed in the
TPE-lR(M) reversed field pinch (Japan).
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Important RFP performance parameters shown on Table 2.6.2
include:

(1) pulse duration (time to current termination)
(2) plasma density
(3) plasma temperature
(4) energy and particle confinement times
(5) poloidal beta

2.6.2.1 Pulse Duration

In presently operating devices/ current termination always
limits the discharge duration (presently a few 10's of milli-
seconds). Termination appears to be linked to the following
factors:

(a) minor radius - faster on small machines

(b) plasma instability, eg, loss of field reversal or introduc-
tion of rotational perturbation

(c) magnetic field errors or "gaps"'

(d) plasma density - higher density prolongs discharge but
lowers temperature

(e) plasma purity - pure conditions result in longer pulses.

Of these, the loss of plasma density during discharge due to a
"pumpout" effect resulting in plasma-wall interaction of parti-
cles and subsequent contamination of cooling of the plasma is
the newest and most promising line of investigation. Gas
puffing to off-set the loss in density has successfully been
shown to prolong the discharge by up to 20% on ZT-40M and
HBTX1A.

2.6.2.2 Plasma Density

A high-density limit, due to radiation losses, exists above
approximately 5 x 10 m~3. A low density limit possibly due to
increasing high frequency magnetic field fluctuations has been
observed on ETA-BETA II at approximately 10 1 9 m~3.

Plasma behaviour depends on the ratio of peak toroidal current
to initial line-density: I/No. N also drops due to 'pumpout1

during the discharge by typically a factor of 10.

On the larger machines (HBTX1A, ZT-40M, OHTE), the plasma
density falls to approximately 1019 m~5 after 2-3 ms, while the
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same effect is observed 10 times faster on the smaller
machines. Each machine has been observed to operate in a
characteristic range of I/N (typically lO"14 A»m) , and thus a
drop in plasma density imposes a corresponding drop in current,
which reduces the (ohmic) heating accordingly.

2.6.2.3 Plasma Temperature

In general, the lower density RFP plasmas (eg, TPE-1RM) have-
achieved higher temperatures and vice versa. To date, only
electron temperatures have been systematically measured. TPE-
1RM has achieved the highest temperature (0.6 keV) at reduced
density while ZT-40M has achieved 350 eV at higher densities.

2.6.2.4 Energy Confinement Times and Poloidal Beta

The best energy confinement time obtained in modern machines is
0.3 ms, obtained ironically, by ZETA with a bore
2.5 X ZT40-H's. Confinement time estimates are obtained from
the quotient (Plasma energy/ohmic-heating). Energy confinement,
poloidal beta, resistivity and minor radius are connected by the
expression:

T E
 = 16 3e yo a *2

where a is the measured value of average conductivity obtained
from the plasma resistance. Poloidal 0 can thus be calculated.
It lies in the range 0.1 to 0.2 for ZT-40 M.

2.6.3 RFP Reactor Design Studies

The engineering concepts considered'in 2.6.1 and 2.6.2 suggested
advantages and disadvantages of the reactor-scale RFP.

RFP point designs have illustrated that it is possible to take
advantage of the inherent RFP characteristics of low magnetic
fields at the coils to locate the coil assemblies very close to
the torus with a minimum of structural support. This permits
high fields to be created without superconducting coils, which
further improves mass utilization and reliability. Lower core
and subassembly masses permit more efficient configurations for
maintenance: total number of modules, weight of individual
modules, and number of interconnections between modules can all
be optimized to reduce the remote maintenance/operation device
requirements. Low (reversed) toroidal fields also permit the
use of liquid metal coolant with minimal pumping power. (Total
recirculated power fraction is estimated at less than 10%.)
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The principle RFP engineering advantages may be summarized as

- ohmic heating to ignition
- moderate to high betas
- aspect ratio free of "safety factor" - type constraints
- low fields at coils
- lower coil currents
- improved maintainability.

The advantages of the RFP permit an economically favourable con-
ceptual design for a fusion power system. Such systems display
higher power density and mass utilization and reduce the frac-
tion of total direct costs associated with the fusion power core
when compared with "mainline" (tokamak, mirror, bumpy tori,
stellarator) designs. Power densities (10-15 MWt/m^) and cost
45 Mill kWeh) are similar to those obtainable with US-LWR
designs.

Major uncertainties identified in RFP point designs include:

- particle-energy transport at high currents (assumed 1/8 of
empirical, Alcator scaling)

- extrapolation of theoretics. •"" obtainable high beta's to high
temperature and current conditions.

- maintenance of the dynamo effect in reactor grade plasmas.

- use of the dynamo effect to obtain (quasi) steady state
operation.

- availability of suitable structural, first wall and blanket
materials with neutron fluxes of the order of 15-20 MW/m2

(3-4X flux for standard scale reactor concepts). For example,
the CRFP design study specified a copper alloy which has not
been extensively tested in neutron flux. Peak blanket power
densities in excess of 100 MW/m3 may interfere with the
operation of ceramic breeding materials.

- radiation damage effects on non-superconducting copper coils
and inorganic electrical insulators protected by relatively
thin tritium breeding blankets.

- sputtering and first wall erosion control. Acceptable levels
have not been defined (a plasma-edge-limiter/divertor
interaction model does not exist). Conceptual design of
limiters or divertors is rudimentary.
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A simulation study with the CRFPR has shown that the design is
"robust", viz a viable design exists across a broad spectrum of
performance for the fusion power core materials and subsystems.

2.6.3.1 Compact Reversed Field Pinch Reactor (CRFPR)

A design concept prepared at LANL illustrates the power-reactor
end point of RFP development. Major parameters of the
CRFPR/134,135/ are shown in Table 2.6.4. This concept repre-
sents a minimum cost of electricity from a sensitivity analysis
performed on key fusion core variables:

- plasma transport
- average beta
- blanket thickness
- plasma density and temperature profiles
- normal versus superconducting coils
- DT versus catalyzed DD fuel
- net electric output
- first-wall/blanket lifetime

The design concept, for a 1000 MWe (net) CRFPR possesses the
following design features:

- The entire first wall, blanket and toroidal field coil (TFC)
assembly would be fabricated as a single unit with a total
mass of 400 tonnes. For the design first-wall loading
(-20 MW/m2) and assumed first-wall life (-15 MW/a/m2),
this assembly would be replaced annually, although the TFCs
most likely would be recycled.

- The first wall shell is 20 mm thick, composed of a water-
cooled copper alloy (Cu + 0.06% Mn + 0.15% Zr + 0.4% Cr)

- A 0.5-m-thick blanket (with 60% enriched 6Li) uses flowing
Pb83Li17 liquid-metal for both tritium breeding and coolant
because of the high blanket power densities (£200 MWt/m3).
This blanket yields a tritium breeding ratio of 1.11 and
multiplies the incoming 14.1-MeV-neutron energy by a factor of
1.3.

- Outside the PbLi blanket is located a 0.1-m-thick "third-wall"
shield consisting of alternating layers of B^C/Tungsten which
increases the thermal capture efficiency of this thin
blanket. The tungsten constitutes 50% of the mass of the
400 tonnes first wall/blanket/TFC assembly.
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- Twenty-four pumped limiters, cover 30% of the first wall
area. This is estimated to allow 21% of the plasma particle
loss to flow into the limiter slot, while keeping energy
deposition on the limiter leading edge below 6 MW/m2.

- Surrounding the hot-blanket structure are 24, 0.15-m-thick
TFCs composed of a water-cooled room-temperature copper
alloy. These coils require 17.9 MWe.

- The toroidal plasma current, L , is induced by the PFC
system. The PFC system is divided into the Ohmic Heating (OH)
system, which provides the flux change required to drive the
plasma current, and an Equilibrium Field (EF) system, which
provides a nearly uniform vertical field required to maintain
toroidal and up/down plasma equilibrium.

In addition to electricity generation, design work on a fissile
fuel factory (hybrid) using the above CRFPR has been undertaken
in Switzerland/147/. A hybrid blanket for breeding U-233 from
thorium is presented. The design also attempts to achieve a
tritium breeding ratio of 2.06. The study shows 9 MWy/m2 are
required to breed U-233 economically. Suitable materials for
the blanket and shell do not yet exist. Swelling in the highly
conductive copper and aluminum alloys required is excessive.

2.6.3.2 OHTE Reactor Development

GA Technologies in cooperation with Phillips Petroleum have
prepared a step by step plan for commercialization of fusion
based on the RFP concept/130,148,149/. Table 2.6.4 gives OHTE
reactor parameters. The major difference between OHTE and CRFP
reactor concepts are:

- the use of helical stellarator windings to provide both
rotational transform and shear. Consequences of this approach
include:

reduced flux consumption during setup of field reversal for
each pulse and greater flexibility in maintaining a stable
RFP confiauration durina a burn.RFP configuration during a burn.

more difficult plasma chamber access for maintenance and
cooling.

exposure of the helical coils to intense neutron radiation
(the coils are inboard of the tritium breeding blanket).
Coil lifetime/conductivity decreases impact power plant
economics.
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- absorption of neutrons by helical coils and "outboard"
installation of the blanket may limit T breeding to less
than breakeven ratios.

Like the CRFP the OHTE reactor concept uses normally conducting
coils, with their inherent advantages of reliability, lower
cost and smaller size. The recirculating power fraction is also
increased, however, by the use of non super-conducting coils.
In OHTE, the addition of helical windings, and the assumption of
pulsed burns, increases the recirculating power fraction and the
cost of power supplies, stored energy, and power conversion
equipment by a factor of 2 over those assumed for the CRFPR. In
exchange, burn control and plasma transport losses may be
improved. OHTE ignition current is (optimistically) projected
to be less than 50% of the corresponding RFP current. Both OHTE
and CRFP designs emphasize modular fusion power core assemblies
and small, low cost development steps which may appeal to
utility end-users. A fissile "Fuel Factory" OHTE is described
in Reference 148. Plasma current, wall loadings, and device
size are all reduced by a factor of 2 over electrical generation
reactor requirements, making this a more near-term possibility.

2.7 MISCELLANEOUS CONCEPTS

2.7.1 Introduction

A screw pinch/150-153/ is a combination of a Z-Pinch and a theta
pinch to produce a plasma which has currents in both azimuthal
(z) and theta directions. Toroidal screw pinch devices typi-
cally operate with a beta of 20% as compared to tokamaks with
betas of about 5%.

Multipole (or internal ring) devices/94,150,153-157/ were
conceived in the early I9601s for basic magnetic confinement
studies. These devices are high beta machines with the capabil-
ity to operate over a broad range of plasma parameters, in a
steady state or in a pulsed mode, with or without ohmic heating
and with or without toroidal fields. Toroidal multipole devices
are shown in Figure 2.7.1. A device with a single internal ring
is a Levitron (or spherator): with two rings a quadrupole:
with six rings a duodecapole (SURMAC).

A resurgence of interest in these devices in the past few years
arises from their apparent suitability for advanced fuels
(particularly the proton boron cycle) in part because the low
magnetic fields inside the plasma make synchrotron radiation
losses tractable. If the rings in a toroidal octupole are
reversed, the magnetic field topology is similar to Tormac. If
the electrons which escape through one of the cusps (see
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Figure 2.7.2) are returned in a closed loop back to the central
plasma region the scheme becomes the MIRICLE device described
below.

2.7.2 Experiments

2.7.2.1 Wall Confined Reactor

The use of shock waves for heating has been extensively
studied/158/ in the ranges of interest which are applicable to
this concept: 1021 - 1022 #/m3 density, 0.1 to 1.5 keV ion tem-
perature and 2-50 kG fields. A theoretical understanding, with
some experimental verification, of the plasma dynamics during
the compression phase is available. Axial trapping has been
numerically studied. Limited assessment of the plasma wall in-
teractions have been carried out at reactor relevant conditions.

2.7.2.2 Screw Systems

A summary of current screw pinch experiments is given in
Table 2.7.1.

An artist's concept of Spica is illustrated in Figure 2.7.3.
Figure 2.7.4 shows the experimental device. Table 2.7.2 gives
the main parameters of the device.

Sp IV is a toroidal screw pinch with a highly elongated plasma.
The main parameters are given in Table 2.7.3.

SPICA II is a new screw pinch device, designed as a modification
of SPICA to increase the temperature from 70 eV to 150-300 eV,
to achieve a flat top time of 1 ms minimum and to attain beta's
approaching unity. The elongation of this device is midway be-
tween SPICA and SP IV and is intended to increase the implosion
efficiency while retaining a stable operation at the high beta.
This device will focus on studying the properties of high beta
plasmas: screw pinch, plugged spheromak and non circular
reversed field pinch. Figure 2.7.5 gives a schematic view of
SPICA II and Table 2.7.4 its main parameters.

2.7.2.3 Multipoles

High beta multipoie devices/153,155/ currently in operation are:

- the Wisconsin Levitated Toroidal Octupole
- the UCLA SURMAC
- the Toroidal Cusp Experiment (TCX)
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Both the octupole and the SURMAC devices which are shown in
Figure 2.7.6 are studying fusion plasma physics: the former
concentrating on the experimental verification of the existence
of "bootstrap" currents in toroidal systems and their ramifica-
tions, the later focussing on high beta stability. TCX is a
higher order multipole in which the plasma current is carried
primarily by ions. An artist's conception of the device is
shown in Figure 2.7.7. Typical discharge parameters for TCX are
40 eV Ti, 20 eV Te and 1O

Ï5 #/m3 density for 140 ps with
betas on the order of 20-30%. SURMAC has attained stable
discharges with ion temperatures on the order of 500 eV, plasma
densities 1019 #/m3 and beta's of 8%. The Octupole achieved
plasmas of 1019 #/m3, 20 eV with a beta of 2%.

Multipoles have two general uses: plasma studies and as
possible advanced fuel reactors. In the former case and, as
discussed earlier, these devices have focussed on high beta
studies. The assessment of their feasibility as advanced
reactors is in a preliminary stage and very speculative. The
status and progress of specific devices is discussed below.

All multipole devices must resolve the difficulty of supporting
their internal rings within the plasma without unduly contami-
nating or interfering with the plasma.

For the SURMAC stable operation at high beta has yet to be veri-
fied. Heating to attain fusion temperatures will be necessary.
The device has good accessibility for heating and any currently
proposed scheme for tokamaks appears viable. This device offers
the potential of steady state operation. Critical problem areas
are:

- the attainment of large current densities in the inboard
conductors

- first wall materials for conductors

- need for large recirculating power fraction if conductors are
normal (not superconducting).

A systematic research program to investigate the plasma physics
in progressively scaled up versions of the SURMAC over five
years has been proposed. If the confinement physics is favour-
able, commercialization could be rapid because of the use of
existing technology.

The state of the MIRICLE effort is very preliminary. There is
no known research program underway to check the feasibility of
recirculating the electrons nor the concomitant reduction in
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ambipolar potential. Theoretical assessment of the closed elec-
tron loop used to reduce plasma energy loss along the field
lines has not been carried out. Experimental assessment of
closing these field lines on the ambipolar potential within the
plasma must also be established.

The fundamental problem which must be resolved in the TORMAC is
the plasma loss rate along the cusp. Conventional heating
methods are not fast enough to set up the sheath at the cusp
which can impede plasma escape along the open field lines. RF,
adiabatic compression or shock heating must be developed for
this purpose. First wall problems typical of tokamaks are also
found here.

Tormacs offer the potential for:

- steady state operation
- natural incorporation of divertors at the cusps
- high beta operation

A research program to study the plasma physics of the TORMAC is
underway at Lawrence Berkeley Labs. Three issues must be
resolved before reactor development can be pursued:

- the formation of high beta sheaths to reduce cusp losses
- the feasibility of RF heating
- the attainment of toroidal equilibrium

Although this concept is not very different from the mainline
torus approach, the potential for steady state operation, lower
magnetic fields and smaller size are attractive. Commercializa-
tion could proceed faster than the lower beta tori.

The TCX is unique among multipole devices in that the plasma
current is carried by the ions and that the discharge heating
can be directly via the ions. Consequently ohmic heating, the
least expensive of heating methods, can be used. If the heat-up
scaling parameters continue to be favourable, fusion relevant
conditions can be economically attained. Reactor relevance must
await additional plasma physics studies. This device's princi-
pal advantages are operation at high betas (30%) and direct
heating of the ions. The plasma discharge duration has been
limited by the volt-second of the transformer. An upgrade is
underway to increase (and continuously vary) the cusp field and
to reduce plasma impurity concentrations by incorporating an RF
heating system and a wall gettering system.



- 56 -

2.7.2.4 Spherical Pinch

The spherical pinch/163,164,165/ at the National Research
Council of Canada is similar to a linear theta pinch except that
the plasma is driven towards a point rather than a line.
Therefore, it doesn't have the built in end losses that the
theta pinch has.

Figure 2.7.8 shows a schematic of the spherical pinch. It is a
spherical metal vessel with electrical spark discharges around
the inside of the spherical shell and at the center.
Figure 2.7.9 shows how the spherical pinch.works. At t=0 in
Figure 2.7.9 there is a spark discharge at the center of the
sphere, heating a small portion of the gas in the vessel,
causing it to expand. This causes a Shockwave, Se, to propa-
gate outwards. Coincident with its reflection from the surface,
RSe, there is a second spark discharge causing Shockwave S^,
reinforcing the reflected shock. The pressure behind the
imploding shock, Sj_, is greater than the pressure behind the
expanding central gas thus compressing it as shown in the
Figure 2.7.9.

To date, both theoretical and experimental work have been done
on this concept. Using 1 torr of deuterium gas with a 10 kJ
condenser bank, electron temperatures of 400 eV were observed.
There was also some neutron production observed/163/. The
theoretical arguments/164/ indicate that a practical reactor
would need a radius of between 2 and 10 cm with a gas pressure
of 100 to 10 000 torr (Figure 2.7.10). The largest difficulty
anticipated is the deposition of sufficient energy by the
central spark discharge.

2.7.3 Reactor Design Studies

2.7.3.1 Wall Confined Reactor

Preliminary scoping studies have been made/159,160/.

The shock-heated reactor proposes to compress and heat a low
density DT plasma to high densities and temperatures through a
sequence of shock waves. A typical reaction core, shown in
Figure 2.7.11, consists of an annular plasma chamber formed by
two concentric cylinders joined at one end and blanked at the
other. The outer cylinder is 1 m long and 2 m in diameter. The
annular gap is 60 cm.

Initially, the gap is filled with 20 mtorr of DT gas. A weak
(1 T) azimuthal magnetic field is generated by passing a small
current across the gap. An axial shock is launched down the
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annulus at velocities approach 700 krn/s by discharging a 2.7 MV
power supply across the same gap. The DT mixture is swept down
the annulus in front of the shock compressed at the blanked end
and heated to ignition. A trapping coil is turned on to contain
the DT mixture between the coil and the blanked wall. Dense
neutral gas along the wall shields it from the plasma. A
secondary bias field reduces ion heat conduction to the wall.
The walls must mechanically contain the radial plasma pressure.

A typical reactor, shown in Figure 2.7.12, would consist of
about 12 such tubes, each operated from a single power supply
about once every 10 to 15 s. Densities of 1022 #/m3 and
temperatures of 10 keV are predicted. Typical reactor
parameters are given in Table 2.7.5 for a 328 MWt power plant.

This concept offers the potential of an extremely simple fusion
reactor:

- no superconducting magnets
- simple magnet configurations
- a common power supply for heating and confinement
- linear geometry
- simple refuelling
- modular production/replacement of.tubes.

A number of major uncertainties must be resolved in this
concept:

- the dynamics of non-ignited plasma, of the expansion wave and
of the bouncing shock

- the useful burn period

- development of an effective axial trap

- experimental verification of the stability of the gas
blanketing and magnet heat shielding boundary layers under
reactor conditions

- development of energy storage and transmission on a 500 MW
scale

Some of the critical data needs for this concept are given in
Table 2.7.6.

The preliminary assessment of this concept/160/ suggests that
the reactor core can be scaled up to commercial plant size using
existing technology. It, however, suffers from a high recircu-
lating power fraction.
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This concept is amenable to small scaled testing of the shock
dynamics, axial trapping and plasma-wall interactions. Proof of
principle tests would require a megavolt, megamp power supply
capable of giving a power density of 10 W/m3.

2.7.3.2 Screw Systems

The potential of the screw system for a power reactor applica-
tion was investigated by Bustraan/151/.

The primary aim of the current program on screw pinches is to
find the optimal parameter regimes for high beta plasmas. This
work may impact on plasma control in tokamaks, RFP's and
spheromak's as discussed in an earlier section.
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; 3.0 ASSESSMENT OF COMPACT ALTERNATE CONCEPTS

3.1 SELECTION OF CONCEPTS FOR FOLLOWUP

In this reviev; publications relating to 71 experiments and 30
design studies have been examined. These concepts have been
evaluated against the following criteria:

1. Continuing experimental program

2. Fusion community support (favourable physics reviews;
official recognition in national or international programs)

3. Credibility of development plan

4. Favourable economic projections for energy projection

'. 5) Strength of advocacy group.

The purpose of this evaluation was to select those devices which
were most likely to burn tritium or to evolve into tritium
burning devices within the next ten years. The selections are
shown in Table 3.1.1 and are in order of earliest possible date
for start of operation. These dates were from timetables or
extrapolated from information provided by the groups involved
and no attempt has been made to estimate the probability of any
of the groups being able to follow their timetables.

The technology requirements of the devices in Table 3.1.1 were
; examined in more detail than the rest and in some cases visits
• were made to the groups involved (FTU, RIGGATRON and Ignitor).

It was felt that the number of devices covered was large enough
: and the devices v/ere diverse enough so that the range of tech-

y ; nology requirements is representative of those that will be
needed by fusion development in the next 10 years.

| Figure 3.1.1 shows more detailed timetables of those devices for
which the information was available. FTU is proceeding with
facility construction to begin in June 1984.

' In the following section, technology differences between main-
stream and compact alternates are discussed. The implications

• of these differences for further CFFTP activities will be
; ,. discussed in a subsequent report.
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3.2 TECHNOLOGY DIFFERENCES BETWEEN
MAINSTREAM AND COMPACT ALTERNATES

3.2.1 Wall Neutron Power Loading, Temperature and Conductivity

The high power loadings at the first wall in compact reactors
would affect selection of reactor materials. Selection should
take into account:

(a) Impurity generation and cleanup
(b) Limiter type, design and replacement frequency
(c) Waste and material re-cycle source terms
(d) Needs for high thermal (plus electrical) conductivity wall

materials.

Although the wall power loading j.s high, wall temperatures must
"be relatively low where it is necessary to use copper or other
high conductivity materials, and where the coils are located
adjacent to the first wall (as in the RIGGATRON). A lower
temperature first wall reduces the thermal efficiency and will
require specially designed power extraction systems for effi-
cient operation. The presence of any coils near the first wall
v/ill constrain the breeder configuration. Development of high
conductivity wall materials with low tritium permeation, high
durability, and acceptable sputtering products as plasma contam-
inants, are required.

3.2.2 Breeder Blankets

Compact alternate reactor breeder blankets require consideration
of:

(a) Structure: A high flux in a small volume results in
degradation problems.

(b) Breeder material: A solid breeder material may result in
degradation of the ceramic while a liquid breeder material
may result in problems with pumping inside a high field or
with corrosion at high temperture.

(c) Reduced breeder module dimensions and suitable locations.

Difficulties in breeder design and location may prevent compact
reactors from being net tritium producers. Make up tritium,
from other sources may be required, and the fusion fuel economy
resulting from such a situation needs to be examined. Make up
tritium might come from special tritium breeder (fusion or
fission) reactors. Smaller breeder volumes would reduce startup
and operating inventory of tritium. Novel breeder materials
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could affect tritium extraction techniques. "Out of core"
tritium processing of breeder modules might be justified since
this may permit designing the modules to withstand higher
irradiation, end would permit the modules to be collected and
reprocessed at a central site. While this introduces economies
of scale, and reduces the need for on-site concentrated tritium
handling facilities such as hot cells, it would require ship-
ping, overpacks and a central extraction facility. Breeder
module reprocessing might thus become an important associated
industry. Module development studies could also look at the
feasibility of a hybrid reactor economy based on similar breeder
modules. For instance, if the problems with breeding ratios
were eventually overcome, and surplus breeding capacity were
available, the breeder modules might be redesigned for U-233
production from thorium.

Economic and environmentally acceptable compact-alternate opera-
tion will likely require core-material recycling. Commercially
valuable isotopes (eg, Co-60) could be extracted. Recycling of
blanket/wall structures and the marketing of activation by-
products from ignition experiments or compact reactors may be a
"spin-off" industry. An alternate approach might be to do
isotope separation in the first place to reduce activation.

3.2.3 Fractional Burnup and Plasma Power - Small Plasma Volume

These are all likely to be less than for mainline devices, and
would in turn affect:

(a) Tritium pumping and processing requirements.
(b) Plasma fuel injection techniques.

For ignition experiments and compact reactors based on the
alternates, the range of device sizes may "fill in the spaces"
in the current range of tritium facility requirements. Small,
self-contained, simple, fuel system packages may be useful for
ignition experiments on the alternates. In some cases it may be
preferable to omit on-site isotope separation in favour of
storage of plasma exhaust for shipment to a central processing
facility. Depending on the time scale with which some of the
alternate device experiments are pursued, it is likely that time
will exist to apply operational experience gained to 're-engineer
the approaches used on the mainstream experimental devices (eg,
TFTR, JET) for efficiency and lower capital cost. Prototype
compact reactors might use refined fuel handling systems of the
scale of a DEMO or INTOR.
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The storage, handling, and recovery apparatus for use in compact
reactor systems may require manifolding of many reactor units to
a single tritium supply and recovery header. Engineering
feasibility of this should be examined.

Maintaining uniform, pure plasmas (especially if the devices are
short pulse) may require special fuelling techniques. For
example, gas puffing approaches may require the development of
special ports and pumps. Standardization of fuelling between
devices of different kinds might be achieved through a device-
specific combination of pellet injection and gas-puffing. If
this is so, an effort to achieve greater awareness of tritium
fuel pelletization in the Canadian program would permit the most
flexible response to a variety of fuelling needs.

Maintaining adequate plasma quality in compact-alternates will
require small devices be able to withstand the harsher environ-
ment of the compact fusion reactor and be replaceable inexpen-
sively. Tritium and neutron monitoring requirements might be
addressed, building upon CANDU fission reactor experience.

3.2.4 Structure and Layout

Compact alternate reactor devices and ignition experiments will
require smaller structures. The size and number of containment
areas would likely be reduced. Equipment access for maintenance
and component changeout may dominate layouts, in that the manip-
ulator systems may be larger than the reactor cores themselves.
For changeout of reactor modules, shielding will have to be
readily removable, and thin neutron and gamma shielding panels
may have to be developed for use around whole reactor units, or
in the small "tight" enclosures created by the reduced scale of
the devices. Where modular costruction of the compacts is used
to permit whole reactor modules to be removed and replaced,
large manipulators and transporters, to some degree analogous to
the CANDU fuelling machines, would be required. For access to
the internals of the devices, for repair or in-service inspec-
tion, very high dexterity and sensitive machine vision would be
required. Given the conditions to which the reactor structure's
internals would be subjected, it is probable that a rigorous
in-service inspection program would be required. Thus, small
scale equipment and techniques for rapidly assessing internal
reactor material conditions may be required. CANDU experience
in the assessment of pressure tube and boiler tube materials may
be applicable to this problem. In any case, remote manipulators
will be very important in achieving sufficiently high plant
availability for a compact fusion reactor to be economic.
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For upgrades to alternate device experiments aimed at ignition,
it is likely that tritium contamination control and ventilation
features would be sought as add-ons at the upgrade' point.
Drawing on CANDU experience with HTO tenting, it may be possible
to design "air dome" tents, with airlocks and a package con-
taining blowers, instrumentation, and dryers which could be set
up around an existing experiment. CFFTP experience with materi-
als selection for minimum T permeation and conversion would be
applicable to this problem. The "air domes" might find later
application at compact fusion reactor sites as temporary con-
finement which could be set up over an entire compact reactor
unit prior to opening its associated tritium handling or coolant
systems. This would avoid the need to sub-divide the fusion
reactor module hall. Maximizing access and "lay-down" space
surrounding reactor modules - an important design principle -
would thus be facilitated.

Efficient power conversion equipment (steam generators, tur-
bines, electrical generators, transformers) for small alternates
in the 10 to 100 MWe range would be required. Where the alter-
nates might be used in banks, matching steam output to optimum
turbo generator sizes would be important for efficient opera-
tion. Ontario Hydro has, in the past, examined the problems of
inter-connections between units and steam generators, and the
use of common steam headers and various sizes of turbo generator
sets in a single facility. This experience could be applied
both in the design and in the eventual commissioning of the
reactor system.

The small scale of some ignition experiments and compact fusion
reactor settings may make possible simplification of licensing.
Conversely, however, these smaller scale facilities may be
inhibited by lack of local licensing, and safety expertise.
Safety and licensing "packages" for these facilities might be
developed generically, based on their inventories of say 10 or
100 g (tritium). Based on IAEA standards and international
practice, these packages could be tailored for local require-
ments. All aspects of environmental and occupational tritium
handling could be considered in "generic" EA documents and
safety assessments. (This approach - the use of a "class" EA -
is used in Ontario and elsewhere in Canada, where projects are
to be replicated). A package of radiological services could
be devised similarly to meet facilities operational needs. This
might include such items as disposable and recyclable protective
clothing, an equipment maintenance service to pick up, rehabili-
tate, decontaminate, and re-calibrate radiological equipment; a
laboratory analysis system with on-site detectors and remote
readouts to provide dosimetric data processing; servicing kits
such as local ventilation control systems (eg, a miniature
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version of the air dome noted previously); and waste treatment
and disposal services. Many elements of these services may be
already available locally and the task may be simply one of
organization, administration, quality assurance and regulatory
liaison in collaboration with existing sources.

A project scheduling and costing service would be very important
to the economic viability of compact reactors. The ability to
cut project time from 10 years to 5 years is a major reason for
the cost effectiveness anticipated for the alternates. To
realize this will require close PERT tolerances. From initial
experience in this area, lists of major component suppliers with
their lead times could be prepared.

Since their smaller size would permit flexible siting of the
ignition experiments or reactor configurations of alternates it
may be possible to build upon this advantage by integrating the
compact reactors into a DHe-3 fuel cycle. Sma. 1 compact
reactors burning Helium-3 would be used in conjunction with
remotely sited (large scale reactor) tritium breeders (DT
burners). Helium-3 supplies would be needed to initiate such an
alternate fuels economy and some may be obtainable from stored
tritium.

Equipment development requirements for helium handling where
these might differ from hydrogen isotope handling, should be
looked at. It should be possible for less sophisticated and
costly components and safety systems to be employed. The use of
companion large scale tritium breeders would require enhanced
breeding ratios, materials durability, lower tritium percentage
leakages, and a generally enhanced emphasis on safe tritium
handling at the breeder sites and in transportation. The use of
remote tritium breeder sites may require conversion to non-
electric energy forms for transmission, eg, hydrogen or
synfuels.

3.2.5 Pulsed Versus Steady State Operation

Key issues here include pulse duration and cycle time, power
supplies, energy storage and output power utilization: fuel
injection and plasma formation: first wall and blanket fatigue
and in-service inspection requirements.

Grid synchronization in power utilization from pulse power
devices should be reviewed. The generally negative utility
attitudes to such devices has resulted in there being given
little importance in the planning for future fusion machines.
However, the trade-off does not appear to have been carefully
studied. Even the mainline "steady state" devices may be unable



- 65 -

to maintain the necessary plasma purity for long periods, and be
forced to cycle on "minute" time periods rather than "hour"
periods. Obviously, smaller units engaged in such cycling would
be easier to manage. In short, problems of synchronizing many
small pulsed units may be more tractable than those involved in
achieving "steady state" on small devices with their inherent
impurity control problems, or the operation of single "steady
state" devices with their resultant large power output swings.

If the problems of interconnection of pulsed power units can be
solved, additional reactor units could be provided in a reactor
bank to provide backup. Thus availability of rated "station"
output could be improved without the need for a corresponding
increase in unit reliability.

3.2.6 High Beta Operation

This permits operation with conventional, non-superconducting,
magnets. Higher recirculating power fractions result, ie, more
of the plant energy is consumed in the operation of the mag-
nets. It is likely that the increased power consumption of the
magnets would result in increased emphasis on electical effi-
ciency in the design of the balance of the plant (BOP) to reduce
the overall recirculating power fraction.

High beta systems can operate with liquid metal coolants more
readily than low beta systems, since the magnetic fields which
the coolant intersects can be proportionally smaller. This is
particularly true for RFP concepts. The use of liquid metal as
opposed to water based coolant systems would have implications
for CFFTP programs, in particular the higher escape rate of HT
from liquid metal handling systems would suggest increased
emphasis on capture of escaping HT around the systems (possibly
in a non-oxidative cleanup system). Correspondingly, emphasis
on water cleanup for low level tritium contamination would be
reduced.
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4.0 SUMMARY AND CONCLUSIONS

This report is primarily a review of compact alternate magnetic
fusion confinement concepts. The purpose of this review is to
identify those groups whose experiments may burn tritium or
evolve into tritium burning experiments within the next ten
years. They are listed in Table 3.1.1 and approximate
timetables for FTU, OHTE, RIGGATRON, FDX and Ignitor are given
in Figure 3.1.1.

In addition, we have listed in Table 4.1.1 a number of experi-
ments which may evolve into tritium burning experiments by the
late 1990's. This list, however, is not considered exhaustive.
Despite a significant time lag in maturation of alternative
concepts with respect to the tokamak, the gap could close in
much less time than was required by the tokamak because they
would use much of the same technology.

In Chapter 3 there is a general discussion of the technology
differences between the devices of Table 3.1.1, taken as a
group, and the mainstream tokamaks. The principal differences
are :

(1) typically higher first wall loading for the compacts

(2) different blanket requirements

(3) higher magnetic fields for the compacts

(4) maintenance requirements

(5) cheaper experiments for the compacts

(6) fractional burnup and power density

(7) structure and layout

(8) mode of operation (pulsed or steady state)

(9) some compacts may have a high beta.

The implications of these technology differences for the CFFTP
will be discussed in a subsequent report.
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APPENDIX A

LIST OF REVIEWED EXPERIMENTS AND

Device/Name
Description

S-1

Proto S-1, A,B,C

PS-1,2,3

MS

CTX

Prototype Gun

CCTC-1

Beta-II

Dual Conical
Theta Pinch

TRISOPS IIX

Rotating E-Beams

RECE-Christa

RECE-Berta

CHIP

IREX

LONGSHOT

Ion Ring Program

IBM

FRX-A,B,C,

CT

CT

CT

CT

CT

CT

CT

CT

CT

CT

CT

CT

CT

CT

CT

CT

CT

CT

CT

Configuration
(Exp-Experiment
or RD-Reactor

Design)

(Exp)

(Exp)

(Exp)

(Planned Exp)

(Exp)

(Exp)

(Exp)

(Cancelled Exp)

(Exp)

(Exp)

(Exp)

(Exp)

(Exp)

(Exp)

(Exp)

(Exp)

(Exp)

(Exp)

(Exp)

REACTOR DESIGN

Institution

PPPL

PPPL

Maryland

Maryland

LANL

LANL

Osaka

LLNL

U of
Washington

U of Miami

NRL

Cornell

Cornell

Cornell

Cornell

Cornell

NRL

U of
California

LANL

STUDIES

2.

2.

2.

2.

2.

2.

2.

2.

2.

2.

2.

2.

2.

2.

2.

2.

2.

2.

2.

Section

2.

2.

2.

2.

2.

2.

2.

2.

2.

2.

2.

2.

2.

2.

2.

2.

2.

2.

2.

2.

2.

2.

2.

2.

2.

2.

2.

2.

2.

2.

2.

2.

2.

2.

2.

2.

2.

2.

1

1

2

2

3

3

4

5

6

7

8

9

9

9

10

10

11

12

13
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HBQ

TRX-1

Laser Heating

FRTP

NUCTE

Rotamak

RFTP

CCTX

CT

CT

CT

CT

CT

CT

CT

CT

(Exp)

(Exp)

(Exp)

(Exp)

(Exp)

(Exp)

(Exp)

(Planned Exp)

U of
Washington

MSNW

U of
Washington

Penn State

Nihon U

Flinders U

Ruhr

US

2. 2. 2.14

2.2.2. 15

2.2.2. 16

2. 2.2.17

2. 2.2.18

2. 2.2. 19

2.2.2.20

2. 2.1

KARIN-I CT (RD)

Spheromak (PPPL) CT (RD)

Spheromak (UI) CT (RD)

IRC CT (RD)

Astron CT (RD)

FRM CT (RD)

MRFRMR

MRR

CTOR

TRACT

LINUS (NRC)

LINUS (LANL)

CT (RD)

CT (RD)

CT (RD)

CT (RD)

CT (RD)

CT (RD)

Nagoya U

PPPL

UI

Cornell

LLNL

LLNL

LLNL/PG&G/
Cornell/GAT/

Nagoya?

LANL

MSNW

NRL

LANL

2. 2.3.1

2. 2.3.2

2. 2.3.3

2. 2.3.4

2. 2.1

2.2.3 and
2.5

2.2.3.6

2. 2.3.7

2. 2.3.8

2.2.3.9

2.2.3.10

2.2.3.10
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SAFFIRE

Ignitor

CT (RD)

HPDT (Planned Exp)

RIGGATRON

TORUS-II

Alpha-Tor

STOR-I

FTU

CITR

AFTR

RIGGATRON

Scylla IV
IV-3 and

FDX

FPC

_p

I-C

HPDT

HPDT

HPDT

HPDT

HPDT

HPDT

HPDT

HPDT

LMS

(Planned Ex

(Exp)

(Exp)

(Exp)

(Exp)

(Paper-Exp)

(RD)

(RD)

(Exp)

Linear Scyllac LMS (Exp)

High Beta Linear LMS (Exp)
Theta Pinch

Izazuchi-C

PT-Z

EXTRAP-LO

Z-Pinch

LMS (Exp)

LMS (Exp)

LMS (Exp)

LMS (Exp)

UI

MIT/Ispra/
CNEN

INESCO

Columbia

Kurchato
(USSR)

Saskatchewan

Frascatti

MIT

MIT

INESCO

2.2.3.11
and 2.5

2.3.2.1
Appendix E

2. 3.2. 2

2. 3.2.3

2.3.2.4

2.3.2.5

2. 3, 2.6

2.3.3.1

2.3.3.2

2.3. 2.2

U of
Washington

Nikon U

Tokyo Insti-
tute of
Technology

Stockholm

Imperial
College

2.4.2.1

2.4.2.1

2. 4.2.2

2.4.2.3

2.4.2.3

2.4.2.3

2.4.2.3

HDZP LMS (Exp) LANL 2.4.2.3
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Laser Heated
Solenoid

E-Beam Heated
Solenoid

Linear Pinch
Reactor

Fast Liner
Reactor

Dense Z Pinch
Reactor

TMX, TMX-U

Phaedrus

GAMMA-6

TARA

GAMMA-10

AMBAL

MFTF-B

LLL-TDF

JFEF

TASKA, TASKA-M

MARS

WITAMIR-1

TCTM-Hybrid

LMS (RD)

LMS (RD)

LMS (RD)

LMS (RD)

LMS (RD)

Driven TM

Driven TM

Driven TM

Driven TM

Driven TM

Driven TM

Driven TM

Driven TM

Driven TM

Driven TM

TM (RD)

TM (RD)

TM (RD)

(Exp)

(Exp)

(Exp)

(Exp

(Exp

(Exp.

(Exp

(Exp

(Exp

(Exp

84)

83)

83)

85)

90)

90)

90)

7

•p

7

7

7

LLNL

U of
Wisconsin

Japan

MIT

Japan

USSR

LLNL

LLNL

Japan

Japan

Japan

•p

•p

2.4.3.1

2.4.3.2

2,4.3.3

2.4.3.4

2.4. 3.5

2.5. 2.1

2. 5.2.1

2.5. 2.1

2.5.2.1

2.5. 2. 1

2.5.2.1

2.5.2.1

2.5.3.1

2.5. 3.1

2.5.3.1

2.5.3.1

2.5.3.1

2.5.3.1
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2XII-B

BETA-II

FRM (Exp)

FRM (Exp)

LLNL

LLNL

2.5. 2.2
and 2.2

2.5. 2.2
and 2.2

FRM

SAFFIRE

MRFRMR

FRM (RD)

FRM (RD)

FRM (RD)

EPRI

UI

LLNL/PG&G
CORNELL/GAT/

2.5. 3.2
and 2.2

2.5. 3.2
and 2.2

2.5. 3.2
and 2.2

TPE-IRM

ETA-BETA II

HBTX 1A

Cleo

ZT-40M

OHTE

CRFPR

OHTE Reactor

RFP

RFP

RFP

RFP

RFP

RFP

RFP

RFP

(Exp)

(Exp)

(Exp)

(Exp)

(Exp)

(Exp)

(RD)

(RD)

Japan

U of Padua
Italy

Culham

Culhain

LANL

GA
Technologies

LANL

GA
Technologies

2.6. 2

2.6. 2

2.6. 2

2. 6. 2

2. 6. 2

2.6. 2

2.6. 3.1

2.6. 3.2

Wall Confined Exp
Reactor

2.7. 2.1

Wall Confined
Reactor

RD 2.7. 3.1
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TDE-la, 2

STP-3

Toroidal Screw
Pinch

Screw Pinch (Exp)

Screw Pinch (Exp)

Screw Pinch (Exp)

SPICA II, SPIV Screw Pinch (Exp)

Japan

Nagoya U

Utsunomiga
(Japan)

FOM Jutphaas
(Netherlands)

2.7.2. 2

2.7.2.2

2.7. 2. 2

2.7.2.2

Screw Pinch

Wisconsin
Leviated
Toroidal
Octupole

SURMAC

TCX

MIRICLE

TORMAC

Spherical Pinch

RD

Multipole

Multipole

Multipole

Multipole

Multipole

Exp

(Exp)

(Exp)

(Exp)

(Exp)

(Exp)

p

U of Wisconsin

UCLA

p

?

Lawrence
Berkely

National
Research
Council of
Canada

2.7.3.2

2.7.2.3

2.7.2.3

2.7.2.3

2.7.2. 3

2.7. 2. 3

2.7.2.4
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AFTR

AIP

APS

ARE

APPENDIX B

ACRONYMS AND ABBREVIATIONS

Advanced Fusion Test Reactor

American Institute of Physics

American Physical Society

Aspect Ratio Enhancement

CCTX

CEC

CITR

CLC

CRFPR

CT

CTCC-1

CTOR

CTX

Collisionless Compact Toroid Experiment

Commission of European Communities

Compact Ignition Test Reactor

Convective Loss Cone

Compact Reversed Field Pinch Reactor

Compact Toroid

Compact Toroid Collision and Compression-1

Compact Toroid Reactor

Compact Toroid Experiment

DCLC

DOE

Drift Cyclotron Loss Cone

Department of Energy (US)

EBT

EBTR

EF

EPRI

ELMO Bumpy Torus

ELMO Bumpy Torus Reactor

Equilibrium Field

Electric Power Research Institute
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FDX

FEF

FINESSE

FMIT

F PC

FRC

FRM

FRTP

FRX-A,B,C

FS

FTU

Fusion Demonstration Experiment (RIGGATRON)

Fusion Engineering Facility (Japan)

Fusion Integrated Nuclear Technology
Development Program

Fusion Materials Irradiation Facility

Fusion Power Core (RIGGATRON)

Field Reversed Configuration

Field Reversed Mirror

Field Reversed Theta Pinch

Field Reversed Experiment - A,B,C

Free Streaming

Frascati Tokamak Upgrade

GAT GA Technologies

HBQ or HBQM

HPDT

High Beta Q Machine

High Power Density Tokarrak

INESCO

INTOR

IRC

I REX

International Fusion Energy System Company Inc

International Tokamak Reactor

Ion Ring Compressor

Ion Ring Experiment

JET Joint European Torus

Japanese Fusion Energy Facility
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LANL

LINUS

LLL-TDF

LLNL

LMS

Los Alamos National Laboratory

Slowly Imploding Liner

Lawrence Livermore Laboratory Technology
Demonstration Facility

Lawrence Livermore National Laboratory

Linear Magnetic System

MEP

MFAC

MFTF-U

MHD

MRCTR

MRFRMR

MS

MSNW

Material End Plug

Magnetic Fusion Advisory Committee

Mirror Fusion Test Facility - Upgrade

Magnetohydrodynamic

Moving Ring Compact Torus Reactor

Moving Ring Field Revised Mirror Reactor

Maryland Spheromak

Mathematical Sciences North West Inc

NB

NBT

NET

NRL

Neutral Beam

Nagoya Bumpy Torus

Next European Torus

Naval Research Laboratory

OH

OHTE

ORNL

OVIP

Ohmic Heating

Ohmically Heated Toroidal Experiment

Oak Ridge National Laboratory

Oak Ridge Valley Industrial Park
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PF

PFC

PG&E

PPPL or PPL

Proto S-l

PS-1,2,3

Poloidal (Magnetic) Field

Poloidal Field Coils

Pacific Gas and Electric Company

Princeton Plasma Physics Laboratory

Prototype Spheromak-1

Parametric Spheromak 1, 2 or 3

REB

RF

RFP

RFX

RIGGATRON

RIGGATRON FDX

RIGGATRON FPC

RTNS

Relativistic Electron Beam

Radio Frequency

Reversed Field Pinch

Reversed Field Experiment

INESCO device named after the Riggs National
Bank, an early funder of INESCO

RIGGATRON Fusion Demonstration Experiment

RIGGATRON Fusion Power Core

Rotating Target Neutron Source (LLNL)

SAFFIRE

S-l

Self-Sustained Advanced Fuel Field Reversed
Mirror Reactor

Spheromak-1

TASK A

TASKA-M

TCX

TDF

TF

Tandem Mirror Engineering Test Facility

Modified Version of TASKA

Toroidal Cusp Experiment

Technology Demonstration Facility

Toroidal (Magnetic) Field
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TFC Toroidal Field Coil

TFET Tokamak Fusion Engineering Test (TFTR Upgrade)

TFTR Tokamak Fusion Test Reactor (PPPL)

TM Tandem Mirror

TRACT Triggered Reconnected Adiabatically Compressed
Torus

TRX-1 Triggered Reconnection Experiment-1

UI University of Illinois
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APPENDIX C

STELLARATORS AND TORSATRONS

C.1 Concept Development

The r-i imp Test toroicrn magnetic-field configuration is that
produced by coils encircling the minor circumference and the
field lines close on themselves around the major circumference.
This simple configuration is not stable unless the field-lines
are twisted, to close on themselves after several turns around
the torus. Stellarators provide the aforementioned rotational
transform by twisting the torus out of the plane/166/ or by
winding additional helical coils around the torus.

Torsatrons are closely related to stellarators and differ from
the latter in that a single set of helical windings external to
the vacuum vessel produce the requisite magnetic fields/167/.
The magnetic-field coils for torsatrons are considered to be
technologically less demanding than those for the classic
stellarators.

Stellarator research had stagnated somewhat in the I960's and
was overtaken by Tokamak developments. The formulation of a
modular design of magnetic-field coils/168/, and good results
from Wendelstein Vll-a, as reported at the 8th IAEA Meeting
1980/169/, has led to a revival of interest in this approach to
magnetic confinement of a plasma.

Two major experimental facilities for the study of torsatrons
are Kyoto University, Japan (Heliotron series, most recently
Heliotron-E) and the Kharkov Physico-Technical Institute,
Kharkov, USSR (most recently Uragan-III). The heliotron
concept originally was somewhat different than a torsatron, but
heliotron-E is effectively a torsatron according to the simple
definition adopted for this survey. Preliminary results with
Heliotron-E/170/, have been confirmed recently as leading to a
mode of plasma containment where there is no need to sustain a
circulating current in the toroidal direction.

According to a recent review/171/, Wendelstein Vll-a will
continue to operate until 1985 whereupon the next device, VII-AS
will be assembled to become operational in 1987. Uragan-III
appears to suffer from technical problems associated with
outgassing and arcing from coils.

In r/he US a major new stellarator ATF-1 has been approved and
components are being designed in detail with start of procure-
ment in mid-1983 (T. Jernigan, private communication). A
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complete description is not available as yet on this device.
Briefly, it is a conventional stellarator with a relatively
large plasma cross-section and a reasonably small aspect ratio
in comparison with other facilities, eg Table C.I.

C.2 Reactor Studies

Reactor studies of stellarators date to 1954/166/. Recent
developments have spurred renewed interest in the development of
torsatrons and (modular) stellarator reactor concepts which are
tabulated in Table C.2.

It appears that several international workshops (and within the
US most recently April 14-15, 1983 at ORNL) have taken place
without proceedings. A major review that discussed stellarators
occurred July 1981 at the Max-Planck Institut fur Plasma-physik
and is available as an IPP report/172/. The general conclusion
is that stellarator progress is sufficiently advanced to
investigate systems that promise further essential improvements.

The following is a short list of reactor studies that were
reviewed critically/171/:

T-l: torsatron proposed by MIT/173,174/
Heliotron Reactor: proposed by Kyoto University/175/
UWTOR-M: proposed by University of Wisonsin
MSR: studied by Los Alamos National Laboratory

Recently MIT has upgraded their T-l design and this is now
called T-2.

It appears that the most clearly defined and detailed concepts
are the last two and these are compared in Table C.3. For
reference purposes STARFIRE, a study of a steady-state Tokamak
reactor is included.
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APPENDIX D

BUMPY TORUSES

D. 1 Concept Development

Bumpy toruses comprise a toroidally closed set of linked magnet-
ic mirrors. The concept was first discussed by Spitzer/176/ in
a discussion of the stability of stellarators. Experiments with
a bumpy torus have developed out of mirror experiments with the
ELMO device at Oak Ridge National Laboratory/177/.

In the ELMO experiments very hot, stable electron-ring plasmas
were observed. In the EBT (ELMO Bumpy Torus) and later in the
NBT (Nagoya Bumpy Torus) energetic electrons produced through
electron-cyclotron heating form a ring with enhanced confinement
of the particles resulting from an ambipolar electric field.
Thus, a feature of EBT (also NBT) research has been the develop-
ment (and successful use in continuous wave modes) of high-power
high-frequency gyrotrons, ie, 18 GHz for EBT-I, 28 GHz for
EBT-S/178/ and 8.5 GHz for NBT-I/179/.

Good experimental results with EBT-I/180/ led to implementation
of an EBT-scale or EBT-S facility. First results from this
experiment were satisfactory/181,182/. Thus a facility EBT-
Proof-of-Pririciple, EBT-P was proposed/183/.

Table D.I shows a comparison of EBT-S and EBT-P parameters. The
intent of the EBT-P device was to have addressed the following
issues:

(1) Scaling up production, maintenance etc, of the electron-
ring plasma

(2) Examine transport, confinement, ion and electron tempera-
ture, plasma density, etc, scaling laws

(3) Examine beta limits

(4) Develop technology of multi-megawatt steady-state microwave
and radio-frequency heating.

The EBT-P device was, in two scenarios, to be sited at the ORNL
(Y-12) facility or at a nearby industrial park. McDonnell
Douglas Aircraft Company was ORNL's industrial partner for
design, procurement, construction and operation of EBT-P/178/.
The US DOE Office of Fusion Energy gave a positive
"recommendation ... that the EBT-P facility be approved for
construction at the OVIP (OVIP = Oak Ridge Valley Industrial
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Park) site". Project costs were cited in 1982 at $US 66 million
for construction, and $US 10 million/year operating costs.

During the operation of EBT-S, a class of unconfined particles
was found. These barely mirror-trapped particles do not fully
precess around the toroidal axis in an EBT, and consequently are
susceptible to drifts which take them out of the plasma. The
EBT concept is thus placed in the same situation as Tandem
Mirrors and other devices where means must be found to plug or
slow down losses from this hole, but with a much poorer
theoretical and experimental data base. Consequently, DOE
support for proceeding to EBT-P has been withdrawn.

The performance of NBT-I has been sufficiently promising that a
further experiment NBT-1M has been funded and is nearing opera-
tion/182,184/. Table D.2 compares the characteristics of these
two experimental devices.

D.2 Reactor Studies

Most reactor studies that have been published originate with.
ORNL/185/ (partially in collaboration with MIT), but several
have been carried out by Los Alamos National Labora-
tory/186,187/. Some of the earliest studies have led to very
large size (major radius > 50 m for a 1200 GWe plant).

Table D.3 compares two EBT reactor studies. An important param-
eter in EBTR design is the overall size of the plasma core.
Various methods have been suggested that would mimic the large
aspect ratio, ie, large value of ratio major to minor radius,
that appears to be needed based on the present-day understanding
of basic physics processes. One concept that could potentially
have been examined by EBT-P comprises addition of very large
auxiliary coils (toroidal) that would produce Aspect Ratio
Enhancement (ARE). Other suggestions include splitting toroidal
coils and placing these in wedges and alternate forms of ARE.
Recent work by IPP-Nagoya/189/ suggests that further alterna-
tives are being examined there.

During this survey no references were found to Japanese propo-
sals for a bumpy-torus based fusion power reactor.

The two crucial problems that face EBTR designs are/190/:

(1) large physical aspect ratios necessary for good confinement

(2) development of multi-megawatt steady-state microwave
sources at > 100 GHz
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An EBTR would be a steady-state device, relatively simple to
construct and repair and likely to operate at high beta. The
latter could lead to D-D operation with all of the attendant
benefits.
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APPENDIX E

EXCERPTS FROM THE "IGNITOR ASSESSMENT PANEL" FINAL REPORT

Below are excepts from the Adams panel final report/79/. The
conclusions are given in Section E.8.

E.I The Scientific and Technical Interest
of Ignitor for Fusion

Ignitor is not considered to be on the main route to a future
fusion reactor and its technology is not reactor relevant.
However, should the predicted second high beta stability region
prove stable and accessible this situation may change and lead
to a renewed interest in very high field tokamak reactors
designed to burn other fuels. This would avoid the need to
breed tritium and would reduce the fraction of power from fast
neutrons.

At the present time, the main interest of Ignitor for fusion
therefore lies in its ability to explore the plasma regime at
D-T ignition or very close to it. It can be regarded as an
experiment complementary to JET in this respect and given the
importance to fusion of studying the ignition regime and the
uncertainties in extrapolating from existing experiments, it
could be justified as a relatively low cost back-up experiment.
It should be pointed out, however, that the physical situation
in Ignitor due to its high density and magnetic fields is not
the same as in JET. This has the advantage that the results
would be complementary but the disadvantage that it will not be
easy to correlate them.

E.2 The Soundness of the Physical Basis of Ignitor

The Panel arrived at the conclusion that the physical basis for
Ignitor has been well thought out and that it is at least as
good as that which exists for the design of other experiments
such as TFTR and JET.

Nevertheless, the uncertainties exist and ignition is particu-
larly difficult to predict because of the very sensitive depen-
dence of thermonuclear reaction rates on plasma temperature.
Depending on the selection made the results of present experi-
ments can be interpreted to predict the success or failure of
Ignitor.

In summary, the Panel finds that the physics basis for the
Ignitor experiment is adequate, and that the attainment of
ignition is a plausible outcome but by no means certain. Much
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will depend on the experiment reaching the promised machine
parameters and on the feasibility of effective RF heating of the
plasma. A wide range of diagnostics will be needed to ensure
that Ignitor contributes sufficient physics information for the
next phase of the Fusion Programme.

E.3 The Feasibility of the Proposed Technical Solution

Due to its very high magnetic fields, inertial cooling and the
high power densities, Ignitor poses a number of difficult
engineering problems to which the Group of Professor Coppi and
the two consulting firms have provided solutions. The Panel
examined these solutions to ensure that they were feasible and
that nothing had been overlooked. During the course of this
examination, the design of some parts of the apparatus was
changed due to a creative interaction between the Panel and the
Group. It is important to point out that although plausible
solutions to the many technical problems exist, they do not yet
present a coherent and integrated design. The Panel was
assessing a feasibility study not a final design study.

After many discussions and some design changes by the Group, the
Panel came to the general conclusion that the structure could be
designed to restrain the forces set up during the maximum
generating cycles of the machine although the materials would be
working near their safe limits. This conclusion is based on the
results of elaborate computer calculations of stresses during
the cycle carried out by the Group and the firms which the Panel
had neither the facilities nor the time to check independently.

From the technical point of view, the Panel concluded therefore
that the Ignitor experiment is feasible providing that the
vacuum chamber is designed with adequate protection (limiters)
and sufficient mechanical strength to withstand the thermal
loads and plasma disruptions likely to arise in the experiment
at the maximum plasma parameters and at the high magnetic field
proposed (15 Tesla), and that the electrical insulation system
proposed can be shown to withstand the high stresses imposed on
it during the cycle by further analysis and laboratory tests.

E4 The Funds, Staff, Organization and Infrastructure Needed
For a Possible Implementation of the Ignitor Project

(The costs are given in Section 2.3.2.1)

The Panel estimates that the construction of Ignitor would need
a Staff of about 150 to 200 persons of which one-third would be
professional staff.
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Although a construction time of three years is proposed for
Ignitor, the Panel feels that this is a minimum. A more likely
construction time would be closer to four years.

On the question of the infrastructure necessary for implementing
a project like Ignitor, it must be borne in mind that the suc-
cessful operation of the device involves tritium and radioactiv-
ity. In most countries, this requires a site which is isolated,
guarded and licensed for this kind of operation. Apart from
this special requirements, the infrastructure needed to con-
struct and operate Ignitor is that which typically exists in the
larger European fusion laboratories such as Culham, Frascati,
Garching, etc, or in other large non-fusion laboratories in
Europe, eg, CERN, ISPRA. If Ignitor was built on a "green
field" site, it would be necessary to create the necessary
infrastructure which would add to the cost of the project.
Whatever site is proposed for Ignitor, it would need to be close
to a strong point on the European electricity grid system
(400 kv) which can withstand the power impulsions caused by the
operation of Ignitor.

Up to now Ignitor has been studied by a Group comprised of
physicists from Universities and two firms acting as consultants
all under the leadership of Prof. Coppi. Individuals of this
Group are dispersed in Europe, one firm is in the USA, the other
in Europe and Prof. Coppi shares his time between MIT, Boston
and Italy. It says a lot for the inspired leadership of
Prof. Coppi and the enthusiasm of the individuals concerned that
such a dispersed group working part time have managed to present
such a we.ll thought out project to the Panel. However, such an
organization cannot carry the project much further. The next
step is to bring together a full-time group of people at one
place in Europe under a project leader who can turn the feasi-
bility studies presented to the Panel into an integrated project
design. Clearly, there would be every advantage if this group
and its leader formed the nucleus around which the project
construction group could be assembled later on if it was decided
to go ahead with the Ignitor project.

E.5 Power Supply

In the design of Ignitor presented to the Panel the electrical
power for the machine is taken directly from the grid system
through thyristor rectifiers. This technology is readily
available from the electrical power industry and hence does not
involve problems of feasibility. Nevertheless, the power sup-
plies for Ignitor will represent a very large investment. In
this regard, it is worth pointing out that the peak power
required for Ignitor is about 600 MW which is greater than that
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for JET (500 MW). If this peak power is taken directly from the
electricity grid it will not only require that Ignitor is sited
near a grid system capable of supplying such a high peak power
but that the electricity supply company is convinced that taking
these peak powers periodically from their grid will not upset
the local generating stations.

E.6 Maintenance and Remote Handling

The relatively low cost of Ignitor compared with TFTR and JET
depends on achieving a device which will operate at very high
plasma densities and very high magnetic fields using inertial
cooling and consequently be small in size. To hold the device
together safely and to contain the very strong forces involved a
monolithic structure has been adopted. Assembling and disassem-
bling such a compact device easily and quickly is an essential
part of the design and must be a built-in feature of every
component and the whole machine. When Ignitor is operated with
a D-T plasma it will become highly'radioactive and can only be
approached remotely after a cooling down period. Since Ignitor
will produce so much radiation it must be installed in a con-
crete blockhouse with walls about 2 m thick which does not
facilitate access. It will also have tritium inside it which
needs careful handling.

It is clear from this brief description that the problem of
maintaining Ignitor and of replacing damaged parts is a serious
one. A complete sequence for assembling and disassembling the
device was presented to the Panel. Nevertheless, the Panel had
the feeling that the full implications of operating and main-
taining Ignitor remotely in its block house and of replacing
damaged parts had not been completely realized in the designs
presented to the Panel. Certainly, ways of achieving such
remote maintenance exist and can be adapted to Ignitor.

Assuming, as the Panel did, that the fundamental unit of Ignitor
will be a magnet sector complete with its C clamp, toroidal coil
and vacuum chamber, the problem is how to remove such a sector
from the machine in case one of its components is damaged. This
operation involves opening up the cryostat, stripping all elec-
trical, water, gas, RF, vacuum and other connections to the
sector by a remotely controlled robot, removing the compression
rings, poloidal coils and other devices to free the sector
mechanically, unwelding the bellows connecting the sector to its
neighbours from inside the vacuum chamber through a port with
another robot, and finally removing the sector from the block-
house and placing it in a shielded area so that it can cool down
sufficiently to make repair possible. Since this will take a
long time a new sector would be needed to replace the damaged
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one and reassembled in Ignitor using a procedure the reverse of
the disassembling procedure just outlined. To carry out this
whole operation safely, without becoming blocked at some stage
and in a reasonable time requires that every connection and
operation is carefully designed to be accessed remotely with
robots, and the whole scheme rehearsed several times in advance.

If limiters are used, as recommended by the Panel, a way of
removing damaged limiter plates remotely through a vacuum port
should be developed, since this would avoid removing a whole
magnet sector. Limiter plates are the most likely components to
be damaged during the discharges, which is why they are recom-
mended, but they must be easily removable.

Fully remote handling does not seem technically feasible due to
the small size and complexity of Ignitor and the limited
access. Even partial remote handling, for example to remove
limiter plates, will require a considerable engineering effort
and may call for bigger vacuum ports and hence have an impact on
the overall size of the machine.

E.7 Tritium System

Although the safe handling of tritium gas in Ignitor is clearly
of paramount importance the amount of tritium involved is small
enough that the problems of designing, constructing and oper-
ating the tritium plant should not, in the opinion of the Panel,
present major difficulties. A feasible scheme was presented to
the Panel on which a final design could be based. Obviously,
any site for Ignitor will need licensing by the national
authorities.

• E.8 Conclusions
y !

The Panel estimated that it would take about 30 to 40 profes-
sional man-years to turn the present feasibility study into a
project design. At this point, the project would be ready for
formal approval. The expenditure on this design study phase
would mainly be due to staff costs and to critical component
development such as the insulation system tests already men-
tioned. Some of this work could be contracted to industry which
will cause additional expenditure. Given the present advanced
state of the Ignitor feasibility study, the Panel feels that it
would be worthwhile to undertake a full design study of the
project (Emphasis added). During the course of this study,
experimental results at high plasma current operation and from
RF plasma heating will become available which can be used to
guide the final design. The Panel suggests that this design
study, if undertaken, should maintain the spirit of
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Prof. Coppi's proposal, namely to build an ignition experiment
at a modest cost in a short time. Whilst it should insure that
the mechanical stresses are safely contained, particularly in
the throat region of the device, it should resist any temptation
to elaborate the experiment which would cause cost or size
increases or prolong the time schedule.
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TABLE 1.1

ALTERNATE MAGNETIC FUSION CONCEPT STUDIES/3 /

1974-77 1977-81

Presented at
Culham
(1974)

Presented at Other Studies
Madison Published
(1977) Since 1974

Presented at
Tokyo
(1981)

Other Studies
Since
1977

Toroidal Steady-State Systems
EBT/NBT
Stellarator/torsatron/heliotron
Toroidally linked mirror

Mirrors
Standard mirror
Tandem mirror

Toroidal Pinches
Theta pinch
Reversed-field pinch
Screw pinch

Linear Systems (LMF)
Theta pinch
Laser heated solenoid
E-beam heated solenoid

F
F

H
F/H

2F

(Ff

Fc

F
3F

D,F,H

o

1

Compact toroids (CT)
LINUS
TRACT
CTOR
MRFRMR
FRM

High Powered Density Toruses (HPDT)
Ignitor/Riggatron
ITR/AFTR
OHTE
Compact RFP (CRFPR)

(F) F

(F)

F h

Fh

F h
F h

Fh

F
F
(F,D)
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TABLE 1.1 (cont'd)

1974-77 1977-81

Presented at Presented at Other Studies Presented at Other studies
Culham Madison Published Tokyo Since
(1974) (1977) Since 1974 (1981) 1977

Cusp Systems
Cusp with RF plugging F F f

Tormac (F) n

Dense Plasma Systems
Plasma focus (F)
Fast liner F
Mall-confined, shock-heated plasma [F] F

Dense Z-pinch F

Internal ring system F/[F] D

i

F = design for pure fusion reactor (_•
D = design for advanced fuel §
H = design for fission-fusion hybrid system I
[] = only presented informally at workshop discussion
() = preliminary or partial study
a = in Plasma Physics and Controlled Nuclear Fusion Research (Proc. 5th Int. Conf. Tokyo, 1974) Vol. 2, IAEA, Vienna

(1975) 619.
b = in Technology of Controlled Nuclear Fusion (Proc. 2nd Top. Meeting, Richland) Vol.2 (1976) 555.
c = Netherlands Energy Research Foundation Report, ECN-16 (1977)
d = in Technology of Controlled Nuclear Fusion (Proc. 2nd Top. Meeting, Richland) Vol.2 (1976) 371.
e = ibid, 383
f = ibid, Vol.1, 353
g = Nucl. Eng. and Design 63 (1981)7
h = Nucl. Technol/Fusion I (1981)5
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Table 2.2.1

Advantages of Steady-State and Pulsed Operation of a Fusion Reactor
From References 1 and 3

Steady-State Operation Pulsed Operation

1. Increased component and system reliability. 1. Equilibrium and stability are easier to
maintain.

2. Does not have the problems with material 2. Reduced engineering requirements for
fatigue that pulsed operation does. fuelling, heating, impurity control

flux drive and profile control.

3. Higher neutron wall load is acceptable.

4. Thermal energy storage not required
as it is for pulsed operation.

5. Reduced need for an intermediate
coolant loop.

6. The probability of plasma disruptions
is significantly reduced.

7. Electrical energy storage is
significantly reduced or eliminated.

H
o



TABLE 2.2,2
STATUS, AND PLANS OF FRC PROGRAM (FROM REFERENCE 10)

ISSUES

1. PLASHA PARAMETERS

2. FORMATION

3. STABILITY

4. CONFINEMENT
&

LIFETIHE

5. HEATING

6. IMPURITIES

7. PLASMA
ENGINEERING

PRESENT
STATUS

n - 2-3xl015cm"3

T
e . 100-180 eV
T* - 100-800 eV
<Ô>- 0.8-0.9

• Theta-pinch
method well-developed;
•v. 3ps, xs - 0:4-0.55
• Slower formation
methods under
investigation

• Stable to global
n»l modes (tilt)

• Higher order flute
modes not observed

R/Plo ->. 30

• Rotational mode
stabilized by barrier
fields

T N •»• 180 us

T 1- 210 us

T E - 100 us -o 3 T B o h o

(nrE •v.3xl0
11cn~3-s;

life i' 140 JiS without
barrier field
stabilization

Tlife * % Vlt-h

T c + T ± -v. 200-1000 eV

with some shock heating
and large dissipative
heating

• Low Impurities

e Energy loss by
impurity radiation
appeara small

• Intact toroids can
be injected by
nonsymnetric
reconnection

IMMEDIATE
PLANS

<B> - 0.6-0.7

• Large x "v< 0.8
3

• Demonstrate slov
theta-pinch method,

•v. 10 US
• Design slov formation
method, "*> 100 us

• Demonstrate
stability with
increased R/Pio

(reduced kinetic
effects) and lover <&>

• Investigate possibility
of large-orbit ion
injection

• nr > 1012cm"3-8

at 3 cm minor
radius

• T l l f e * 500 us

t Explore characteristics
of nicroturbulence

• Determine nature of
, energy losses

o Strong ohnlc heating
in slower formation
experiment

• Auxiliary heating
preliminary studies

• Demonstrate low
Impurities
(n /n < 11)

Z G

• Demonstrate stable
ejection and stopping

• Increased X by
translation8into
reduced diameter flux
conserver

FUTURE PLANS
(.'B5-'&T)

T > 250 eV
T^ > 1 keV

• Slow formation
experiments on
equilibrium plasma

• Longer FRC experiment
on 30-lOOus
formation titneBcale

• Institute large-orbit
Ion stabilization
if needed

m i > lO^cm-S.g
E

at 6 cm minor
radius and T^ > 1 keV

•T l l f e> l B 3

• Determine energy
confinement scaling

• Adlabatic compression
during translation

• Auxiliary heating
ejeperiment

• Maintain low
impurities with;
lpng lifetime} slow
formation; close-fitting
wall

• Translation with
BOOB adiabatic
compression

REACTOR
REQUIREMENTS

n - 2-3xl015

Te" Ti- 1 0 k e V

<B> t 0.6-0.7

« r * 0.8-0.9
a

a Slou fornation with
most of magnetic
energy supplied
on longer than 5 ma
tinescale

• Loti3 term stability
with R/p 1-50-100,
x a* 0.8-0?9 and metal

wall at least several
alpha gyroradll away

• nTE^ 10
15at

30 ci minor radius

Tlife" %

Primarily ohmic
heating and
adiabatic compression

Low impurities
allowing high T

Translation with
ediabatic compression

I

M
O

I



TABLE 2.2.3
STATUS AND PLANS OP SPHEROMAK PROGRAM (FROM REFERENCE 10)

ISSUES

1. PLASMA
PARAMETERS

2. FORMATION

3. STABILITY

4. CONFINEMENT
&

LIFETIME

5. HEATING

6. IMPURITIES

/. tUASMA ENGINEERING

PRESENT
STATUS

n î 3xl0 1 3-
6 1015c--3

Te - 10-50 eV

•Î8> < 0.1

• Slow formation in
3 different
experiments
(Tfor» * 1 0° TAlfven)

• Impurity radiation
generally dominates

• Gross MHD stability
for T ^ T 2

a
• Control of grass o»l

modes by passive
conductors

e <6> * 0.1
• Sudden termination

nt £ -v. le
1* s-Cffl""*

TE « TBota
TUfe ^ TB « 1 as

t Ohmic heating only
• Preliminary rf study

begun

Low-Z lrapurltiea
dominate

ne/ne < 5Z

• Stabilizing coils
developed

• Gun plasma source
gives reference for
translation method

IMMEDIATE
PLANS

n <<, lO^wlth

I e - T± > 100 eY

• Verify olower
formation ,
(T, > 1OJT,,C )
v form Alfven

• Reduced Impurities
to surpass low-2
radiation barrier

• Larger magnetic
fields

• Optimize for
long-time stability

• Exanlne relaxation
fluctuations and
terra lnation

• Study line-tying
effect

« Explore B limit

nt ? 1 0 1 0 B - C O " 3
E

£ Bohm

Tlife > 2 "

« Higher current
density operation

• Low frequency
rf studies

• n./ne ' 1X

» Reduce low Z
injpuritleo

• Optimiïe stability
• Basic study of

translation method
o Investigate

possible DC
maintenance

•TJTURE PLANS
(•8S-'87)

ne > 10
1 A with

Te - Tl I °'5 keV

• Generate high
power density
Spheromak by slow
formation method
(B > 2T

r T c> 0.5 keV)

e Investigate
microscopic and
drift Instabilities

e Study resistive
modes to find
opticuB confinement
reglae

nTE > 10 1!
TE * U W
^lf. * 10 - «

• Adiabatic
compression

• RF heating
T e > 0.5 keV

• Ion beaa Injection

• "r/ne< 0.5X

B Investigate dlvertor
effects

• Reduce high-3 Impurities

• RF current drive
• Feedback stabilization
• Translation and

adiabatic compression

REACTOR
KEQUIREHENTS

n o ; 3 x 10
l*

Te 2 Tj ' 10 keV

<8>- 0.1-0.2

• Slow foroatlon
with low power
requirement

• Low lopurlty
influx

• Long tips stability
at <B> - 0.1-0.2

• Wall separated
froa plassa

s Feedback stabilization
of gross «odea

nT_ * 10 1 3

^/^ota " 10°
Tlife^ T 8 2 K l o 2»

Ohmlc heating as
main heating source
with RF for B control

• nB/nfl < 0.5X

« Dlvertor

• Translation Is
desirable

• B control by RF
• DC maintenance Is

desirable

O
OO
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TABLE 2. 2.4

LIST OF CT RELATED EXPERIMENTS

Device Name/
^^% « m MPfc ^̂ h y w ^̂ fc ^ ^ w ^ ^H

bxperiment
Description

S-1

Proto S-1 A,B,C
PS-1,2,3
MS

CTX

Prototype gun
CCTC-1
Beta-II

Dual Conical
Theta Pinch
TRISOPS IIX

Rotating E-Beam
RECE-Christa
RECE-Berta
CHIP
IREX
LONGSHOT
Ion Ring Program
IBM

FRX-A,B
FRX-C
HBQ
TRX-1
Laser Heating/

Diagnostics
Field Reversed
Theta Pinch

NUCTE
Rotamak
Field Reversed
Theta Pinch

CCTX

Configuration

Spheromak
(facility)
Spheromak
Spheromak
Spheroimak

(planned facility)
Spheromak
(facility)
Spheromak
Spheromak
Spheroraak
(cancelled)
Spheroinak

Spheromak

Particle Ring
Particle Ring
Particle Ring
Particle Ring
Particle Ring
Particle Ring
Particle Ring
Particle Ring

FRC
FRC (Facility)

FRC
FRC (Facility)

FRC

FRC

FRC
?

FRC

FRC or Spheromak
(Planned Facility

- 1990s)

Institution

PPPL

PPPL
U of Maryland

U of Maryland
LANL

LANL
Osaka
LLNL

U of Washington

U of Miami

NRL
Cornell
Cornell
Cornell
Cornell
Cornell
NRL

U of California
Irvine

LANL
LANL

U of Washington
MSNW

U of Washington

Penn State U

Nihon U
Flinders U

Ruhr U

US

Section

2.2.2.1

2.2.2.1
2.2.2.2

2.2.2.2
2.2.2.3

2.2.2.3
2.2.2.4
2.2.2.5

2. 2.2.6

2. 2.2.7

2.2.2.8
2.2.2.9
2. 2.2.9
2. 2.2.9
2.2.2.10
2.2. 2.10
2. 2. 2.11
2.2.2.12

2.2.2.13
2.2.2.13
2.2.2.14
2. 2. 2.15
2. 2. 2.16

2. 2. 2.17

2. 2. 2.18
2. 2.2.19
2. 2. 2.20

2. 2. 1



TABLE 2.2.5

PPPL SPHEROMAK EXPERIMENTS (PPPL OVERHEAD)

SIZE OF
FLUX CORE
(CM)

SIZE OF
PLASMA
(CM)

Rc

Qc

Rp

°p

HAG. ENERGY
OF PLASMA (kJ)

MAXIMUM
TOROIDAL
PLASMA
CURRENT (kA)"

MAXIMUM
MAGNETIC
FIELD (kG)

PLASMA

PARA-
METERS

LIFE TIME

B o

BP

START OF
OPERATION

OBJECTIVE

PROTO S-1A/B

15

3 •

..• ...6

" O'l

20

2.0

1.5

10 x IO^CM" 3

<15eV

<20 ̂SEC

APRIL '80

VERIFICATION
OF S-1 SCHEME

PROTO S-1C

30

6

12.

8

1

60

: 3.0 . .

2.0

1-5

AM

. >100.MSEC

MARCH '81

GROSS MHD
STUDIES

S-1

100

20

.40

25

50

500

6 .

5

(0.5-3)

(£100)

fclMSEC)

JAN. '83

BASIC TEST
OF SPHERO-
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TABLE 2. 2. 6

LIST OP CT REACTOR CONCEPTS

Reactor Name

KARIN-I

Spheromak (PPPL)

Spheromak (UI)

IRC

Astron

F RM

MRFRMR

MRR

CTOR

TRACT

LINUS (NRL)

LINUS (LAND

SAFPIRE

Configuration

Spheromak

Spheromak

Spheromak

Particle Ring

Particle Ring

FRC

FRC

FRC

FRC

FRC

FRC

FRC

FRC

Institution

Nagoya

PPPL

UI

Cornell

LLNL

LLNL

LLNL/PG&G
Cornell/GAT

Nagoya

LANL

MSNW

NRL

LANL

UI

Section

2. 2.3.1

2. 2.3.2

2. 2.3.3

2.2.3.4

Not Active

2.2.3.5 & 2.6

2.2.3.6

2.2.3.7

2.2.3.8

2.2.3.9

2.2.3.10

2.2.3.10

2. 2.3. 11 & 2.6



Table 2.2.7

Major Parameters of Spheromak Reactor Concepts and the IRC
(From Reference 58)

KARIN-I
Spheromak

(PPPL)

SS
S
3.2
6
3.2
3
3
—
2.1

15
1.4
4.0

4.0/?
?
1.3

1000(Thermal)

Spheromak
(UI)

P
T
1.4
8.5
1.4(?
1.05
0.7

-8.5
~3
15
10
5.0

7.8/?
• >

-1
200

IRC

Pulsed/Steady-State P
Translating/Stationary T
First Wall Radius (m) 2.
Burner Length (m) 50
Shell Radius (m) 2.
Separatrix Radius (m) 2.
Plasmoid Length (m) 1.
Burn Time (s) 10
Plasma Density (1020/m3) 4.
Plasma Temperature (keV) (Final) 9.
Energy Confinement Time (s) -1.
Burn Magnetic Field (T) 2.
Ring Speed (m/s) 5
First Wall Load (MW/m2)(Avg/Peak) 2.
Peak Surface Flux (MW/m2) ?
Burn Section Power Density (MWt/m2) 0.
Net Electric Power Produced (MWe) 647

0
0

8
3
0
88

4/?

P
T
4.5
20-25
4.5
4.0
4.5
5
0.6

20
~5
1.4
5
2.3/?
?
0.4

450

I



Table 2.2.8
Major Parameters of FRC Reactor Concepts

(From References 1, 2 and 58)

Pulsed/Steady-State

Translating/Stationary

First Wall Radius(m)

Burner Length (m)

Shell Radius (m)

Separatrix Radius (m)

Plasmoid Length (m)

Burn Time (s)

Plasma Density (1020/m3)

Plasma Temp (keV)(Final)

Energy Confinement Tinne(s)

Burn Magnetic Field (T)

Ring Speed (m/s)

First Wall Load
(MW/m2) (Avg/Peak)

Peak Surface Flux
(MW/m2)

Burn Section Power
Density(MWt/m2)

Electric Power Produced
(MWe)

FRM

SS

S

0.73

22

-

0.21

0.42

-

6.5

96

-0.5

4.1

-

1.8

-

0.4

74

MRFRMR

P

T

10

75

6.5

0.5

2.75/6.3

376

MRR

P

T

1.25

18

-

0.39-0.57

0.8-1.14

5.9

5

75

1.8

6.5

-

1.9/4.0

0.3

0.20

99

CTOR

P

T

1.2-1.6

40

1.7-2.1

0.85-1.05

5.0-8.0

2.0

25-5

12

-0.1

4.1-2.0

38-10

2.0/5.8

-0.4

0.5

310

TRACT

P

S

0.68

10

0.7(?)

0.39-0.55

2.3-3.0

0.9

20

37

0.9

4.7

-

7.48/38

1.3

1

99

LINUS
(NRL)

P

S

3.1

0.0004

2400

15

54

-

507

LINUS
LANL

P

S

1.4-0.11

10

1.4-0.11

1.4

10.0

0.001

8.2-1900

20

-0.001

0.6-60

-

1260

-

-20

900

SAFFIRE

SS

S

7.4

60

0.58

12

i

I-1
M
U)
1
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TABLE 2 . 3 . 1

LIST OF HIGH POWER DENSITY TOKAMAKS

Device Name/
Description

Ignitor

RIGGATRON FDX

TORUS-II

Alpha-Tor

FTU

CITR

AFTR

RIGGATRON FPC

Experiment/
Reactor Concept

(Status)

Ignition
Experiment
(planned)

Ignition
Experiment
(planned)

Experiment
(on-going)

Experiment
(on-going)

Ignition
Experiment

Ignition
Experiment
(paper)

Reactor Concept
(paper)

Reactor Concept
(paper)

Institution

MIT/lspra/
CNEN

INESCO

Columbia

Kurchatov
(USSR)

Frascati

MIT

MIT

INESCO

Section

2.3.2.1

2.3.2.2

2.3.2.3

2.3.2.4

2.3.2.6

2.3.3.1

2.3.3.2

2.3.3.3
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TABLE 2.3.2

TYPICAL PARAMETERS FOR THE RIGGATRON

Minor radius (m)

Major radius (m)

Plasma Volume (m3)

Density (102°/m3)

Temperature (keV)

Averaged .beta

Plasma power density (MW/m3)

Ignited/driven burn

Magnetic field (T)

Pulsed energy (MJ)

Burn time (s)

Off time (s)

Neutron current (MW/m2)

Thermal power [MW(thermal)]

Net power [MW(electric)]

System power density [MW(thermal)/m3)

Recirculating power fraction

Net plant efficiency

Heat Flux (MW/m2)

0.34

0.85

2.0

20-30

12-20

0.2

460

Ignited

16.0

200

36

3

68

1325

355

14

0.33

0.27

17
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OUNTRY

iboiatory

Device

and

type

Key petionnel

MECHANICAL PARAMETERS

• (m)

ROnJ,

''Urn) V(m')

Mittrul
of fini

vacuum
veueJ

ELtCTRICAL PARAMhTERS

Mitnellc licld

11
(MJ) (kV) UtT)

MliASUKEO PLASMA PAKAMLTIiKS

IE

(MA)

ill
( i )

"p

(cm- ') (keV) (X)

'Hhiiu-ton (L"*FPP) HIGH-fl
LINEAR
O.PINCH

Ribe, F.L,
Knox, S.O.,
Iliipcl, C.

0.06 0.1
juntpfci

ritiu:
0.6

'olutne:
0.6 m1

0.01 4 x 1 0 - ' /

STui

crow-
bitrcd

1.6 2x10-' ÎX10-' 80

TABLE 2.4.1

ONGOING 6 PINCH EXPERIMENTS



TABLE 2.4.2

SUMMARY OF Z-PINCH EXPERIMENTS

Institution

IZAZOCHI-C PT-Z

High Pressure

Nikon U, Japan Tokyo Inst
Tech Japan

EXTRAP-LO

External Conductor
Stabilized

Stockholm, Sweden

Z-PINCH

Compressional

Imperial College,
O.K.

Z-PINCH

High Pressure

Purpose

Volume (cm3)

Current (MA)

Confinement

Density

Electron

Temperature (Key)

Study Z-pinch
physics in
high gas
pressures

V

_ _

0.5

4xlO"6

1017_1018

0.01

Study pulse
tailoring of
current
waveforms

2700

0.2

(2xlO"6)

(lO")

(0.1)

Under construction

10

0.02

(4xlO"4)

10«

0.02

Operational 1981

2

0.2

10-7

1 0 "

1

10-3

0.1

10-7

1 0 "

1

HDZP

High Pressure

Imperial College, LANL, USA
O.K.

10-3

0.35

4xl0~8

2010

0.2

I

I

37360
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TABLE 2.4.3

KEY FEATURES OF A DEMO BASED ON AN E-BEAM HEATED
SOLENOID UNDER DIFFERENT END PLUGGING ASSUMPTIONS/94/

Length (m)
Magnetic field (kG)
Tube diameter (cm)
Beam diameter (cm)
Beam voltage (MeV)
Beam current (kA)
Beam energy (MJ)
Pulse length (ys)
Repetition rate (pps)
Circulating power (MWe)

Free-
streaming

2000
150

4
1

20
152
19
6.2

100
2840

Multiple
Mirrors

140
150
4
1
8

145
1.4
1.2

100
186

Solid
Encîplugs

540
150

4
1
15

135
5. 2
2. 6

100
693
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Compression Coils

Shock Preheat Requirement

Plasma Density

Modularity

Reactor Engineering

B

Vacuum Requirements

Tokamaks

None

None

Modest

None

Complex

0.07

Stringent

Magnetic
Mirrors

None

None

Low

Limited

Modest

Stringent

Theta
Pinch

Large

Yes

High

None

Modest

Modest

Solenoids

Laser

Modest

None

High

Yes

Simple

1

Modest

E-Beam

None

None

High

Yes

Simple

1

Modest

TABLE 2.4.4

COMPARISON OF REACTOR CONCEPTS
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First-wall radius (m)

Length (m)
REP radius (m)
Plasma volume (m3)
Implosion field (kV/mm)
Temperature (keV)
Density (1020/m3)
Averaged beta
Ignited/driven burn
Magnetic field (T)
Compression time (s)
Bum time (s)
Off time (s)
Neutron cuirent (MW/m2),
Thermal power (MW(thermal)]
Net power (MW(electric)].
System power density (MW/m1)
Recirculating power fraction
Net plant efficiency (TÎTH » 0.40)

O.S
150

5.0
260

0.1

10-26
50

0.9

Ignited
8.0
0.03
0.4

12.4
2.5

3600
1080

1.1

0.25
0.30

TABLE 2.4.5

TYPICAL PARAMETERS FOR A LINEAR
THETA PINCH REACTOR WITH RE-ENTRANT END PLUGS/88/
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Initial liner radius (m)

Initial liner thickness (mm)

liner length (m)
Initial azimuthal field (T)
Initial liner energy (GJ)
Liner Q value
Pure fusion yield (GJ)
Enhanced fusion yield (GJ)
Temperature (keV)

Density (10M/m3)
Average beta
Ignited/driven bum
Bum time (s)
Off iime (s)
Thermal power [MW(thermal)]
Net power |MW(decuic)]
System power density* [MW(thermal)/m3]
Recirculating power fraction
Net plant efficiency {nTH » 0.40)

0.2
3.0
0.2

13.0
0.34

10.7
3.56

3.92
-IS
8(1O)6

~1
Driven

2(1 oy6

10.0
430

129
5.8
0.25
0.30

TABLE 2.4.6

TYPICAL PARAMETERS FOR
A FAST LINER REACTOR CONCEPT/93/
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TABLE 2.5.1

TANDEM MIRROR DESIGN SUMMARY/88-93/

Design

Operational year
Purpose
Total cost (1982 G$)
Avg availability (%)
Length (m)
Q

Central Cells

Plasma volume (m )
Axial field (T)
Beta (%)
Ion temperature (keV)
Electron temp (keV)
Ion density (/m )
Lawson criteria (s/m )
Fusion power (MWth)
First wall radius (m)
Neutron flux (MW/m )
RF type .
RF frequency (GHz)
RF power (MW)
NB power (MW)
NB energy (keV)

End Cells

Peak axial field (T)
RF type
RF frequency (GHz)
RF power (MW)
NB energy (keV)
NB power (MW)
Converter efficiency

Tritium

Consumption rate (g/h)
Throughput (g/h)
Reactor inventory (kg)
Plant inventory (kg)
Annual burnup (kg/y)

TMX-U

1983
Exp't
-
-
22
—

0.15
-
3-5
0.9
30-70
1.5el9
3el7
-
-
-
ICRH

0.005
0.2
-
20

ECRH
28

0.8
20
-

None

0
0
0
0
0

MFTF-B

1985
Exp't
0.2
-
64

0.2-0.6

1-1.6
50
15
9

5el9
5el9
0.6

-
-

ICRH
0.16
0.4
-

80

12
-
-
-

30-80
6

None

0
0
0
0
0

MFTF-U

1989?
TDF
0.4
-
-
—

-
-
-
-
-
-
-
-
-
-
-
-
-
-

-
-
-
-
-
-

0.11
—

<0.3
—
—

LLL-TDF

1990
TDF
1

30
65

0.2-0.4

0.25
4.5
40
37
2

6e20
7el8
20

0.25
1.4
None
None
None
65
80

15
ECRH
35/60
0.5/0.7
80
3.8

None

0.13
291
0.3

1
0.26

JFEF

1990
TDF
-
-
15
0.11

0.06
4.3
40
40/6 .
4

40/4el9
-
-

0.13
0.5-1
ICRH
-
35

None
None

_

None
None
None
-
6
-

_
—
_
—

TASKA

1990
TDF
1.6
40
60

0.74

6.1
2.7
50
30
11

2e20
5el9
86

0.46
1.5
ICRH
0.3
40

None
None

20
ECRH
56
15

250/50/76
5/50/6.6

-

0.5
62
0.1
5
3

TASKA-M

1990
TDF
0.8
40
30

0.25
4.2
30
84
14

3e20
3el8
6.8

0.2-0.7
0.2-1.3
ECRH
0.02
12
21
90

17.5
None
0
0
66
8
-

0.04
13

0.12
1.5
0.14

MARSa

2020
Power
-
-
200
14

100
4.7
70
35
29
2e20
5e20
2600
0.6
4.3
0
0
0
0
0

24
ECRH/ICRH
60/0.02
84/40

475/100
20/160
0.55

16
125

_

100

Other reactor design studies:
WITAMIR-1/44/, TCTM-hybrid/95/
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TABLE 2.5.2

COMPARISON OF BLANKET TEST CONDITIONS/113,114,120,123-126/

Machinea

Operational
Cost (1982 G$)
(with indirect )

Test Geometry:
Nbr modules
Surface (in2)
Volume (m3)
Width (m)
Height (ra)
Depth (ra)

Neutron flux
(MW/ra2)
(n/m 2 -s)
(n/s)
(MW-y/mz)
Spectrum

Thermal power:
Surface flux (kW/m2)
Power dens i ty (MW/m3)

Time :
Burn time ( s )
Dwell time (s)
Duty cycle (%)
Test period (h)

Avai lab i l i ty (%)

RTNS-2

1980
-

1
le-4
le-6
0.01
O.01
0.01

0.2
Iel7
4el3

-
DT

-
-

-
-
-
-

-

FM IT

1987?
0.2

1
-

4e-4
0.06
0.06

0.1

2-20
l-10el8
2el6

10
DLi

33 MeV

-
-

SS
0

100
-

-

TFTR

1986
0 .3

1
2

0.6
0 .8
0 .8
1.0

0 .1
3-8el6

-
-
DT

400
-

1.5
300
0.5

7

-

MFTF-U

1989?
0.4

-
1
_c
-
-
-

2
8el7

-
0 .1

DT

100
-

SS
0

100
100

10

TFET

1989?
• -

-
10

-
-
-
-

0.2
Iel7

-
2e-4

DT

-
-

6
-
-
-

-

LLL-TDF

1990
1

6
3

2 c
1.0
0 .6
0 .5

1.4
6-9el7

7el8
7

DT

100
-

SS
0

100
100

30

TASKA

1990?
1.6

11
8

100 d

2
4 . 5
1.0

1.5
6el7
3el9

4
DT

-
—

SS
0

100
-

40

TASKA-M

1990
0.8

4
1

0.15
1
1

0.15

0.2-1
-

2el8
10
DT

100
-

-
-
-
-

40

INTOR

1990
2-4

24
12
50d

1.4
5.0
0.3

1.5
2-6el7

2e2O
2
DT

-
-

150
-

70-80
-

20-35

RIGGATRONb

1989
0.1

1
25
25
12

2
1

-
3el8
7el9

10
Fast

fission

-
-

25
5

90
—

0.04

a RTNS - Rotat ing Target Neutron Source (LLNL)
FMIT - Fusion Mate r i a l s I r r a d i a t i o n F a c i l i t y (HEDL)
TFTR - Tokamak Fusion Test Reactor (PPPL)
MFTF-U - Mir ror Fusion Test F a c i l i t y T+alpha Upgrade (LLNL)
TFET - Tokamak Fusion Engineering Test - TFTR upgrade
LLL-TDF - Lawrence Liverraore Lab Technology Demonstration F a c i l i t y
TASKA - U. of Wisconsin-Karlsruhe Tandem mirror engineering test fac i l i ty
TASKA-M - modified version of TASKA
INTOR - I N t e r n a t i o n a l Tokaraak Reac to r
RIGGATRON - INESCO compact tokamak r e a c t o r

b Based on first generation experimental machines
c Rapid radial drop in neutron flux because of small plasma radius
d Mostly tritium breeding, plus about O.I m3 high flux materials test volume
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TABLE 2.5.3

MIRROR TIMETABLE

Stage of
Development

Current exp't

Confinement test

T2 Test

TDF

Demo

Commercial

TM

Now (TMX-U)

1986 (MFTF-B)

1989 (MFTF-U)

1990 (LLL-TDF)

2000?

2015?

FRM*

Now (Beta-Il)

1989*?

1993?

1998?

Tokamak

Now (many)

Now (TFTR)

1986 (TFTR,
JET)

1988 (TFCX,
NET, INTOR)

2000 (Demo)

2015?

* Allow 1 year for FRM configuratica demonstration and
understanding. Assume existing RFP, Mirror effort will help
understanding. Assume technology in existence because of
mainstream machines. Compact size allows a full-scale plasma
ring generator to be built, as a next step, for little cost.
Allow 4 years to design and build.
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TABLE 2 . 5 . 4

KEY NEAR-TERM TANDEM MIRROR PARAMETERS51

Physics :

Thermal bar r ie r

DT burn

Engineering :

Choke coils'5

Neutral beams

ECRH

Direct convertors

First wall flux

Charge exchange pumping is the best understood, but
substantial NB power is needed. Drift pumping has
riskier physics but uses RF power.

Two component or Kelley mode (hot reacting ions in a
background of cold ions) is simpler, but has
lower Q. A similar mode will be used on TFTR.

Wear term is about 15 T peak £xial field. The limits
are set by the outer supercpnductor - 10 T critical
field for WbTi and 12 T for' the newer Wb2Sn - and
by structure and cooling limits of the inner
copper coil. The field at the conductor is larger
than the field on axis, and the superconductor field
should be at least 2 T less than the critical field
for adequate quench margin. The preferred coolant
is 4.2 K He, rather than 1.8 K He.

The copper coils should be easily replaceable.

Maximum energy of 80 keV, certainly less than 100 keV.
Above this point, H~ beams are required for
reasonable efficiency.

Maximum frequency 60 GHz, consistent with the high
frequency gryotron work for EBT, although improvements
in power and pulse length are still required.

Conversion efficiency of less than 60%. Economics is
sensitive to this so it should be considered
realistically. However, there have been recent
developments.

Maximum neutron flux of 2 MW/m2, based on a
materials limit of 5 MW-yr/m2, 10 year design life,
and 25% availability.

aThis is an unofficial list of parameters that should be checked in
estimating the degree of "near—term" of a tandem mirror design.
"The choke coils are the coil set just after the last central cell
solenoid, and create the maximum in the axial field to provide basic mirror
confinement of central cell ions.



TABLE 2 . 5 . 5

FIELD-REVERSED MIRROR DESIGN SUMMARY/119,122/

SAFFIRE FRMR

Length (m)
First wall radius (rn)
Plasma major radius (m)
Plasma minor radius (m)
Plasma current (MA)
Ion density (1/m^)
Ion temperature (keV)
Electron temperature (keV)
Confinement time (s)
Plasma beta (%)
Axial field (T)
Pulse length (s)

Heating

Wall loading (MW/m2)
Fusion power (MWth)
Net power (MWe)

Q

T burnup (g/h)
T circulation (g/h)
Reactor inventory (kg)
Plant inventory (kg)

Cost (G$)

50
2
0.23
0.10
1-1Ô
3e20
100
-
4
95
9
SS

ICRH
1 MW

0.01
100
50
—

_
-
-
—

_

—
0.12
0.06
3.4
Ie21
100
35
—
100
4.8 (
SS v

t

NBI
4.4 MW
200 keV
6,1
22
2.5
5

0.14
60
0,028
0.13

0.21 (1979)
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TABLE 2.6.1

COMPARISON OF ZT 40 M AND PLT PARAMETERS

n p t e (s cm-3)

T (keV)

ZT 40 M

6 x iO9

0.35

PLT

1 0 1 3

1.0

Reactor

10 1 "

6



Device/Institution
References

TAULE 2.6.2

Recent Reverse Field Pinch Experiments

Mechanical Parameters Measured Plasma Parameters

Major Minor Plasma First wall/ Plasma Pulse " Energy Particle
Radius Radius Vol. Vac.Vessel Current Time Confinement Density

Material Time
a(m) R(ra) V(m3) I p (MA) t p (s) t e (s) n (cm"3)

Electron/Ion Poloidal/ In-Servlce
Temperature Toroidal Date

V T j ( k e v ) Deta (%)

TPE-IHM / 136/137/
ETL, Japan

ETA-BETA II /1-36/138/139/
U of Padua, Italy

HBTX1A /13G/139/140/
Culham, U.K.

Cleo J\ 36/141/

Culham, U.S.

ZT-40H /136/142/143/
LANL, U.S.A.

0I1TE Design /130/145/

GA Teclinologies, U.S.A.

OHTE Tests /144/

OUTE Mode

RFP Mode

PLT /136/

frlnceton (for Comparison)

C.5

0.8

0.9

0.09 0.08 55 0.13 0.001 O.5X10"4 3xlO13

0.65 0.125 0.2 55 316L 0.15 0.002 l.OxUT 4 2xlO14

(peak)

0.26 0.5 55

0.13 0.2

1.24 0.2

55

0.2 0.8 inconel

as above

as above

1.32 0.4 4.2 55

0.05 .005

0.23 0.01

1.0 316SS 0.6
(All Cond.
Shell)

0.5

0.1

0.13 0.005
(peak)
0.25 0.001
(peak)

1.0

10-1
(max)

2xlO13

2xl0~2 10 1 4-10 1 5

(predicted)

1x10-4

10-1

0.6/0.1

0.1/0.1

).23 .005-.001 0.3xlO-4 10 1 3-10 1 4 0.1/0.2

Te 0.03
(max)

1.0/1,0

8/8

20/20

2/

/10

Te - 0.35 20/10

Te - 0.35 12/

Te = 0.08 20/

20/

1980

1981
(Experiment
shut do<«n)

1979

50/0.03 1982

I-1
to
00

i I



TABLE 2.6.3

Planned Reverse Field Pinch Experiments

Device/Institution Mechanical Parameters Measured Plasma Parameters
References

Major Minor Plasma First wall/ Plasma Pulse Energy Particle Electroa/Ion Poloidal/ In-Service
Radius Radius Vol. Vac.Vessel Current Time Confinement Density Temperature Toroidal Date

Material Time
a(m) R(m) V(m3) I (HA) t (s) t (s) n (cm~3) T /T. 0;eV) Beta (%)

p p e p e l

RFX 1.8 0.6 6 Inconel 2.0 - not available: Design Stage - ?

OHTE (ignition) /141/ ? 0.3 ? ? 6-10 1.0 3x]015 ? 65/?
(min)

I

to

I

37360



TABLE 2 . 6 . 4

MAJOR PARAMETERS FOR COMMERCIAL FUSION REACTOR DESIGNS 6 *

CONVENTIONAL REACTORS COMPACT REACTORS

Device

Plasma radius (m)
Major radius (m)
Plasma volume (m3)
Average density <1020/m3)
Temperature (keV)
Plasma energy (GJ)
Field energy (GJ)
Average beta
Plasma power density
Peak magnetic field (T)
Neutron current (MW/m2)
Net power (MWe)
System power density {MWt/m3

Mass utilization (tonne/HWt)
Thermal conversion efficiency
Recirculating power fraction
Net plant efficiency

Tokamak
Starfire

2.38
7.0
781
0.81
22
0.67
61.
0.067
4.5
11.
3.6
1200
0.30
5.7
0.35
0.167
0.30

Tandem
Mirror

0.42
150a)
83.
3.0
35
0.64
50
0.40
42.5
24.0b)
5.0
1730
TBD
5.7a)
0.39
0.16
0.38

Stellarator
MSR

0.81(2.25)
23.0(27.9)
298(2788)
3.64(1.38)
8.0(8.0)
0.4(1.5)
109(230)
0.08(0.04)
12.4(1.7)
11.6(11.2)
2.0(1.0)
1302(1660)
0.60(0.30)
6.6(8.4)
0.35(0.35)
0.07(0.07)
0.33(0.33)

EBT
EBTR

1.0
35.0
691
0.95
29
0.91
131.
0.17
4.1
10.
1.4
1214
0.24
10.85
0.35
9.15
0.30

RFP
RFPR

1.2
12.7
361
2.00
15
0.81
14.7
0.30
7.0
3.0
2.7
750
0.50
3.7
0.30
0.17
0.25

RFP
CRPPR

0.71
4.30
43.
3.4
20
0.14
1.7
0.20°)
72.«
4.5
19.5
1000.
15.0
0.37
0.35
0.15
0.30

OHTE

0.67
5.91
52.
10.0
5-6
0.15
9.0
0.43C)
64.0
11.0
19.5
904.
3.2
1.45
0.40
0.35
0.24

Tokamak
Riggatron

0.32
0.80
2.
2-30
12-20
0.03
0.6
0.20
500.
16.0d'
68.4
355
5.2
0.28
0.41
0.33
0.27

a) Central cell length.

b) Peak field at mirror throat.

c) Poloidal betas evaluated at plasma radius, nearly equal to total beta.

d) Peak field at TF coil, fields at OH coil will approach 30 T.



TABLE 2.7.1

SUMMARY OF SCREW PINCH EXPERIMENTS

Device

Type

Institution

Device Purpose

History

Plasma Volume (m3)

Longitudinal
Magnetic Kield (T)

Plasma Current (MA)

Energy Confinement
Time (S)

Plasma Density
(cm-3)

Electron/Ion
Temperature (Kev)

B P/BT (o/o)

TPE-la

Electrotechn
Lab, Japan

Built in 1977.

0.018

0.6

0.12

k x 10-5

1 x 10 1 5

0.OU/0.Ol|

200/10

TPE-2

Preliminary
exp in 1983.

0.06

2

(0.6)

(1) x HT*)

(2 x 1015)

.(0.3/0.3)

100/3

STP-3

Slow Screw Pinch

tiagoya Univ., Japan

Study of non adiatatic
compression heating in
a tokomak.

0.15

3.8

0.1

(0.002)

5 x 1013

(0.6/0.10

(30/0.5)

Toroidal Screw Pincl

Utsunomiya U, Jatian

Study of plasma
pinch dynamics and
and confinement.

0.012

0.8

0.015

1 0 U

0.01/0.01

1(00/20

SPICA II

ffc>n Circular

Basic plasma studies
convertible to RPP
or Spheromak.

0.5

1-3

1

5 x 10-"

1015

0.3/0.3

3TOT = 30-50

SPIV

Strongly elungated
cross section

FOM Jutphaas,
Iletherlands

l . l t

0.85

5 -x 10-5

10 1 6.

0.06/

1

U)

I



_ •" " 1 1 _

Major radius (quartz torus) R
Minor inside radius (quartz torus) a
Minor inside radius (shield)
Capacity 0-band (50 IcV)
Capacity £-bank (50 kV)
Capacity predischarge (50 IcV)
Capacity bias field (S kV)
Total inductance d-circuil
Total vacuum inductance <£-circutt
Primary toroidal current /<, (max)
Primary poloidal current lg (max)
Toroidal magnetic field Bf (max)
Toroidal bias field (max)
1/4 period lt and /^
Decay time It

Decay time 1+

0.60 m
0.20 m
0.207 m
611 n?
127/iF
12.7 /iF
7200/iF
67 nH
657 nH
1.25 MA
5 MA
1.6 T
0.16 T
10/is
1.2 ms
2 ms

TABLE 2.7.2

MAIN PARAMETERS OF SPICA

Major radius (quartz torus) R 0.24 m
Minor cross section racetrack
Height 0.48 m
Width 0.12 m
Capacity main bank (40 kV) 150/t F
Capacity predischarge (40 kV) 25 f» F
Capacity bias field (4 kV) 1200 MF
Total vacuum inductance main circuit 310 nH
Primary current (max) 850 kA
Toroidal magnetic field B^ (max) 1.4 T
Toroidal bias field (max) 0.08 T
1/4 period main circuit 11 fis
Decay time 270 us

TABLE 2.7.3

MAIN PARAMETERS OF SP IV

Major radius
Minor radius
Height
Minor cross section:
Filling pressure
Electron density
Volume compression
Eccentricity
Plasma elongation
Plasma width

0.45 m
0.15 m
0.70 m
racetrack
0.4 Pa
1-IOxlO21 m"3

> 10
< 3 cm
- 4
8 cm

pressure ratio /8pe,k

safety factor q
plasma current
toroidal field
bias field (max)
rise time
total energy
max. decay time (without plasma)

flat-top time

? 0.3
>1.3
« 0.8 MA
1.3 T
0.16 T
10.6 /is
2.8 MJ
5 ms

— 1 ms

TABLE 2.7.4

SPICA II PARAMETERS
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iMinor radius (m)

Major radius (m)
Plasma volume (m1)
Density (1020/m3)
Temperature (keV)
Averaged beta*
Plasma power density (MW/m3)

Ignited/driven bum
Magnetic field (T)

• Pulsed energy (MJ) -.
Bum time (s)

Off time (s)
Neutron current (MW/mJ)
Thermal power0 [MW(thermal)!

Net power0 (MW(electric)l
System power density [MW(thermal)/m3]
Recirculating power fraction

Net plant efficiency (77TH 3 °-3 8)

1.2
0.3
5.3

20
10

5.0
62

Ignited
3.2

0.5

2.57
7.5

328

85

/v1//?
0.32
0.26

TABLE 2.7.5

TYPICAL REACTOR PARAMETERS FOR A
SHOCK-HEATED WALL-CONFINED REACTOR/101/
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TABLE 2.7.6

WALL CONFINED REACTOR (WCR) CRITICAL DATA NEEDS

amtuna MM MUI
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TABLE 3.1.1

NEAR TERM IGNITION EXPERIMENTS FOR COMPACT ALTERNATES AND DRIVEN MIRRORS

Device Name

FTU

OHTE
Ignition
Experiment

RIGGATRON
FDX

Ignitor

LLL-TDF

TASKA/TASKA-M

MPTF-aT

REX

ZT-40

Institution/Company

Euratom

GA Technologies
Phillips Petroleum

INESCO

MIT/CNEN/
Stone and Webster

Lawrence Livermore
National Laboratory

U of Wisconsin
Karlsruhe

LLNL

Padua

LANL

Description
(Cost in $/106)

High Power
Density Tokamak (33)

Reversed Field
Pinch (300)

High Power
Density Tdkamak
(130)

High Power Density
Tokamak (50-70)

Driven Tandem Mirror

Driven Tandem Mirror

Driven Tandem Mirror

Compact Reversed
Field Pinch

Compact Reversed
Field Pinch

Earliest Possible
Date for Start of

Operation

1987

1988

1988

1989

1990

1990

1990

1991

1991

Status

- Construction Proceeding

- Design and Experimental
work continuing

- Decision to proceed in June
1984 (Funding by GA &
Phillips Petroleum)

- Design work continuing
- Actively seeking funds
for construction

- Design work continuing
- Actively seeking funds
for construction

- Design stage

- Design stage

- Design stage

- Design stage

- Design stage

Section

2.3.2.6

2.6.3.2

2.3.2.2

2.3.2.1

2.5.3.1

2.5.3.1

2.5.3.1

2.6

2.6

H
CJ

en



TABLE 4.1.1

POTENTIAL MIDDLE TERM IGNITION EXPERIMENTS FOR COMPACT ALTERNATES,
DRIVEN TANDEM MIRRORS AND FIELD REVERSED MIRRORS

(other than the devices in Table 3.1.1 or their descendants)

Device Type

Compact Toroid
(Spheromak or FRC)

FRM

Group

- PPPL
- LANL

- MSNW
- Maryland
- Osaka

LLNL

Present Experiment
or Device

S-l (Spheromak)
CTX (Spheromak)
FRX-C (FRC)
TRX-1 (FRC)
MS (Spheromak)
CCTC-1 (Spheromak)

Beta-II

Approximate Earliest
Possible Date for Start of
Operation of An Ignition

Experiment

Late 90's
• i ti

>i it

ii ti

it II

M II

Late 90's

Section'

2.2.2.1
2.2.2.3
2.2.2.13
2.2.2.15
2.2.2.2
2.2.2.4

2.5.2.2
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TABLE C l

COMPARISON OF MAJOR EXISTING AND AUTHORIZED
STELLARATOR/TORSATRON FACILITIES

Device R/a

Wendelstein VII-A 20

Heliotron E

Uragan-III

11

7.4

Wendelstein VII-AS 10

ATF-1

0.10 0.55

0.20 0,5

0.135 0.25

0.20 0.38

K(a) Role

0.55 = 2 , zero-shear
conventional stellarator

2.5

0.6

0.38

0.30 0.30 0.95

= 2, high-transform,.
high-shear heliotron

= 3 , medium-size,
moderate-shear torsatron

« 1, 2, 3, zero-shear,
low-secondary-current,
modular stellerator

= 2 medium-transform,
moderate-shear torsatron
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TABLE C.2

RECENT MODULAR STELLARATOR AND TORSATRON REACTOR CONCEPTS

Heliotron-H OTTOR-M

Helicity
Number of field periods
Number of coils

R (m)
rcoil tâ •
rplasma (m)
B (T)
rotational transform,

on *̂
density (10/u/mJ)
Temperature (keV)

<B> (Z)
Net Power (MWe)
Unit Direct Cost ($/kWe)

(Kyoto)

2
15
1
21
3.2
1.7
4.0

2.2
1.2
10
6

12.00
_

(Madison)

3
6
18
24
4,
1,
4.

1,
1,
10
6

1836
1175

.8

.7
,5

,1
.5

.MSR II-A
.(Los
Alamos)

2
4
36
28
5.
2.
5.

0.
1.
8
4

1660
1482

.0
,2
.7

,43
,4

MSR II-B
(Los
Alamos)

2
A
36

• 23
3,
0,
6.

0.
3,
8
8

1302
1265

.3

.8

.6

,92
,6

ATF-R •
(Oak -Ridge)

2
12
24
12
3.5
1.6
6.0

0.9
1.0
30
8

1302
1200
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TABLE C . 3

DESIGN PARAMETERS FOR STARFIRE AND
TWO MODULAR STELLARATOR REACTOR CONCEPTS

STARFIRE MSR UWTOR-K

(m3)

'Average beta
First-wall radius (m)
Major toroidal radius (m)
Effective geometric aspect ra t io
<3>B2r (T m)
Plasma volume
Plasma chamber volume (m">)
Blanket volume (m )
Volume enclosed by co i l s (m )
Fusion power (MWt)
Primary-coolant power (MWt)
Total thermal power (MWt)
Plasma power density (MWt/m l̂
Chamber power density (MWt/m )
Blanket power density (MWt/m )
Effective blanket power density (MWt/m )
System power density (MWt/m )
Neutron f i r s t -wa l l loading (MW/m )
Neutron energy mult ipl icat ion

0.067
2.72
7.0
2.57
5.36

781.
950. •
543.

13443.
3510.
3800.
4033.

4.50
3.70
7.00
7.43
0.30
3.6
1.14

0.04
2.98

23.24
7.8
3.04 '

2050.
4074.
1480.'

17690.
4444.
4500.
4800.

2.34
1.18
3.04
3.24
0.26
1.3,
1.1

0.05
1.90

24.1
14. •
2.3

1500.
2400.
2000.

17068.
4750.
4830.
5500.

3.17
1.98
2.38
2.75
0.32
1.35
1.08
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TABLE D>!

COMPARISON OF EBT-S AND EBT-P PARAMETERS
(SECOND OPTION OF EBT-P INCLUDES ION RADIO FREQUENCY HEATING)

EBT-S EBT-P

resonant XJ

Major Radius R(m)
Aspect Ratio A
Magnet throat radius, a

^coils
m (m "̂ )
T_ (keV)
T± (keV)
n t (m" 3 s )

(m)

1.0
1.5
9.3
0.11

24
5-2 x
.2-1
.01-

1016

0.2
0.1

1018

.1

.02

1.5 x
2
0

5 x
1
0

10

.4
10
.2

2.1
4.5
16
0.17

36
I9 3

17 2

X
3.
2
X

i.

.

1019

5

1018

6
1.0

TABLE D.2

COMPARISON OF NBT-1 , NBT-1M PARAMETERS

In Operation
NBT-1

Operation in 1982
NBT-Ut

(m)
B
R
A
a (m)

(T)

n (cm J )
Te (keV)
T± (keV)

nr (s/cm )
f (GHz)

03
1.6
8.0
0.1

0 .1 -0 .2
0.05+

. 0 .1 (1CH)
•*• 109

• 8 . 5

1.0
1.4

10.0
0.1

24
> 4 x 1 0

> 0.5
> 0.1

12

2 x 10
28-35

10
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TABLE D.3

EBT REACTOR REFERENCE PARAMETERS

Plasma r ad iu s , a (m)
Aspect r a t i o , A
Major r ad ius , R (m)
Mirror r a t i o , M
Ion temperature
Ion densi ty , Ni x 10~ 2 0

Beta, (%)
Magnetic field on axis, BT(T)
Number of coils, N
Power, P t h (MW)
Power density, P ̂ /V (MW/nT)
Neutron wall loading, Lw(MW/m )
Cold zone, (m)
Blanket and shield thickness, ts^(m)1.75
Coil inner radius, rc (m)
Current density, Jc (A/cm )
Coil radial thickness, t (m)
Coil half length, L/2 (m)

EBTR-48

1.0
60
60
11.78
15
1.2
25

.5 - 4.5
48

4000
3.37
1.13
0.2 '

(m)1.75
2.95 •

1500
0.71
1.30

EBTR-24

1.0
30
30
1.78
15

1.25 2.13
24 42
2.5 - 4.5

24
1775 5300
3.0 9.0
1 -3

0.2-
. 1.75
2.95

1500
0.71
1.30
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Compact Toroids

Ion Cyclotron Radius
«Plasma Minor Radius

PF =- TF

Spheromak

PF »TF= 0

Field Reversed
C on fig urat ion (FR C )

Ion Cyclotron Radius
» Plasma Minor Radius

Particle Ring

FIGURE 2.2.1

CLASSIFICATION OF COMPACT TOROIDS BY MAGNETIC CONFINEMENT
CONFIGURATION. PF IS THE POLOIDAL MAGNETIC FIELD AND TF IS THE

TOROIDAL MAGNETIC FIELD.



MAGNETIC
FLUX LINES MAGNETIC AXIS

(TOROIDAL AXIS)

OPEN FIELD-LINE PLASMA

CLOSED FIELD-LINE PLASMA

2.2.2a

FRC (TRACT)

2.2.2c MAGNETIC FIELD LINES AND
CURRENT FOR THE SPHEROMAK

2. 2.2.b

SPHEROMAK (PPPL)

to

0 5

-10

FIGURE 2.2.2

MAGNETIC FIELD LINES OF AN FRC (TRACT/6/) AND A SPHEROMAK/60/.
THE POLOIDAL FIELD LINES (Bp), TOROIDAL FIELD LINES (B,) AND

CURRENT (Jp) FOR THE SPHEROMAK ARE SHOWN IN 2.2.2c



NULL FIELD POINTS

MAGNET
COIL

HOT ASH IONS

FUEL IONS,
HOT ELECTRONS

HOT ASH IONS

MAGNET
COIL- HOT ASH IONS

FUEL IONS
ELECTRONS

HOT ASH IONS

POSITIVE ION-LAYER
(DIAMAGNETIC PROTON-E
LAYER AND FUSION PLASMA)

NEGATIVE E-CORE AND ENVELOPE

REVERSED MAGNETIC
FIELD CONFIGURATION

i

POSSIBLE ION-LAYER. ELECTRON-CORE REACTING PLASMA CONFIGURAT.ON

FIGURE 2 . 2 . 2 . 1 A PARTICLE RING DEVICE (FROM REFERENCE 191 )



Spheromak
And
FRCs

Steady State
Operation

Exo-Rcactor
Plasma

Formation

In Situ
Plasma

Formation

Spheromak (PPPL)
F RM

None

Pulsed
Operation

Translating
Plasma

Stationary
Plasma

i
i-1

- MRFRMR
- CTOR
- IRC
- Spheromak

(University of
Illinois) ,

- KARIN 7
- MRR

In Situ
Plasma

Formation

Exo-Reactor
Plasma

Formation

TRACT LlNUS

FIGURE 2 . 2 . 3

CATEGORIZATION OF CT REACTOR STUDIES. TRANSLATING/STATIONARY PLASMA REFERS TO

THE MOVEMENT OF THE PLASMA DURING IGNITION. IN SITU/EXO-REACTOR REFERS TO INSIDE/

OUTSIDE THE BURN CHAMBER. (ADAPTED FROM REFERENCE 3 )



MEIQNIZATI01
THETA PINCH CDU

run
-COLD MASMA

£^_^X- »IAS FIELO

IMPLOSION

IMPLOSION FIELD

AND CONNECTION

AXIAL
CONTRACTION

tQUIUOBlUH

FIGURE 2.2.4

FORMATION OF AN FRC
IN A FIELD REVERSED
THETA PINCH/5/

Preionization

Implosion

I, Coil

=3 X

I_ Electrodes

Bias Magnetic
Field

Fast Rising
Implosion Field

Toroidal Field

Reconnection

Equilibrium
JL SE E2 t.

FIGURE 2.2.5

FORMATION OF A
SPHEROMAK
CONFIGURATION USING
A FIELD REVERSED
THETA PINCH AND AN
AXIAL CURRENT/13/
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-Gun ptMmj

• Mignatlc 'lux conuntritad Into gun uthodi

(a) High 0 pi « m i formed in breech of pltsma gun

(b) Gun plnma b tjactvd and captures m*gn«tlc flux ts It O B W through cusp (Ittd

t t
Ntul/ll be«ml

(c) Ring It tnpptd In mirror: could bx built up to fitld ravwul by tucking r

FIGURE 2.2.6

FORMATION OF AN FRC BY A COAXIAL PLASMA GUN/14/
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OlMSISTATIC FORMATION' USING INDUCTIOf.

F l u i Core
I

Support
Leads

Bp Coil

Dp Current
Reduced

Thru
Zero

BT Generated
in Plasma

Bp Current Reversed
and Crowbarred

FIGURE 2.2.7

FORMATION OF A SPHEROMAK CONFIGURATION BY SLOW INDUCTION



FIGURE 2.2.8

CT PROGRAM (FROM REFERENCE 10)

CTX, PS-2, S-l

Spheromak

CCTX

FRC 1 !
O

TRX-1,FRX-C,HBQ

preparatory
shase

CCTX phase

exploratory
phase

I I I I I I I I I I I I I I
82 83 84 85 86 87 88 89 90 91 92 93 9A 95
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DIAGNOSTICS
PORTS

FIGURE 2.2.9

THE S-l SPHEROMAK

FIGURE 2.2.10

CROSS SECTION OF THE CTX FACILITY/26/
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FIGURE 2.2.11

THE CTX FACILITY AT LANL SHOWING THE FRX-C SOURCE FOR FRC
CONFIGURATIONS AND THE COAXIAL GUN SOURCE FOR SPHEROMAK

CONFIGURATIONS



75cm

o
D

Flux conserver
o

0
' "" o

o
0 0 O 0 0 O O

0
o

Bz

o

o

— 40cm— i J

, Bx probe
probe

Y

Plasma gun

n i

— r =

II i
&

lUUCiïl

FIGURE 2.2.12

THE LLNL BETA II DEVICE

H>-20 cm—H
to oscilloscope

ï | /4m monochrorrotor
1OMA or
photomultipliers

FIGURE 2.2.13

THE DUAL CONICAL THETA PINCH DISCHARGE EXPERIMENT AT THE
UNIVERSITY OF WASHINGTON/32/
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TRITON POSEIDON

CARBON I
CATHODE (l

\

Ti ANODE1

FOIL

-FOIL CHANGEfl

TRITON CUSP
COIL

MAGNETIC
PROBES

iL
o

POSEIDON CUSP
COIL

ALUMINUM
CYLINDER

SUPPORTS (3)

T T
DRIFT TUBE

1 /
COPPER

LINER

CARBON
CATHODE

ALUMINUM
• DISC ON
ANODE FOIL

Ti ANODE
FOIL

FIGURE 2.2.14

THE ROTATING E-BEAM AT NRL/35/

TO PUMP

MIRROR COILS

-INJECTOR COMPRESSION COIL /SOLENOID COILS
-INJECTOR p R 0 T E C T I V E CONDUCTIVE

PLASTIC CENTER \VACUUM TANK
BARRIER CONDUCTORS S 1 m L I N E f i

1 . TRAPPEO ELECTRON RING
2 . MOVED ELECTRON RING
3. COMPRESSEO ELECTRON RING

FIGURE 2.2.15

SCHEMATIC OF THE RECE-CHRISTA DEVICE
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FIGURE 2.2.16

CROSS-SECTIONAL VIEW OF IREX

UOfUW

.rcuis-x.

PfCiOMZATION ILCCTROOe
10 «a

FIGURE 2.2.17

SCHEMATIC OF THE TRX-1 FIELD REVERSED THETA PINCH
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lecfion 2 .2 .18a

Well

Equilibi
Field Co

Reoclisn tha-nbei

S-l Sphe'omak
Cenetolor

Sphcicol Blonkel

. Spheromak reactor with a stationary plasma in a
s;'heiical reaction chamber.

2.2.18b

FIGURE 2.2.18

THE STEADY-STATE SPHEROMAK REACTOR/59/



- 156 -

P.nch
Coil»

E» pont ion
Co*» D.ifCt

_ „ V « Thtimol Dump
!» Conducting X* v
Coill X \

Blank,l/Sh,ekf N , ^m, \

2.2.19a
PRINCIPAL COMPONENTS
OF A TRANSLATING
SPHEROMAK REACTOR

2.2.19b
CONCEPTUAL DESIGN
OF THE SPHEROMAK (UI)

FIGURE 2.2.19

TRANSLATING SPHEROMAK REACTOR (UI)/60/
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RING
GENERATION ADIABATIC

COMPRESSION ADIABATIC ENERGY
RECOVERY

CENTER
CONDUCTOR

PUMP

RING DUMP

MAGNET COILS

LOW ENERGY ION RING HIGH ENERGY
ION RING

PUMPS

FIGURE 2.2.20

CONCEPTUAL DESIGN OF AN IRC/61/
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FIGURE 2.2.21

THE FIELD REVERSED MIRROR REACTOR/14/

INITIAL FUEL
^ INLET

COMPRESSOR
-BIOLOGICAL & COIL SHIELD

,— SUPERCONDUCTING COILS

r— NEUTRON
ABSORBING
BLANKET

, SHIPPABLE
/ MOOULES

y
COLD FUEL ADDITION

PLASMA RINGS

PUSH COILS
(NORMAL CONDUCTOR)

MOVING RING FRM REACTOR

EXHAUST

FIGURE 2.2.22

THE MOVING RING FIELD REVERSED MIRROR REACTOR/63/

i
I
i



COMPRESSOR

FR0P / TAPERED BURN CHAMBER

EXPANSION/
QUENCH

FIGURE 2 . 2 . 2 3

THE CTOR REACTOR/64/

AXIAL BLANKET

VACUUM PORTS

HELIUM HEADER

FUEL
INJECTION

[ALUMINA FIRST WALL

COPPER MAGNET F I G U R E 2 . 2 . 2 4
[GRAPHITE BLANKET

TRACT PILOT PLAt
REACTOR VESSEL/*

[TRACT PLASMA

COOLANT TUBES

B 4 C/PbSHIELD

•FLUX DUMP

-SUPERCONDUCTING
MAGNET

COOLANT
INLET
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(o) LINER AT REST
HELIUM STORED
VALVES CLOSED LINER

(b) VALVES OPEN

IMPLOSION BEGINS

PLASMA FORMED

(d) PLASMA EXPANDS
HELIUM RECOMPRESSED

PLASMA

(c) PLASMA COMPRESSED
FUSION OCCURS

FIGURE 2 . 2 . 2 5

THE LINUS REACTOR



- 161 -

FIGURE 2.3.1

CROSS SECTION OF THE IGNITOR.
IN ORDER TO HEAT IT THE MAGNETIC FIELDS COMPRESS THE PLASMA

FROM THE SHAPE LABELLED A TO THE SHAPE LABELLED R

Axis of
Rotation

1 : Steel C clamp

2 : Compression rings

3 : Toroidal coil

4 : Poloidal coils

5 : Central transformer coils

6 : Central steel cylinder

7 : Vacuum chamber

8 : Throat region

9 : Vacuum chamber port
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.Removable
Access Lid

RIGGATRON Tokamak —

External Blanket Region
(for Tritium Breeding from Lithium k

and/or Hybrid Fission Power
or Fuel Breeding)

Quick-Disconnect
Base Plug

RIGGATRON
Fusion Power Core Unit

in Vacuum Envelope
(Removable and Replaceable)

Concrete Shielding
Walls

FIGURE 2.3.2

THE COMMERCIAL RIGGATRON FPC
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ne
te
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-0 .
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—

-0.50

-0.75
0.00 0.50 1.00

Radius (meters)
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Stress Intensity
(WOO Ibs/sq inch)

a: 0-20
b: 20 - HO
c: HO - 60
d: 60 - 80
e: 80 - TOO
f: WO - 120
g: 120 - HO

FIGURE 2 . 3 . 3

STRESS DISTRIBUTION ON TOROIDAL COILS .

THE RADIUS IS MEASURED FROM THE CENTER OF THE TORUS / 8 1 /

cr
to

o
o
O

i 50 -

0
25 . 50

Electrical Conductivity
75 100
of Pure Copper)

_ _ Alloys with processing
'developed by INE5CO
Other commercial
conductor Alloys
FIGURE 2.3.4

MECHANICAL AND ELECTRICAL PROPERTIES OF
THE INESCO - DEVELOPED COPPER ALLOYS /81 /
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1000

E
u

( Superconducting
Tokamaks

re)
DC

CD
M

IS)
100 fl/GG/l TRON \

1

50
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Magnetic Fie ld (Tesla)
20

FIGURE 2.3.5

COMPARISON OF SIZE AND MAGNETIC FIELD
STRENGTH BETWEEN RIGGATRON AND

CONVENTIONAL SUPERCONDUCTING TOKAMAK 781/
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FUSION DEMONSTRATION EXPERIMENT

TEST SITE

"•••..„ "">>- ,ASSEMBLY/LAB/SHOp BLDG.

COOLANT SUPPLY SYSTEM

FIGURE 2.3.6

RIGGATRON FDX TEST SITE PLAN/81/

DECONTAMINATION
/DISASSEMBLY BLDG.

COOLING TOWER

CONTROL OFFICE BLDG. HOLDING POND
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i
c
c
o
o

1.0
102

Length £{m)
103

F S ( r,EL=2.5)

FIGURE 2.4.1

DEPENDENCE OF FIELD B(T) ON PLASMA COLUMN
LENGTH jt(m) FOR VARIOUS END STOPPERING

SCHEMES TO ASSURE nt = 1021 s/m3 when g = 0.8
AND T = 10 keV: FS (FREE STREAMING), MEP

(MATERIAL ENDPLUGS), REP (RE-ENTRANT ENDPLUGS),
MM (MULTIPLE MIRRORS), AND CEP (CUSP ENDPLUGS)
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• Scylla IV-P (5m)
A Linear Scyllac (5m)
o Scylla IV-3 (3m)
B Scylla I-C (Im)

0.2 0.4 0.6 Q8 L0

FIGURE 2.4.2

A COMPARISON OF THEORY AND EXPERIMENT
FOR FREE STREAMING ENDLOSS FROM A LMF DEVICE/94/
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4.0

LJ

O.I

LiD PLUGS
T E = 2 9 | J S

5 10 15 20 25 30

TIME (ps)

FIGURE 2 . 4 . 3

EXPERIMENTALLY OBSERVED INCREASE IN ENERGY
CONFINEMENT TIME RESULTING FROM THE USE OF

MATERIAL ENDPLUGS/9 4 /
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pulse magnets
superconductor

w>è^

plasma

plasma tube-

streaming
plasma energy
converter

shield

blanket \ ^..r.

coolant channel

electrical lead

«

blanket energy^

^vconverterxv
\XV\ \\w\\\\\

energy stordgeN

system

net
electrical
energy

FIGURE 2.4.4

SCHEMATIC OF MULTI-TUBE LASER-HEATED SOLENOID REACTOR



MODULE HANDLING
AND STORAGE

MODULE
TRANSFER
HANDLING MAGNETIC ENERGY

TURBO *-^STORAGE CRYOGENIC AREA
GENERATOR

4-METER
ODULE(250
TOTAL

PLASMA COLUMN,
ULSED MAGNET

BLANKET

•SHIELD

LASER

•SUPERCONDUCTOR

FIGURE 2.4.5

CONCEPTUAL DRAWING OF A MODULAR
LASER-HEATED SOLENOID POWER PLANT

o



mmmmmm

FIRST WALL

BLANKET

COMPRESSION
COIL

NEUTRON
SHIELD

SUPER-
CONDUCTING
MAGNET

FUEL AND
VACUUM
MANIFOLD

FUSION
PLASMA

I
H

ALTERNATE REACTOR

FIGURE 2.4.6

CONCEPTUAL DRAWING OF AN E-BEAM HEATED
SOLENOID REACTOR WITH NORMAL-CONDUCTING COMPRESSION COILS
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DYNAMIC PHASE

(b)

QUIESCENT PHASE

FIGURE 2.4.7

A SIMPLE LINEAR THETA PINCH
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FIGURE 2 . 4 . 8

LINEAR THETA-PINCH REACTOR
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• 21

1. Liner/Leads Assembly Ready for
Implosion

2. Remains of Imploded Liner/Leads
Assembly

3. Liner/Leads Carousel
4. Plasma Preparation
5. Power Leads
6. Hydraulic Arm to Move Power

Connection
7. Blast Vessel Head and Liner/Leads

Feedthrough

8. Homopolar Motor/Generator
9. Inductive Transfer Element, Trans-

fer Capacitor, and Switches
10. Blast Vessel (2.6-m radius, 0.13-m

Wall Thickness)
11. Shock Extending Ribs
12. Lithium-Spray Spargers
13. Lithium Inlet and Control Valve
14. Solid Debris Skimmer
15. Lithium Sump and Storage
16. Lithium Pump

17. Li/Na Heat Exchangee T<<

18. Lithium Surge and S\vw
19. Solid Debris Separate*
20. Lithium Drag Stream W«

Recovery
21. Solids Debris to

Refabrication
22. Secondary Sodium

FIGURE 2.4.9

SKETCH OF FAST LINER FUSION REACTOR/107/
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E-Beam
and

DT Fuel

Insulator

Neutron
Moderating

Blanket

Pressure
Vessel

Pinch
Electrode

Plasma (Pinch)

Liquid Li Vortex

FIGURE 2 . 4 . 1 0

CONCEPTUAL DESIGN OF A WALL-LESS Z-PINCH REACTOR IN WHICH
A POOL OF SWIRLING LIQUID LITHIUM FORMS ONE OF THE ELECTRODES
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FIGURE 2.5.1
LAWSON CRITERION DIAGRAM FOR TANDEM MIRRORS/110/
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1

0.5
<D

0.05

0..01

The solid circles are measurements from
ETA-BETA II and ZETA, both operating
with similar values of I/N near the high
density limit and the open circle is the
value for the planned RFX machine.

ZETA

ETA BETA II

0.3 0.5
I (MA)

10

FIGURE 2-6.1

THE TEMPERATURE EXPECTED IN RFP
DEVICES ON THE BASIS OF PINCH SCALING

[Toe |80(I/N) I with j30(i/N)

= 0.2x10"1*A«m]
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FIGURE 2.7.1

TOROIDAL INTERNAL RING DEVICES WITH A SINGLE RING (LEVITRON OR
SPHERATOR) TWO RINGS (TOROIDAL QUADRUPOLE), FOUR RINGS (TOROIDAL
? ? S L E ) AND SIX RINGS (DUODECAPOLE SURMAC). THE RING <R) ,
A X , AND EQUILIBRIUM FIELD COILS (E) ARE INDICATED FOR THE
SINGLE RING CASE ONLY. SMOOTH CURVES REPRESENT MAGNETIC SUR-
FACES IN THE PRESENCE OF A LOW-BETA PLASMA. FOR THOSE WITH 2,
4? AND 6 RINGS, 8 = 1%, 3%, AND 6%, RESPECTIVELY. THE 2, 4, AND
6 RING FIGURES ARE FROM D.A. D1IPPOLITO, E.A. ADLER, AND
Y C LEE, "EQUILIBRIUM AND STABILITY OF HIGH-g TOROIDAL MULTI-
POLES", THE PHYSICS OF FLUIDS 23, 794-802 (1980), FIGS. 2-4.
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ANNULAR MAGNETIC WELL MIRICLE WJTH PLASMA SHUNT

Plasma
shunt

Direct
converter

Direct
converter

FIGURE 2.7.2 p^^-'ï-'sï'.i; •••-.

i

I

ARTIST'S SKETCH OF A MIRICLE REACTOR,
SHOWING THE HELICAL LOOP FOR ESCAPING IONS
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FIGURE 2.7.3

SKETCH OF A SCREW-PINCH EXPERIMENT. THE CONDUCTING SHELL
OUTSIDE THE QUARTZ TORUS ACTS AS THE PRIMARY FOR THE TOROIDAL
CURRENT THE MAIN TOROIDAL FIELD IS APPLIED BY CURRENTS IN THE

COILS OUTSIDE THE SHELL; ONLY ONE OF THESE COILS IS SHOWN.

FIGURE 2.7.4

THE EXPERIMENTAL DEVICE SPICA. IN THE BACKGROUND,
PART OF THE HIGH-VOLTAGE CAPACITOR BANK IS VISIBLE.
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FIGURE 2.7.5

A SCHEMATIC VIEW OF THE SPICA II LOAD ASSEMBLY
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The
University of Wisconsin
levitated ocbupole
experiment.
Courtesy of J. C.
Sprott and S. C.
Prager.

WBCONSM LEVITATED OCTUPOLE

DOUBLE PROBEv
GETTER U 3 ) N \
4mm fj.-WAVE '
INTERFEROMETER^

-CRYOPUMP

ION SOURCE

CHARGE EXCHANGE
ANALYZER

MAGNETIC PROSE
LANC-MUIR F

LANGMUR a MAGNETIC
PROBES

ENERGY
ANALYZER!

SPECTROMETER

THOMSON SCATTERING'
LASER BEAM

The Dodecapole SURMAC (Surface Magnetic Confinement) experiment at
UCÏA, Courtesy of R. W. Schumacher and A. Y. Wong.

FIGURE 2.7.6

CURRENT MULTIPOLE EXPERIMENTAL DEVICES
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FIGURE 2 . 7 . 7

(A) ARTIST'S DRAWING OF TCX PLASMA DEVICE, (B) RELATIONSHIP
BETWEEN THE TCX PLASMA DEVICE AND THE TCX COMPUTER MODEL.

ONLY ONE-FOURTH OF THE CUSPS ARE SHOWN.
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FIGURE 2 . 7 . 8

SPHERICAL PINCH APPARATUS FOR PLASMA FORMATION AND HEATING/165/
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FIGURE 2.7.9

TIME EVOLUTION OF THE PUSHER GAS AND OF THE SHELL MASS
THE EVOLUTION OF THE SHOCK WAVES IS ALSO SHOWN/16 4/
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FIGURE 2.7.10

RADIUS R OF SPHERICAL VESSEL AS A FUNCTION OF INITIAL FILL
DENSITY p0 (OR PRESSURE p), WITH SHELL SPECIFIC ENERGY
Es/Ms OR IMPLOSION SHOCK VELOCITY Vs AS A PARAMETER.
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FIGURE 2.7.11

PRINCIPLE OF A SHOCK-HEATED REACTOR
UTILIZING WALL CONFINEMENT OF PLASMA



FIGURE 2.7.12

SHOCK-HEATED WALL-CONFINED REACTOR
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FIGURE 3.1.1

TIMETABLE FOR FTU, OHTE, RIGGATRON FDX AND ICNITOR
Only the FTU timetable is firm, the rest are contingent

upon approval or the securing of a source of funds



ERRATA

CFFTP Report #F84029

1. Dr. J.F. Jaeger, noted in the Acknowledgement, is.with the Swiss
Federal Institute for Reactor Research, and not GA Technologies
as shown.

2. A revised copy of Table 3.1.1 is attached.



TABLE 3.1.1

Device Type

Compact Toroid

(Spheromak or FRC)

FRM

Group

PPPL

LANL

MSNW

Maryland

Osaka

LLNL

Present Experiment
or Device

S-1

CTX

FRX-C

TRX-1

MS

CCTC-1

Beta-II

(Spheromak)

(Spheromak)

(FRC)

• (FRC)

(Spheromak)

(Spheromak)

Approximate Earliest Possib!
Date for Start of Operation
an Ignification Experiment

Late 90's

Late 90's

Late 90's

Late 90's

Late 90*s

Late 90's

Late 90's


