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Summary

The ELMO Bumpy Torus (EBT) reactor has the
advantages of high-B8, steady-state operation. The
first reactor study based on the FBT confinement con-
cept was initiated in 1976. It provided the required
starting point for continued assessment of the validity
of the concept. Recent refinements in plasma engineer-
ing and plasma physics have resulted in a revised
system description. Reactor design and engineering
studies have been revised and improved continually to
incorporate increased understanding from the plasma
research. A new design based on the present physics
understanding, practical design approaches, and present
and near-term technélogies has been established. One
of the important factors in an EBT reactor is that the
large aspect ratio (large toroidal major radius as
well). This leads to a power plant with a compara-
tively large total energy output, usually in the range
of 2000-6000 MW(th) for a conventional neutron wall

loading of 1-~2 Mw/m2 (the high value of B in an EBT
device provides a net cost per unit energy roughly
equal to or somewhat less than that for a tokamak
system). The large aspect ratio also provides very
simple engineering and design requirements because of
good access and small force loading asymmetries.
Another important factor is the steady-state operation.
In an EBT system, less power handling, energy storage,
and filtering equipment will be needed. An EBT reactor
is less likely to be subject to thermal and mechanical
fatigue than reactors with large pulsed magnetic fields
and short bursts of fusion power., The details of the
key design elements and critical scientific and tech-
nology factors which are substantially different from
other fusion reactor approaches are described.

Introduction

The experimental results from EBT! have motivated
a consideration of the EBT concept as the basis for a
potential reactor. Since the flrst round of con-
ceptual EBT reactor de51en in 1976,2 there has been
considerable progress in design improvement which
incorporates the increased understanding from the
plasma research.3

A power-producing EBT Reactor (EBTR) system is
especially attractive from the viewpoint of a reactor
designer because of its steady-state operation at high
plasma pressure, its modular construction, its rela-
tively large aspect ratio, and its favorable geometry
for ease of maintenance.

The following set of design parameters is speci-
fied in order to select the reference design: from the
utilities point of view, power output is limited to
2000-6000 MW(th); neutron wall loading is in the range

of 1-2 Mw/m2 from wall lifetime considerations; the
mirror ratio required for annulus formation is typi-
cally 2: 1' the limiting plasma pressure is in the
range of 25-50%;" and the device should be capable of
ignition and should use, if possible, 150-keV Tokamak
Fusion Test Reactor (TFTR) neutral beams or 120-GHz
EBT~II microwave sources for the toroidal plasma and
70-GHz EBT-II microwave sources for the sustaining of
annuli. On the basls of trade-off studies among the
plasma physics requirements and uncertainties, engi-
neering design, and technological capabilities, a
self-consistent set ofi plasma parameters and a range
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obtained. In view of the uncertainties involved in
each area, plausible estimates have been made to
retain flexibility so the system can accommodate
changes as the physics and technology evolve with

time. The essential features of the EBTR are

described below. This de51gn is based on a presently
acceptable plasma model> and relatively conservative
engineering parameters.

Table I

EBT Reactor Parameters

* Plasma radius (m) 1.0
Mirror ratio 1.8
Magnetic field (midplane/mirror) (T) 2.5/4.5
Aspect ratio 30-60
Number of sectors _ 24-4820
Particle density (m ~) 1.4 x 10
Ion/electron temperature (keV) 15
Toroidal plasma B (%) 27
Neutron wall loading (average) (MW/m ) 1.47
Total fusion power [MW(e)] 1000-2000

Cold zone (m) 0.2
Blanket thickness (m) 0.6
Shield thickness (m) 0.5
Coil inner radius (m) 3.0
Coil outer radius (m) 3.7

Colil half axial length (m) 1.05
Current density (A/cmz) 1525
Neutral beam energy (keV) 150%
Neutral beam power (MW) 50-200%
Microwave frequency (GHz)

Toroidal plasma 120%

Hot electron annuli 70
Microwave power (MW)

Toroidal plasma 50-200%

Hot electron annuli 5-10

aA toroidal plasma will be heated to ignition condi-
tions using either microwaves or neutral beam
injection. Power required for ignition is in the
range of 50-200 MW (total) depending on the start-up
procedures.

Plasma Performance

The basic EBT operation requires a toroidal bumpy
magnetic field structure with an electron-cyclotron-
heated, hot electron ring (annulus) contained in each
bump of the field. These annuli produce a local mag-
netic well which provides stability for the toroidal
plasma.z'“ Hence an EBT contains two different groups
of particles: a comparatively small number of mirror-
trapped energetic electrons (several hundred kilovolts)
and a higher density (both ions and electrons) toroidal
plasma. The fusions occur between the toroidal plasma
ions.

The power density which will dictate the desirable
characteristics for the plasma in a deuterium-tritium
(D-T) burning system is given by
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where QF = 17,6 MeV. In a low-B plasma, B is limited
to a few percent [it may be as large as 5-10% in a

flux-conserving tokamak® (FCT)], and <av>/T2 exhibits a
broad maximum between 10 and 20 keV, while the magnetic
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ficld is limited by the techn)logical.Constra%nts; an
optimum operating point whichk is con51stcnt‘w1t? the
overall plaat can be chosen within these criteria. In
a high-B system, additional trade-offs are %nvolved:
for example, operation outside the range which masi-

mizes <av>/T2 might become desirable to keep the den-~
sity (n) within limits because of microwave cutoff or
neutral beam penetration requirements. The trade-~offs
juvolved in the optimization of the highzsacycle are
unique and are formulated for the study <’ Th? trade-
off{s between B and B have been considered and high-g
and low-8 (the minimum field strength assumed feasible
fs 25 kG) operation is found to be desirable. Figure
1 shows the relationship between plasma, magnetic
fivld, and power production parameters.
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Fig. 1. Relationship between plasma, magnetic
field, and power-producing parameters.

Start-up scenarios consistent with microwave
cutoff (120:GHz) or neutral beam penetration (150 keV)
requirements have been derived to take advantage of
high-8 operation in EBT. At T = 15 keV, a 8 of <0.35
is required for 120 £Y7 microwave penetration., Simi-
larly, ncutral beam attenuation, which is proportionul
to exp (-noX), also places a restriction on maximum
density if hollow density profiles are to be avoided,
The dynamics of the EBTR system have been analyzed to
establish procedures for achieving a high-8 operating
point at acceptable density, consistent with con-
straints imposed by other reactor support systems.

Steady-state plasma performance parameters are
obtained from a consistent solution of the equilibrium
and the plasma particle and power balance equations,®
The scaling laws which will ultirmately apply to the
EBTK plasma are presently uncertain. A simulation
model which retains the essential physics of the
phenomena has been developedS to assess the plasma
behavior. 1In this model, which is time-dspendent, the
toroidal plasma is characterized by simple energy and
particle containment times with appropriate density and
temperature scaling. The reacto: plasma simulated in
this model is consistent with the results obtained from
EBT-T experiments:!s% a toroidal ceore with nearly
uniform density and temperature wichin the plasma
radius, which is determined by the stahilizing hot
electron annuli. Early comparisons between a simple
point model” and the experimentally observed ion and
clectron temperatures, plasma densitv, and energy
confinement time for a toroidal core plasma in EBT-I
indicated that the EBT-I has parameters entirely con-
$istent with neoclassical predictions.® Although in
the present EBT device plasma transport seems tc be
Boverned largely by neoclassical processes, hypothe-

sized anomalous transport losses are included in the
plasma simulation model in order to test the sensitiv-~
ity of EBTR parameters.

From appropriate transport coefficients, confine-
ment times are given by
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The y factors permit consideration of different con-~
tainment times, where the subscripts "NC" and "A"
correspond to neoclassical and anomalous processes,
respectively. The scaling of confinement time with
density (n) and temperature (T) for neoclassical and
anomalous processes is given by5’7’
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All units are mks (temperatures and in keV).
RT and Rc are the toroidal and minor radii of curva-

ture, and s and p are constants. From Eq. (2) one can

arrange to have
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where the subscript "o" corresponds to the operating
point values (steady state) and F (anomaly factor) is
an adjustable constant which is chosen to yield physi-
cally plausible solutions. The results of the calcu-
lations for various values of the anomaly factor F and
electric 'field parameter n are glven in Fig. 2. It is
shown (see Fig. 2) that the selected parameters for
ZBIR are flexible enough to accommodate anomalous
losses one to two orders of magnitude greater than the
present neoclassical losses at the operating point.

Fueling of the EBT reactor is required to take
advantage of steady~state operation; however, this
requirement is not unique since it applies to all large
systems where the burn time will exceed the particle
containment time. In EBT-I particle density is main-
tained by introducing neutral gas into the chamber.

The EBTR plasma is too large (~1 m) to permit adequate
neutral penetration for this technique to be effective,
so the particle density will be maintained by some
other means, such as pellet fueling,

A method for removing residues (fusion products)
and impurities may be necessary if particle dynamics of
transport processes do not lead to this result natu-
rally. 1In EBT-I, impurities do not accumulate in the
central region of the plasma due to the short confine-
ment of impurities on surface plasma and shielding by
the ring electric field. Either future experiments
will validate EBT-I results or the EBTR will require a
residue removal and impurity control mechanism.

Power requirements to sustain the stabilizing
annuli need to be examined in detail, although prelimi-
nary calculaiions show that this is not a problem
because ‘the ring plasma occupies a relatively small
volume,?s3 1p steady state, the annulus power balance
is PuA = PTA + PBA + PCA’ where PTA i thermal conduc~

tion and convection, PBA is bremsstrahlung losses, PCA
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Fig. 2. Nt vs lon temperature Ti for different values of anohaly factor F and the electric field parameter

n.

is synchrotron (cyclotron) radiation, and PuA is the

microwave power required to sustain the annulus. The
emission of synchrotron radiation Irom the hot electron
annulus in EBT and the large-scale EBTR was estimated
in Ref. 1. More detailed calculations have been
carried out for the EBIR reference design.? 1In the
latter work, the synchrotron emission amounted to a
few tens of kilowatts per sector at worst, compared to
a few tens to a few hundreds of kilowatts of transport
losses for the data chosen. It is important, however,
that this subject be reviewed frequently as more in-
formation becomes available about the annuli (and their
scaling laws) from the future experiments! (EBT-S/SA,
EBT-II, ...).

A comparison of the parameters of EBT-I and those
projected for EBT-S/SA, EBT-II, ..., EBTR yilelds an
interesting result. Virtually all che dimensionless
parameters which influence stability are roughly the
same in EBT-I, EBT-11, and the projected EBTR. Thus,
the following dimensionless parameters are either the
same or in the direction of increased stability:
annular beta; ratio of gyroradii to various scale
lengths; field errors; aspect ratio; ratio of cold to
hnt electron density; ratio of electcon to ion tempera-
ture; ratio of electron plasma frequency to cyclotron
frequency; and ratio of ambipolar potential to tempera-
ture. The B of the toroidal core plasma and, to a
lesser extent, the collisionality are factors which
change appreciably. The approximate constancy of these
dimensionless parameters which are known to influence
stability 1s very encouraging, and the extrapolation
of EBT-I results to EBTR appears feasible.

For a high-B, steady-state EBT system, the plasma
equilibrium, particle orbits, ambipolar elezctric field,
and transport phenomena are closely coupled to one

another. From these interrelations, specifically from
equilibrium requirements and efficiency of use of the
magnetic field, a displaced aperture-inner wall design
has been .adopted this year. Figure 3 shows the mod-B
contours and field lines for one sector of EBTR for the
straight cylindrical wall design (original wall design
from last year's study) and for the displaced aperture
flux following wall design (without finite B).

In the latter case, the plasma is shifted about 25 cm
from the coil toward the major axis. This change leads
to a usable volume of about 100%,3 compared to about

072 for th ight cylindrical case.
5 or the straight cylindrical case. .o\ ucorrams
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Fig. 3. Mod-B contours (solid lines) and field
lines (dashed lines) in the equatorial plane for one
sector of EBTR for straight cylindrical (upper curve)
and displaced aperture (lower curve) inner wall design.
In the upper curve, the boundary is the inner wall (and
the coil planes). 1In the lower curve, the aperture has



been moved toward the major axis about 25 cm so that
its projection along field lines into the midplane
lies on mod-B contours.

Magnetics

The magnetic field in the EBTIR is produced by 24
(48) 6-m-bore NbTi superconducting coils with a maxi~
mum field of about 7.8 T at the coil. The magnetic
fields at the magnet throat aud 2t the midplane (con-
fining magnetic field) are 4.5 T and 2.5 T raespec-
tively, which gives a mirror ratio of 1.8. As long as
the ratio of the reactor major radius to the number
of coils is constant, the axial field strength produced
is not sensitive to the size of the reactor. Thus, an
important advantage of an EBTR is that the same module-~
magnet desijzn can be used in reacturs of different size
and output. Also, EBT has a large aspect ratio, so
that the magnetic field 1s reasonably uniform at the
coils and the magnetic forces are nearly symmetrical.
All coils are circular in shape and are made of
tightly wound pancakes with pool-boiling cooling.

Cryostability of the magnet is achieved by build-
ing up monolithic multifilamentary NbTi composite with
formed copper strips. The copper strips are punched
with slots to increase the wetted surface area and to
improve coolant circulation. A high operatiang current
(25 kA) was chosen to hold the terminal voltage during
discharge to 2 kV, and four conductors are wound in
parallel to maintain a reasonably small conductor and
large heat transfer surface. The four conductors are
interleaved in a spiral fashion in such a way that in-
ductances are equalized and the total current is evenly
divided between conductors. In EBT, it is Iimportant
that the field errors be small. The winding scheme
adopted (see Fig. 4) gives lower field errors than if
only one conductor is used. Furthermore, compensation
of field errors due to the crossover currents is possi-
ble. Stray fields are further reduced by careful use
of the leads as compensation for each other and for
arial current component with the winding. The design
provides 357 helium space, interconnected helium
passages with a minimum cross-sectional dimension of

0.25 cm, and a surface heat flux of 0.15 W/cm2 when
the entire current is in the stabilizer. Quench
detection is based on voltage taps, with pickup coils
on the current leads of all power supplies to compen-
sate the inductive voltages and leave only the resis-
tive component. Eight consecutive magnets are charged
with a single power supply. Each coil is iadividually
protected by an external dump resistor, which is
switched into the circuit on the detection of a quench
in any coil. Details of the EBTR magnets are dis-
cussed in Refs. 2, 3, and 9.

Mechanical Design

Conceptual designs of EBT reactors based on the
modular concept are studied for a wide range of
sizes.?*3 Each module consists of one super-
conducting magnet coil, a shield cf articulated
cylindrical units, and multiple blanket modules
{roughly conforming to the plasma shape), as well as
vacuum pumping and microwave injection ports.

The blanket is divided into segments both poloid-
ally and toroidally. There are nine toroidal segments
in one module, and each segment consists of twelve
buckets arranged in a circular frame. The blanket is
of uniform thickness, 60 cm, for all segments. The
buckets are filled with lithium for neutron absorption
and tritium production. The back section of each
bucket has stainless steel spheres mixed with lithium
for gamma absorption. Double wall cooling tubes are
coiled in the buckets. Helium gas at 70 atm is
circulated through the blanket tc remove the heat for
steam generation. The entire blanket structure is 316

stainless steel with a small addition of titanium. The
shield sections are made of stainless steel containers
(tanks) filled with stainless steel spheres around
which borated water 1s circulated for heat removal.
These tanks are divided into appropriate shapes and
sizes to permit access to the blanket with relative
ease,

ORNL~OWG 76~14072

Fig. 4. Schematic diagram for spiral winding of
four conductors in parallel in a pancake.

The torus is assembled in a concrete moat which
1s evacuated to provide a secondary vacuum enclosure
for the machine. This vacuum environment greatly
simplifies the assembly procedure and, more impor-
tantly, eases the remote maintenance problem, since it
is not necessary to provide a vacuum-tight primary
enclosure for the plasma. Thus, the individual blanket
segments are not required to be welded together. Also,
the numerous penetrations through the blanket need no
welding tc the blanket wall. All assembly and remute
maintenance operations are performed from above the
moat, Two gantry cranes, capable of rotating com-
pletely around the moat, are mounted on a continuous
circular track. A general plan view of the entire
EBTR plant is shown in Fig. S.

The coils are installed in a concrete "picture
frame." The gravity locad and the magnetic centering
forces are transmitted to the plcture frame through
laminated load-bearing pads of insulating material and
a liquid-nitrogen-cooled buffer zone. A plan view of
the components of the torus is shown in Fig. 6. After
the coils are installed, the articulated shield pieces
are installed, except for the center clamshell sections
between coils., These are put in after the blanket
sections have been put in place.

The plasma region is maintained at a lower pres- .
sure than the moat by two vacuum pumping ports between
each toroidal field (TF) coil. Microwave injection is
made through these same vacuum ports. The vacuum
system for the plasma region is located in tunnels
running radjally under the moat. The large area
encircled by the moat is used for microwave generators
and power supplies, cryogenic refrigerators, primary
heat exchangers, and cther equipment. This central
location minimizes the lengths of lines running to
these auxiliaries.
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EBTR plan view. Neutronics Performance

Neutronics calculations were carried out to assess
the ability of the lithium-laden blanket assembly to

-recover the kinetic energy of D-T fusion neutrons and

secondary gamma rays in the form of heat and for breed-
ing tritium, Also, the blanket and the shield
assembly were evaluated in terms of their combined
shielding ability to protect the magnet assembly from
the intense plasma radiation.

The calculations were performed in a one-dimen-
sional cylindrical geometry using the discrete
ordinates code ANISN!? with a P3-S12 approximation.

The neutron and gamma ray transport cross sections

were taker from the DLC-37!1 library and collapsed to

a 35~neutron and 2l-gamma-ray energy group subset. All
of the nuclear responses were obtained using the latest
available ENDF/B-IV data. The reactor, modeled from
detailed engineering drawings, has a 60-cm-thick
blanket assembly consisting of lithium im a 316 stain-
less steel structure and cooled with high pressure
helium. The blanket surrounds a 100-cm-radius plasma
region with a 20-cm cold zone. The shield is 55 cm
thick and is separated from the blanket by a 30-cm-
thick maintenance void. The shield is composed of

316 stainless steel (65%) and water (35%) and is
supported by a stainless steel structure. Surrounding
the blanket and shield is a magnet assembly consisting
of Nb-~Ti/Cu coils and supported by stainless steel.

All of ‘the data were normalized to a first wall neutron

loading of 1.47 MW/mz.

The blanket assembly recovers 96% of the neutron
and secondary gamma-ray energy in the form of heat.
Approximately 4% of the energy is deposited in the



is deposited in the shield and the remainder,

(7 x 10_4)2, is deposited in the magnet assembly. The

total heating rate in the reactor is 1.47 x lO5 W. The

peak heating rate in the blanket is 13.5 W/cm3 and

drops off to 0.34 W/cm3 at the front of the shield.
Thz shield reduces the nuclear heating by nearly four
orders of magnitude and at the front of the magnet

assembly the peak heating is down to 5.8 x 1077 W/ew.
Natural lithium is used as the fertile material in
the blanket. The tritium breeding ratio is 1.29

tritium nuclei per incident neutron, with 56% of the

breeding resulting from neutron reactions with 6Li.

Economic Potential

In order to establish the economic potentisl of
the EBT reactor, two independent system costing models
have been developed. The first model relies on an
explicit model of EBTR?+3 to compute the cost of the
reactor itself and on the United Engineers and Con~
structors 1972 plant cost estimate developed for the
liquid metal fast breeder reactor (LMFBR) (suitably
inflated for 1977 dollars) to compute the costs of the
balance of the plant. The second model uses the cost
model developed for tokamak system studies,12 with
proper adjustments. Both models predict capital costs
of approximately $800-1200/KW(e). These relatively
low costs reflect the simplicity of the EBTR design.
In particular, the modular nature of individual
blanket shield segments, the low-cost "accelerator
style" containment building, high-8, and steady-state
operation lead to relatively low reactor costs. The
impacts of technology, engineering design, and plasma
operating characteristics on the EET plant cost are
examined. A detailed cost breakdown for subsystems is
analyzed and the results are discussed in Ref. 13.
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