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- The ELMO Bumpy Torus (EBT) concept has many encouraging and
i“attract1ve features as a fusion reactor system. These include a high
beta, magnetohydrodynan1ca11y ‘stable equ1T1br1um, absence of parallel
CUrrents a large aspert ratio; the’ modular nature of individual sectors;

0 no 1nterT1nk1ng c011s, ease of maintenance; steady-state operaticn; and
~¥econom1c potent1a1 ‘The fwrst EBT reactor study was initiated in 1976
1 and prOV1ded the requ1red start1ng po1nt for continued assessment of

the vaT1d1ty of the concept.” Major ref1nements in plasma physics and

_ des1gn eng1neer1nq have now resulted in a revised system description. A
i o new de51gn based on the present physics, pract1ca1 design, and present

g “‘éZ and., near-term technoTog1es has been ‘establisfed. This paper discusses
the deta1ls of key design elements and critical scientific and techrolog-
. 1ca1 factors which afe substantially different from other fusion reactor
,r approaches - The paper aTso provides a usefu] _summary of: where the EBT
‘program 1s, where 1t 15 gc1ng, &nd why these efforts are, in act

, Tsponsored by the Department of Energy under contract with
Un1on Carb1de Corporat1on
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. 1. BACKGROUND ,
. The Qoa] of the ELMO Buhpy Tdrds (EBT) Reacter Study [1] is the evaluation
of the EBT confinement concept [2] as the basis for development of a commercial
" fusion power reactor. Thé EBT is an attractive alternative to other mainline
i'conf1nement systems and has potential advantages in the reactor physics and
techno]ogy areas. _

The main emphasis in current fusion research is on the tokamak approach
toward providing a plasma with sufficiently high temperature (T), density {n),
and confinement time (t). As the mosf studied configuration, with a dozen or so
exper1menta1 devices, tokamaks have achieved the most promising results to date
with ntn 2 x 10]3 and Ti ~ 2 keV using reactor- re]cvant technology. Although
one can regard the tokamak as a prototype device for gaining operational experience

-with a confined plasma undergoing thermonuclear burn, commercial-fusion reactors
will not necessarily have to be built on the tokamak principle.

The magnetic-mirfor systems are also widely‘studied. As a pure fusion
reactor, a mirror device would have to operate as a power amplifier (nonignited).
The main advantages of a mirror reactor are the possibi]ity'of steady-state |
6peration; high beta (the ratio of plasma pressure to magnetic field pressure),

“which is a figure of merit often used in discussing the efficiency of magnetic
field confinement; and automatic divertor action (impurity control) by the end
Toss of plasma. However, the fusion power gain, Q (fusion .power output divided
by the power injected into the plasma), even with "Reversed Field Mirror" or
"Tandem Mirror" concepts [3], is very low (<5), nece:sitating 1Erge recirculating .
power, véry efficient energy recovery, and high heating efficiency in order for
"a mirror reactor to produce net power. The capital cost might therefore be
prohibitive. ‘ : _ | -

The EBT experiment [2] at Oak Ridge National Laboratory (ORNL) was designed
to combine théuattractivé features of both mirrors and tokamaks. The feasibility
of thi§ compined system has been demonstrated successfully in the EBT-I experiment
and {s'discussed at greater length in Ref. 2. Because EBT is basically -a toroidal
device withdut the end Toss problems of mirro% devices, the reactgr performance
estimates give significant power gain values, @ » 10 [1j. Also, EBT regarded as

- a toroidal system is free from many of the physical and_engineeving prob]ems'of
axisymmetric toroidal systems--it is a truly steady-sfate system with no foroida]
current; it has MHD stability at high beta’ (as high as 50% [4]); it is a self-
cleaning system with no tendency to accumulate high 7 material gn axis [5]; it~
has a natural bundle divertor; it is a large aspect rat1o torus permitting good
access and reduced eng1neer1nq prob]ems. and its conta1nment properties do not
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“sca 'eyés’rédfus [6-8], so that feasibitity can be demonstrated in a relatively

sza11 p1asma cross section.

Requ1rements for operat1on of .an- EBT system are a tor01da1 bumpy (or corrugated)

Zflimagnet1r field structure and an electron- cyc]otron resonance (ECR) heated, hot
. " electron “annulus® contained in each. bump of the field. The purpose of the
~annuli is to provide 3 modification not otherwise possible of the magnetic.

~‘;f1e1ds so that broad sca]e instabiTities do not form to disrupt the plasma

W e

:_;fconf1nement ngh power m1111meter m1crowave power supplies furnish the energy

to. form and malnta1n the hot electron annu11 The same sources are adequate]y
effect1ve in“the formation and heat1ng of the toroidal plasma in which the

'fus1on react7on is to occur. Add1t1ona1 and/or a1ternat1ve heating techniques
:(e G.s neutra] beam 1nJect1on heating) can also be used as an option.

Although the present EBT, EBT-I, is a first-generation device and also the

'.first devtcelof.Tts kind, the existing exper1menta1_and theoretical evidence
.. dindicates that the,EBT'approach can-be extended ‘to confine steady-state, high
© beta plasmas. If this extension can be demonstrated, then EBT may, in the Tong

 run; become the most desirable system.

. II.' THE PRESENT AND NEAR—FUTURE EBT EXPERIMENTS
In the present experiment, EBT-i-[2], the plasma is produced in a bumpy
torus. with a major rad1us of 1.5 m and a minor radius of 0.1-0.15 m by microwave

%:\heat1ng [e]ectron cyclotron heatTng (ECH)] of electrons that in turn transfer

e heat to the jons by Coulomb collisions. It employs a toroidal array. of 24
v:‘m1rror co1ls which’ have magnet1c f1e]d° of 1.0 T at their throats and 0.5 T at
M“ﬂtthe m1rror m7deanes Two' m1crowave power suppltes effectively g1ve 1ndependent
f“f'rontro1 of the. hot electron dnnuli and the toroidal plasma. ~On either side of
"1 each m1rror mtdp]ane e]ectrons are heated by 60 kW of microwave power at a
hfrequency.of 18 GHz, wh1ch is equa1 to the e1ectron gyrofrequency The location

"Viof these resonant zones prov1des heat1ng of the tororﬁal plasma at all the minor

'}iirad11 and ‘is-called "bulk heat1ng " In addition, 38 KW of 10.6-GHz microwaves

1“f rosonantlv heat the electrons in-off-axis annular regions near-the mirvor midplanes

- ;:and produce the ctab1hz1ng, high beta (B, » 40%), hot electron annulus. The
©10. 6- GHz “prof11e heat1ng“ supp1y tailors the radial profiie of the hot electron -

:fhfannu1i and also prov1des parallel; heat1ng 6f tor01da1 plasma electrons. The
‘ toro1da1 pTasma has .ion ‘and electron temperatures in the range of 100-400 eV and

';~fia beta value (Btoro1da1) of 5 x 10

“When the 10. 6 -GHz power is turned off,

the decay t1me of the bulk p]asma is about 50 ms.
: Present understand1ng of equ111br1um, stab1l1ty, and trnnsport in EBT

'fsuggests -a: sequence “of research and deve]opment act1v1t1es aimed at a fu]] scale

AL
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reactar.' The sequence depends on demenstration of favorable scaling of,plasma
confinement into the collisionless regime (co]]isfon time,;»f], longer than
precession tine, Q"]) and on the development of microwave power sources, with
high specific power levels, at millimeter wavelengths. The EBT program includes
an aggressive development effort for high power millimeter continuous wave (cw)
microwave sources based on the Cyclotron Resonant Maser (CRM) principle. Varian -
Associates, Palo Alto, California, has developed a 28-GHz, 200-kW cw gyrok]ystroﬁ,‘
which -is a scale version of the 120-GHz device required for heating an EBT
fusion reactor.

A new experiment; EBT-S, is presently under way, scheduled to begin operation
in November 1977, which will provide an important addition to the EBT data base.
- EBT-S is a modified version of the existing EBT-I facility, with an increased *
magnetic field and increased microwave power (60 and 200 kW) and frequencies (18
and 28 GHz) and is designed to be a more definitive test of the transport scaling
in EBT. These changes'are intended to increase the plasma parameters (Te, Ti’
ne) significantly relative to those presently accessible. This technological
step will also provide important operating experience with the 28-GHz power
supplies.” By adding relatively low current field shaping coils to the EBT-S
structure, EBT-SA, substantial improvement to the confinement could be possible
by an increase in the effective aspect ratio through symmetrizing effects without
increasing the mechanical aspect ratio (or volume) of the device. These are -
called aspect ratio enhancement (ARE) coils [9] and the details of the different
classes of ARE coils will be discussed elsewhere. g o A
’ "The Nagoya Bumpy Torus of the Institute of Plasma Physics at Nagoya Univérsi;y
in Japan will start its operation in the spring of 1978. The scale and power- '
Tevel of this device are similar to those of EBT-S. |

A detailed design is-also under way of a higher field, larger aspect ratio
device, EBT-II. EBT-II will use superconducting coils to provide the required
dc -cyclotron resonant magnetic field of 4.3 T. This is consistent with the use
of microwaves at 70 and 120 GHz and would allow operation at plasma parameters
that approach reactor conditions. This device will also act as a forcing function
for the development of high.power, high frequency microwave techneiogy; the
prognosis for success in this area is very good. The operation of such a system
will be a scale demonstration of much of the EBT reactor technology as well.
This experiménfa] facility, EBT-II, could come'into operation in the early ]
1980's.



© LI EXPERIMENTAL RESULTS

In the prev1ous sect1ons, many of . the details of- the operat1on of EBT were
. 0ut11ned ‘In this section, a brief discussion of severa1 of the diagnostics
f'-wh1gh haye contr1buted to the understanding of the plasma behavior is given.
o _ As indicated EBT is a toroidal magnetic confinement system in which plasma
o is produced and heated through interaction between plasma electrons and applied

m1crowave power A toroidal array of mirror coils (24 in EBT-1) provides steady-
state cohfvrement of toroidal (pass1ng) part1c]es and of particles trapped i
the mlrror sectors The magnetlc field along the minor toroidal axis varies
per1od1cal]y, with a 2:1 m1rror ratio. The plasma stability results from the-
- mod1f1cat1on of the vacuum magnet1c field by an annular, high energy, mirror-
trapped e]ectron populatlon : . o
AslmentIOned ear11er, there are two pr1nc7pa1 plasma components: m1rror-

.

trapped h1gh energy annu11 ana a higher density, lower energy toroidal plasma.

_ The: parameters characterizing these components vary widely with operating conditions.
Contro] of the p]asma properties is maintained through control of the ambient
neutra] hydrogen dens1ty and the applied microwave power., After the plasma is
created as the neutra] density is lowered, three distinct regimes of operation
are 1dent1f1ab1e in terms of macroscop1c p]asma behavior: the -, T-, and M-
modes The C- mode occurs .at low power or h1gh neutral density' In this mode;
very few energet1c (annular) e]ectrons are observed and no gross instabilities

are seen, but Tow amp1itude fluctuat1ons in density are observable in the frequency

ranges. of. dr1ft Wave phenomena The ions and electrons are relat1ve1y cold, a

;few tens of e]ectron vo]ts ' :

T ; At 1ower pressures, as the power ]eve] s increased, the stored energy in

fbff the energet1c annu11 _increases.. s1gn1f1cant1y, the fluctuation amplitude drops to

. very Tow values, and a transition takes place to the quiet T-mode. The annular

.beta (BA n 8%) at wh1ch this trans1t1on occurs experimentally agrees with theoretical

't1mates of the ‘beta value requ1red to produce a ]oca] minimum in the magnetic

'f1e1d [4] - Both. the -toroidal- and annular p]asma components are free from gross -

1nstab111t1es and the tor01da] core electron and ion temperatures rise by more

an der of magn1tude Low 1eve1 dens1ty fluctuations occur mostly in- the
""dlthe 1eve1 of 1mpur1t1es in the well developed toro1da] plasma
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T-mode, the majaor thrust of the diagnostic'develcpment has been directed at a

“determination of the plasma properties in this stable, well confined mode of

operation. The toroidal core plasma which has been identified in the T-mode .
would be the reactive region in the EBT reactor.

OQutside the hot electron annulus, the plasma is dilute, cold, and unstable.
Therefore, the density profile in the T-mode is sharply increased near the hot

‘electron annulus and rather flat inside the minor cross section. This is confirmed
by the existence of Tocalized drift waves on the surface of the plasma column as

well as the distribution of the H-line intensity detected by scanning a mirror
across the plasma cross section. The electron line density, measured by a
microwave interferometer, is <ng> 4 x 10]3 12 resulting in an average Ng v
1-3 x 10]2 3. Soft x-ray measurements indicate electron temperatures of 100-
400 eV with a nearly Maxwellian energy distribution. The ion energy distribution
consists of two components: a thermal (Maxwellian) distribution with an average
temperature in the range of 30-100 eV (depending on pressure: ~30 eV in C-mode,
~70-100 eV in T-mode) and a high energy tail which is alsc Maxwellian. Typically,
10% of the ions are in the h1gher energy group with an average energy 1n4thé
range of 80-500 eV. : N
The parameters character121ng the hot e]ectron annulus are ne(annulus) &
1-4 x ]011 cm 3, T (anmaulus) ~ 100 keV, and 0.1 s B, < 0.5. The annulus is
observed to form a narrow belt in the midplane; its radial Tocation is roughly
determined by the location of the fundamental of the profile heating frequency
(10.6-GHz) and the second cyclotron harmonic of the bulk heat1ng resonance

“frequency (18 GHz).

-Spatially resolved measurements of the amb1p01ar electric field have been
carried out with a heavy ion beam system [10]. The potential may be either
positive or negative relative to the wall in the plasma core, but it always
shows ‘a large positive peak (200 V) at a position near the annulus. - This space
potential in EBT serves to improve the confinement properties of most ions and

electrons and to réduce.the influx of impurities from the plasma exterior [5].

“The toroidal‘core plasma is surrounded by a region of magnetic drift surfaces
which intersect the wall. Observations from spectroscopic measurements show
that the electron density and temperature in this region are appreciably Tower
than in the core plasma (ne " 10]].cmf3, Te ~ 30 eV). The impurity lifetimes

‘are in the neighborhood of 300 psec. The domipant impurities are the lower

charge states of aluminum, nitrogen, oxygen, and carbon. The chardttcristic cv -’
(carbon V) radiation vas unobservable, leading to the estimate that n(CV)/n <
6 x 10 in the toroidalcore plasma. The short.lifetime of impuritiés, coup]ed '
with the requirement that they gain sufficient energy to overcome the potent1a]



-barrier at the surface of the core plasma, prov1des a reasonab]e explanation of
'..the apparent’ "d1vertor" efficiency of the surface plasma.
) Theuplasma stability in EBT 1s_exam1ned by.measur1ng plasma fluctuations as
_ -.one or more external parameters are varied [2]. Recent studies involve the
" fieasurement of fluctuations using the field error as an external parameter 1.
Magnet1c field errors can give rise to a para]]e] (toro1da1) current and in turn
to:instabilities ]n:EBT The field error effect becomes important when it
exceeds a critica]'va]he of (GB/B) /§7mlp/R), where.p and R are the particle
'gyrorad1us and major radius of the torus, respectively [1]] This value is
about 10 -3 for ions in.EBT-(field error in-EBT-I is ~10" ) The effects of
, field error -on EBT. plasma behavicr were stud1ed by simultaneously measur1ng
1>5var1ous parameters -as externally 1nduced field errors were varied. Within the
= ;;range of field error (sB/B) < (oB/B) ,» the plasma is highly stable and re]at1ve1y
V';f7‘dense, and the potential profiles. are symmetr1c, therefore excluding the poss1b111ty
e ;:of convective cell formation. For (sB/B) > (GB/B) p» 1ow frequency wodes appear
.”;-f"to be destab1]1zed so that dens1ty fluctuations 1ncrease Field errors obtainable
-6 to 10 -7 so that this effect

} ~ with superconduct1ng coils are in the range of 10
R does riot pose a problem for future devices.

. IV. THEORETICAL CONSIDERATIONS

! "fﬁSevera1'of the key aspects of EBT operation, such as confinement, equilibrium,
' :rihg;ﬁprmationi stability, transport, etc., have been modeled theoretically. In
‘”'the area.o. particle confinement and equilibrium, codes-have been developed to
"%demonstrate the existence of full three-dimensional (3-D) equilibria in EBT with
':;1n1te aspect rat1o and’ with’ d1amagnet1c currents carried by hot electron annuli.
";nThese codes are used to- determ1ne sensitivity of particle trajectories and
~‘fconfmement to_the parameters of the annuli, the external field shaping currents,
-and to the amb1po]ar (rad1a1) e1ectr1c potentials that are observed in the

;exper1ments .
. An ideal bumpy torus prov1des abso]ute conf1nement of single part1c]es

In rea11st1c casés, the guiding center drift motion Teads some part1c1es
}e1rect1y to the chamber wall. Thus, the confinement properties of an EBT are
iinfluenced s1gn1f1cant1y by the gu1d1ng center drift orbits of the individual
]aSma fart1c]es PTasma confanement In EBT depends on the modification of the
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where RI and Rc are the toroidal and mirrer radii of curvature and Er is the
radial electric field. One can expect better confinement for large aspect
ratios and large electric -fields. This displacement 6 acts as the basic step
size for diffusion of particles and energy. This drift orbit diffusion is
called "neoclassical” and is the minimum diffusion one can hope for in a toroidal
device.’ '

From the linearized kinetic equation, the diffusion cocfficients were first
calculated by Kovr%;hnykh [6] in the Y1imit of farge radial electric fields, "

given as
D~ET_2~__“__~ (4)
T 24 kN Q2 _

where v is the effective collision frequency. The plasma confinement time is
then given by :

[/ \2
Vg> v for v >> @ (collisional)
T ,

_ B » - (5)

R+ A
<§i> vl for v << 2 (collisionless)
C .

whereka is the plasma radius and R R a, leading to aspect ratio squared sca11ng
for the confinement time in the co111s1on1ess case.

 The work of Kovrizhnykh [6] is extended by Spong et al. [8] to include
arbitrary valuas of the ambipolar electric field which represent realistic
modeling of the EBT plasma. Additional dependence upon the electric field is
found. The results are used as input to the transport calculations described

next.
Procedures and codes at three levels of sophistication are now available

for analyzing the'transport_properties of the EBT system. These are a so-called
"point model" [7], a radially resolved "fluid model" [13], and a "kinetit'mode1"
(13]. The'poiqt model is used to study global questions such as scaling to, and
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’ opt1m1zat1on of _systems where the details of spatial prof11es are not considered

¢ritical. Ana]yt1ca1 expressions for toroidal plasma dens1t1es and temperatures

faredderlvedffromﬁthe zero~dimensicnal point model using Kovrizhnykh coefficients
-[7]. Results are in, reasonab]e agreement with the EBT-I experiment.

In the radial fluid mode] simulation, coupled equat1ons for plasma density,

neutral density, electron and. ion temperatures, and amb1po]ar electric field are

developed along with appropriate numerical solution techniques. As po1nted out

- 1in Ref. 13, several phenomena are still omitted which can influence the shape of

the ambipolar potent1a1 For examp]e, microwave heating of electrons can provide
additional scattering and increase the effective collisionality of the electrons
by an amount that has not yet been calculated. This one-dimensional code is

used for deta11ed study of profiles and compared with EBT-I exper1menta] data.

'It is found that the transport properties of EBT-I are consistent with neoclassical

pred1ct1ons
A more detailed “k1net1c model" -[13] is used for detailed studies of such

areas as’ the hot electron annuli enhanced c0111s1ona11ty due to microwave scattering,
and the radial electric field. These problems are part1a1]y circumvented in the

~ fluid transport codes The drift kinetic equations are solved directly in a

mu1t1d1mens1ona1 phase space (anc]ud1ng radius) using Fokker-Planck collision

.terms. This model has not yet reached the same level of sophistication as the

: s1mp1er "fluwd model."

EBT~I has demonstrated a req1me of macroscop1ca1]y stable cperation [2], as
indicated earl1er A1l the potentsa] 1nstab111t1es for EBT can be broad]y

’“classed as dr1ft waves or dr1ft waves  coupled to other waves.

In EBT, fhe stab111ty of the torcidal plasma component depends on the

‘::d1amagnet1sm of the hot electron annulus which transforms the bumpy torus into

an average minimum-B cqnf1gurat1on Without such an effect, the toroidal core

= .would be subJect to simple interchange modes, as showni by Kadomtsev [14] for

'hfsca1a| nressure closed-line torus with monotonically increasing sdi/B. However,

tica]cu1at1ons in the guiding center fluid modeél [4] have shown that the hot

'ltfele;tron arnulus can provide the requisite stabilization of the toroidal core

‘jvp1asma By a rery interesting mechanism. The hot electron diamagnetic currents

; ‘f'act as- “1nv1s1b]c co11s" colocated with the bulk plasma and create a magnetic
.‘fwell when the beta value of the annulus (BA) exceeds a minimum value in which

,,.'ffdz/B decreases, thus satisfying Kadomtsev's criterion for stability. .The

‘ "‘theoret1ca] pred1ct1on for this critical value of beta in the annulus is about

‘Vr‘f58/ and this is the exper1menta11y observed value for the transition from the C—/,r

'imode to: the qu1et T-mode. Once a magnetic. well ‘has been established by the

h*“aannuljiat 8 f@-&?,”a.peta’of the toroidal core plasma comparable to the beta of
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the annuli can be achieved which is stable to all modes encompassed by guiding
center or ideal MHD theories [4]. This is a very encouraging result from the

reactor application point of view. The modes, which 1imit toroidal beta, are

pressure-driven ballooning interchanges. .

The stability of the hot electron rings requires a Vlasov treatment because
the characteristic drift frequencies excéed the icn-cyclotron frequency. Analysis
of the Vlasov-Maxwell equations shows that the hot electron drift waves are
stabilized by interference between the responses of the fast drifting electrons’
and the slowly drifting ions [15]. The recent calculations of Dominquez and
Berk [16] indicate that the rings are stable provided the ratio of cold to hot

- electron density is sufficiently high [e.qg., ~10]. These slab model calculations

are presently restricted to stability of the hot electron rings, since the ion
temperature wes set equal to zero. A similar Vlasov model, including ion tempcra-
ture has also been used by Nelcon et al. [4].

One can draw the following conclusions from the stability result to date.
Apparently there is a coupled relationship between the toroidal core plasma and
the hot electron rings: the toroidal core plasma provides the cooler electrons
to stabilize the rings, while the hot electron rings provide the minimum-B
necessary to stabilize  the toroidal core plasma.

V. EBT REACTOR DESIGH

The experimental results from EBT have motivated a consideration of the EBT
concept as the basis for a potential reactor [1]. The first EBT reactor (EBTR)
study was initiated in 1976 and’provided the required staiting point for continued
assessment of the validity of the concept. Major refihements in plasma physécs
and deéigh engineering have now given a revised system description [1] which
incorporates increased understanding froiw recent plasma research activities.
' A power-producing EBT reactor system is especially attractive because of
its steadyFstate operation at high plasma pressure. EBT is a large aspect ratio

- device, so the accessibility probiems are virtually eliminated, remote maintenance

difficulties are eased, and relatively uniform structural loadings (due to weak

- curvature) alleviate engineering design problems. No pulsed fields are required

for EBT operation; therefore, it is less likely to be subject to thermal and
mechanical fatigue than reactors wiith large pulsed fields and short bursts of
fusion power. . )

A-summary of an integrated reference design is presented here. This design
is based on the present physics understanding discussed in Sections-II1 and 1V,
practical design approaches, and technologies that are consistent with present
and near-term development progréms. The design should be viewed as a representative



. system, not an opt1mum one, since -there is no -unique solution to the overall
des1gn problem. The "opt1mum design" is strongly dependent on the weight given

- to the constraints in each area. For EBT-based systems; a small number of
_.design chdi&es is sufficient-tofindieateﬂthe major aspects of the final design:
--the choice of wall loading, mirror ratio, and limiting plasma pressure determines
the size of a standard module of the system and, given total p]ant power output, =
‘the number of modiles in the system. e
. The fo]]ow1ng set of design parameters is specified in order to select a
reference design for d1scuss1on from the ut1]1t1es point of view, power output
is limited to 2000-6000 Mu(th), neutron wall loading is taken to be in.the range
of 1-2 MW/m from wall lifetime cons1derat1ons, mirror ratio requ:red for annulus
; formation is typ1ca11y 2:1 [2], the limiting plasma (toroidal core) pressure is

~_1n the range of*25-50% [4] and the device should be capable of ignition and

' .should use,u1f possible, 150- keV Tokamak Fusion Test Reactor (TFTR) neutral

beams or 120-GHz EBT-II microwave heating sources for the toroidal plasma and

70-GHz EBT-IL microwave sources for the sustaining of annuli. Within these

.-uspeCifications; the self-consistent set of plasma parameters and a reuge of
machine characteristics in Table I are obtained.

o Steady state plasna performance parameters are obta1ned from a consistent
~solution of the equ111br1um and the plasma part1c1e and power balance equations
[17]1. A simple model which retains the essential physics of the phenromena has
”:"beenjdeve1oped [17] to assess-the energy balance i1 an EBTR plasma. In this
A mode1 the": toro1da1 plasma is characterized by energy and particle containment

t1mes w1th appropr1ate dens1ty and temperature scaling. The reactor plasma
'ff s1mu7ated in th1s iodel is consistent with the physics model discussed in previous
sect1ons " a toro.dal core in the quiet T-mode with nearly uniform density and
A temperature w1th1n the plasma cross section, which is determ1ned by the stabilizing.
: hot e1ectron annu11 The effects of different scaling assumpt1ons on EBTR .
wperformance and operat1ng po1nt have been analyzed in‘Ref. 17. The selected
sca]1ng parameters for EBTR are shown to be flex1b1e enough to accommodate
enhanced 1osses above those given by the present neoclassical theory [6, 7],
f dvesy the reference EBTR can. accomnodate anomalous- losses ons to two orders of
magn1tude greater ‘than the neoc]ass1ca1 losses at the operating point.
B A compar1sqn “of the pataneters of EBT-F and those projected for EBT-S/SA,
;;EBT II, SR EBTR y1e1ds an 1nterest1ng resu]t Virtually all che dimensionless
_' parameters which 1nf]uence stability are rough]y the same in EBT-I, EBT-II, and
'71nrthe prOJec+ed EBTR. Thus, the. following d1mens1on]ess_parameters are either
:ithe same or in the d1rect1on of 1ncreased stab111ty annuTar beta; ratio of

@
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gyroradii to various scale lenyths; field errors; aspect fatio; ratio of cold to
hot electron density; ratio of electron to ion temperature; ratio of electron
plasma frequency to cycloiron frequency; and ratio of ambipolar potential to
temperature. The beta of the toroidal core plasma, and, to a lesser extent, the
collisionality are factors which change appreciably. The approximate constancy
of these dimensicnless parameters which are known to influence stability is very
encouraging, and the extrapolation of EBT-I results to EBTR is feasible. The
first test of toroidal beta limitations on stability/instability will be demonstrated
in EBT-II where the toroidal core beta will be about 10%. Collisionality, v/,
differs from EBT-I to EBTR only by factors of 2 and 10 for electrons and ions,
respectively. . _' .
For a high beta, steady-state System, the plasma equilibrium, particle
orbits, ambipolar electric field, and transport phenomena are closely coupled to
one another. From these interrelations, specifically from equilibrium requirements
énd to previde efficient use of the magnetic field, a displaced aperture/inner
wall design has been adopted this year. Figure 1 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 beta éffects). In the latter case,
the plasma is shifted about 25 cm from the coil axis toward the major axis.
This change leads to a usable volume of about 100% [1], compared to about 50%
for -the straight cylindrical case. -
The magnetic field in the EBTR is produced by 24 (48) 6-m-bore NbTi superconducting
¢oils with a maximum field of about 7.8 T at the coil. The magnetic fields at
the magnet throats and at the midplanes (confining magnetic field) are 4.5 T and
2.5 T, respectively, giving a mirror ratio of 1.8. As long as the ratio of
reactor major radius to the number of coils is constant, the axial field strength
produéed is not sensitive to the size of the reactor. Thus, an important advantage
of an EBTR is that the sane module-magnet design can be used in reactors of
different sizes and power outputs. Also; EBT has a large aspect ratio so that
the magnetic field strength is reasonably uniform around the coil perimeters;?'
thus the magnetic forces are nearly symmetrical. Circular coils are used.
Natural convection pool boiling is employed as the cod]%ng method. Advanced
conductor designs are not required because EBT has no pulsed fields. Details of
the EBTR magnets are discussed elsewhere [1, 18].
Conceptual designs of EBT reactors based on the modular concept are studied
for a wide range of sizes [1]. Each module consists of one superconducting
magnet coil, a shield of articulated cylindrical -units, and multiple blanket

modules (conforming roughly to the plasma shape) as well as vacuum pumping and
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microwave injection ports. The blanket is divided into segments both poloidaily
and toroidally. The blanket segments consist of "buckets" arranged in a-circular
frame. Thesc buckets are filled with Tithium for neutron absorption and tritium
pfhductionv' The back section of each bucﬁet_has stainless steel spheres mixed
with Tithium for gamma absorpt1on Double wa]]'coo]ing tubes are coiled in the

Tbuckets Helium gas at a pressure Gf 70 atm is circulated through the blanket
-to remove the hoat for steam generation. . The shield sections are made of stainless
steel conta1ner§,(tanks) filled with stainless steel spheres around which borated
" water is circulated for heat removal. These tanks are divided into appropriate

“ shapes and sizes to permit access to the btanket With:relative ease. ‘

The torus is assembled in a concrete‘moat which is evacuated to provide a

_secondary vaouum ent]osure for the machine. Thié.Vacuum enJironment greatTy :

LSimplifies the dssemb]y‘procedure andleases the remete maintenance problem since

it 'is not necessary to orovjde a-vacuum-tight primahy enclosure for the plasma.

Thus, the individual blanket segments are not requihéd‘to be welded together.
A]so;'the‘numerous penetrations through the blanket need not be welded to the
blainket wall. A1l assembly and remote haintenance operations are performed from
above the moat. fwo gantry cranes;'capabTe of rotating completely around the

' ’moat are mounted on a cont1nuous c1rcu1ar track . A general plan view of the

entire EBTR plant is shown in Fig. 2.- ' S -

‘The coils are installed in a concrete "picture frame.". The grayity load
and the magnet1c center1ng forces are transm1tted to the p1cture frame through
' laminated’ 1oad bear1ng pads of 1nsu1at1ng material and a liquid nitrogen cooled

‘e buffer zone. Aﬂplan V1ew o;.the components of the torus is shown in Fig. 3.

‘The plasma regton is ma1nta1ned at” a 1ower .pressure than the moat by two

.vacuum pumping ports between each. toroidal fte]d (TF) coil. Microwave injection
is made through these ‘same vacuumAports The vacuum system for the p]asma '

.- region is 1ocated in tunne1s ‘running: rau1a1]y uncer the moat. The large area

;enc1rc]ed by the moat is used for mtcrowave generators and power supplies,

cryogen1c refr1gerators, pr1mary neat exchangers, and other equipment. This

centra] 10cat1on m1n1m1zes the 1engths of 11nes runnlng to these aux1]1ar1es
Neutron.c ana]ys15‘of ‘the EBTR 11th1um b]anket assemb]y has - been performed

in o 0ne—d1mens1cna1 cy11ndr1ca1 geometry []9] The reactor blanket mode]ed

§ 1nc]udes a 60-cm th1ck assemb]y cons1st1ng of ]1th1um in’ a 3]6 sta1n1ess steel

-,structure which is coo]ed w1th h1gh pYessure he]1um The sh1e1d is 55 cm, thick,

-separated from: the b]anket by a 30 =Ci= th1ck ma1ntenance v01d “and 1s ccmposed of

65% 316 stainless: stee], 35% water, and is supported by a- sta1n1ess steel structure.

Surround1ng the b]anket and sh1e1d 1s a magnet assemb]y cons1st1ng -of NbT1/Cu

- c,} I,' LN

v
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‘cail which is supported by a stainlcss steel structure. The blanket assembly
recovers 96% of the ncutron and secondary gasma energy in the form of heat.
Approximately 4% of the energy is deposited in the shield and the remainder, «
.10'4%, is deposited in the magnet assembly. The tritium breeding ratio is 1.3
tritium nuclei per incident neutron. ' '

In order to establish the economic po’ential of the EBT reactor, two independent
gystem costing models have been develgped [20]. The first model relies on an
explicit model of EBTR, discussed in this paper, to compute the cost of the reactor
itself and on the United Engineers and Constructors 1972 plant cost estimate
developed for the Liquid Metal Fast Breeder Reactor (LMFBR) [21] (suitably
inflated for 1977 dollars) to compute the costs of the balance of the plant.

" The sensitivity of the reector cost {nuclear island cost) to the design is then
examined by parametric variations. To relate the results for comparison with

the tokamak system, a second cost estimate was made using the model developed

for the tokamak system [22]. The results of the two models, which are discussed
in detail in Ref. 20, are in general agreement and predict capital costs of
approximately $300-400/kW{th). Figure 4 shows'gapjtal costs as a function of
aspect ratio, wall loading, beta, and power output for fixed plasma radius and
magnetic field. Since the efficiency of the power conversion system varies and
has yet to be demonstrated, cost estimates are given on the basis of dollars per
kilowatt thermal instead of dollars per kilowatt electric. -

_ In comparing the EBTR cost to the tokamak reactor cost [22], cost savings

of the EBTR over the ‘tokamak system are realized by the lack of poloidal coil

and driving systems and of the economic penalty of a duty factor associated with
pulsed operation. These. costs include neither tne expected increased mainténance
cost associated with the much more complex tokamak system and operating cycle .
nor the advantages of favorable EBTR geometry for ease of maintenance. In com-
narison, therefore, the EBT concept appears competitive both among fusion reactor

concepts and among different power plants.

VI. CONCLUSIONS
"The present»status of the EBT research activities at ORNL is described

briefly in order to provide a basis for the reactor study. The EBT-I has experimentally
demonstrated stable confinement in true steady-state operation, and theoretically,

it can be projected that the system can scale to satisfy net fusion power conditions... y
Engineering design studies also demonstrated that with an inherently steady- o
state, modu]ar‘systém, the technological requfrqments are also relatively straightforward.
To be sure, such projections are highly speculative since there are, of course, ‘ Tl
uncertainties in extrapolating. the present p]ésma physics knowledge (which is
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: f;not.fully:ﬁnderstood and'demonetrated) to predict the behavior of future devices.

*-Nevertheless, these projections are a part"of fusion research and are necessary

to determinelthe bgst steps in the program and to lend credibility to a system.
The EBT reactor described here is based on spec.f1c present and near-term

' techno]og1es, pract1ca1 design approaches, and fTex1b1e plasma characteristics.

" It is noted that the design should be viewed as a representative system, not an

0pt1mum one.. If the bhysics extension cén be demonstrated from near-future

p*anned exper1ments, the reactor system will operate at high beta and high power

;dens1ty, and in steady state. The large aspect ratio, reduced forces, and lack

'o. Jpulsed magnetic fields make the EBTR very attractive from the engineering

ponnt of v1ew
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- : o ~ TABLE I

ril EBT Reactor Parameters
fﬂ; Plasma radiué (m) . 1.0
~ Mirror ratio (-} . ' 1.8
" Magnetic field (midplane/mirror) (T) : 2.5/4.5
. Aspect ratio {-) ' ' 30-60
" MNumber of sectors . © o 24-48
fﬂPdrtic1e density (n 13) ' R 1.4 x 1020
Ion/flectr on tenperature (keV) . 15 .
‘ Toro1da] plasma beta (%) ‘ 27
’ . Neutron wall loading (average) (Mw/mz) 1.47
j"Tota1 fusion power. [Mﬂ(e)] o - . j000—2000
~¥ . Cold zone (m) : : B ' ‘ 0.2
. Blanket thickness (m) ‘ ' 0.6
’Sh1e1d thickness (m) - S ©0.55
Co1] inner rad1us {m) } ' 3.0
Coil outer radius (m). ' 3.7
" Coil half axial Tength (m) ‘ : 1.05
. Current density (A/cm®) ' 1525
'Neytral bedm energy :(kev) S 1504
r,_Nehtral beam power (M{) . 50-200%
. Microwave frequency (GHz) - '
Toro1da1 plasmd Co . L1207
T Hot eTectron-annuli - ' 70
b'_Mlcrowave power (M) - | '
) Toro1da1 ‘plasma - ' ~ 50-200%
" Hot electron annuli 510

ﬁaA;toro1da] p]asma W111 be heated to 1gn1t1on cond1t1ons us1ng e1ther




FIGURE CAPTIONS

Figure 1. Mod-B contours (colid Tines) and field linesA(dashed Tines)
in the equatorial plane for one sector of EBTR for straight
cylindrical (upfier curve) and displaced aperture {lower
curve) inner wall design. In the upper curve, the boundary
is the inner wall {and the coil planes). In the lower
curve, the apefture has been moved toward the major axis
about 25 ¢m so that its prbjection along field 11n¢s into

the midplane 1lies on mod-B contours.
Figure 2. EBTR plan vicw.
Figure 3. A plan and secticn elevation view.

Figure 4. The capital cost‘per kilowalt thermal vs aspect ratio for
several values of neutron wall loading and fusion power
output- for fixed plasma radius, coil size, and magnetic
field strength. (Note that total thermal power is 22.4/17.6

times fusion power.)
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