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THE MODULAR STELLARATOR FUSION REACTOR (MSR) CONCEPT

Abstract

A preliminary conceptual study has bdeen made of the Modular
Stellarator Reactor (MSR) as a steady-state, ignited, DT-fueled,
wmagnetic fusinn reactor. The MSR concept combines the physics
of classic stellarator confinement with an innovative,
wodular-coil design. Parametric tradeoff calculations are
described, 1leading to the selection of an interim design point
for a 4.8-GWt plant based on Alcator transport scaling and an
average beta value of 0.04 in an & = 2 system witih a plasma
aspect ratio of ll. Neither an economic analysis nor a detailed
conceptual engineering design is presented here, as the primary
intent of this scoping stud, 15 the elucidation of key physics
tradeoffs, constraints, and wuncertainties for the ultimate
power-reactor embodiment.,

1. INTRODUCTION

The status and history o. the stellarator approach to
magnetic confinement has been variously reviewed [1=4]). The
term ''stellarator" 1s wused generically to describe those
toroidal devices that produce closed magnetic surfaces by means
of external conductors. The stellarator represents one of the
earliest magnetic confinement concepts to Treceive attention
[5,6) as a commercial fusion power reactor. Unlike the tokamak,
the nonaxisymmetric stellarator achieves equilibrium by
exterally inducing a rotational transform in the confining
magnetic field., Ildeally, no axial current need be supported by
the plasma column, as is required in a tokamak, although, wuntil
recently, stellarator experiments utilized such currents for
Ohmic heating. Early <calculations [7,8] for toroidal
stellarator reactors indicated the related potential problems of
low power density, large power output, and high magnet costs.
These early survey studies were overshadowed by discouraging
physic;: results for stellarators, anticipated force/stress
problems for helical coils, and concurrent progress in tokamak
confinement., As a result, react>r interest in ti'e stellarator
waned.

More recently consideration of the torsatron (9] reactor
using relatively "force-free" helical coils [10] eliminated the
toroidal-field (TF) «coil set: when coupled with new
understanding of stellarator/torsatron physics, more recent
interest has been generated in this truly steudy-state device as
A reactor [10~12). At the same time, the potential for moderate
power output (£ 5 GWt) was emphasized [10]. Recognition that
the helical coils can de eliminated in favor of TF coils that
have been subjected to 8 periodic, lateral distortion has given
the stellarator the promise of greater and more realigtic system
modularity (13},



Such & modular-coil configuration allows more optimally
oriented c¢oil forces and 1lower coil stresses fc. the Modular
Stellarator Reactor (MSR). The simplest approach 1is a
sinusoidal deformation [13], although alternative winding laws
are possible and may prove advantageous. Figure 1 1llustrates
the coil layout for a typical £ = 2, m = 8 MSR configuration
composed of N = 24 modular coils; N/m = 3 cnils per field period
results with a lateral coil deformation characterized by d/rc =
0.3. The modular approach has heighted interest in the
stellarator reactor, a renaissance that coincides with recent
experimental success in heating a low Ohmic-current device [14],

Qualitative advantages that in general have been 1invoked
for the stellarator/torsatron reactor concept include:

Steady~state magnetic fields and thermnnuclear burn.

Operation a8t dgaition »r with a high Q=-value for low
recirculating power.

® Plasma startup on existing magnetic surfaces with
predictable particle and energy confinement at all times.

® Impurity and ash removal by means of a magnetic limiter and
helical poloidal divertor that occur as natural
consequences of the magnetic confinement topology.

® Evidence of operation without major pla:-3 disruptions that
could lead to an intense, local energy deposition on the
first wall or in the blanket, shield, or coll regions.

e No auxiliary positioning or field-shaping coils and
moderate plasma aspect ratio (> 10), both of which ease
mainianzuce access.

These advantages remain to be yuantified in tihe context of a
comprehensive reactor study that self~consistently inccrporates
crucial physics issues (e.g., scaling of beta wli‘% aspect ratio
and the required or optimal rotutioral transfcrm, magnetic
shear, and magnetic-well depth), engineering constraints (e.g.,
coil design, stresses, accessibility, and maintenance), and
economics (e.g., power density, size, and capital and energy
costs). Although the more recent torsatron and wmodilar=coil
configurations show strong promise in aslleviating the historic
stellarator coil problem per se, a mesasure of coil performance
has been retained as a mwmajor element in the present reactor
survey and systems analysis [.5]).

2. PHYSICS BAS1S

The MSR concept is characterized by a point plasma wmodel
that determines the self-consistent parameters of an ignited,
steady-state, DT thermonuclear burn. The alpha=-particle energy
trapping efficiency, 1e taken as f = 0.88 for a plasma aspect
ratio, A = 11, following separate numerical computations (16].
The radial transport loss is expressed conveniently {n terms of
the Lawson parameter, <n.>1a(|/m3). where (ne>(m'3) is the



average electron density. The <ne>TE parameter for dignited
systems as a function of the average plasma temperature, <T>,
exhibits a shallow minimum at ~ 2(10)¢0 §/m3 near <T> = 20 keV.
MSR operation 15 characterized parametrically by solving the
ignition condition and pressure balance eavation subject to
reactor design goals and conservative enginearing constraints.

2.1, Transport Scaling

Radial transport (1E « r2/D) of vnergy in a nonaxisymmetric
stellarator/torsatron plasmg is presen-ly is receiving
theoretical attention [17-20]. At this levcl of study, however,
the reacto.-survey calculations are perfcrmed using simplified,
empirical or theoretical models in order that sensitive
variables and tradeoffs can be more directly identified.

The Alcator (empirical)} transport scaling wused here 1is
given by [10]

Me>Tp(a1cator) " 3001072 kn>2r 2,

where r_(m) 1s the average plasma radius, and is a factor 3/5
more pesgimistic than the scaling used typically for tokamaks.
Regardless of the details of the particular scaling relationship
used, this survey suggests that the transport in a
stellarator/torsatron reactor will have to be at least as gond
as that predictzd by this Alcator scaling if the reactor is to
be competitive. A more detailed elaboration of transport
scaling relationships is .resented 1in Ref. [15), dincluding a
quantitative comparison between Alcator, Bohm=-like, and
neoclassical transport scalings. The 1ssue of transport is
central to a selection of a credible MSR design poirt.

2.2, Plasma Beta Scaling

It 4s widely recognized that the primary diffrculty of the
stellarator/torsatron as a reactor may be the relatively low
attainable values of beta. Equilibrium and stability
considerations impose upper limits on beta and thereby constrain
the reactors to limited regimes of plasma aspect ratio,
A = Rp/r_. 1In addition, the bets limits are coupled to the
magneticg performance through the rotational transform, =,
produced by the vacuum-magnetic-field topology and follow
directl, from the coil configuration. For the ourposes of this
study, a simplified equilibrium/stability relationship between
<B>, m, A, L, and ¢ is enforced in order to maintain a direct
coupling between plasma performance (i.e., <B>) and reactor
feasibility (i.e., coil-set configuration needed to generate the
¢ required to achieve a given <8>). These considerations are
discussed 4in greater detail 1in Ref. [15). It is recognited,
however, that shouid difficulties be encountered 1in achieving
"acceptable" rotational transforms for a given coil
configuration (1i.e., d/rc. L, m, N, etc.), these imposed ¢8>
versus m, 2, and A construints must be re-examined.



As described in Ref. [15], however, these limits are bosed
conservatively on the assumption that diffusion-driven currents
establish both equilibrium (i.e., Pfirsch-Schliiter shift) and
stability (i.e., Kruskal-Shafranov modes) constraints. Ongoing
theoretical effort is aimed at providing more reliable beta
scaling relationships. It is emphasized that maximum beta value
for scellarator/torsatrons is intimately associated with coil
configuration and magnet design (i.e., A, d/r_, coil
interference, current density, forces, etc.). For this reason,
an approximate but analytically self-consistent model was wused
to relate <B> to such parameters as £, m, d/r , and A, rather
than to dictate a value of beta, in order to preserve this close
ccupling bYetween plasma performance, coil design, and reactor
design.

2.3, Selection of Stellarator Physics Parameters

Implementation of equilibrium/stability constraints, that
&re based on diffusion-driven currents determining upper bouuds
on <£>, allows a narrowing of attention to £ = 2 sgystems with
m=6 or B, as seen in Fig. 2. Such systems tend to maximize
<E> under the simultaneous application of the equilibrium 1lim.t
as well as both the ideal and resistive stability limits at
convenient plasma aspect ratios. The attainable value of (8> =
0.04 at A = 1] i1s anticipated to be marginally acceptable from
the reactor viewpoint. This beta value 1is comparable to the
value of 0.035 proposed for the T-1 torsatron conceptual reactor
design [10], albeit the latter is at a higher aspect ratio
(~12.5). The next consideration is the positioning of the
maximum separatrix radius, r_, relative to the coil radius,
If r, is near the first-wall radius, Ty the overail
configuratior is compatible with the magnetic-divertor impurity
contrel usvally associated with the stellarator/torsatron.
However, if r_ = r., the plasma radius, must still Dbe
constrained gy r, Ssuch tha: not all of tge available closed
magnetic surfaces are occupied by plasma. This 1implies a
limiter near the first wall to provide plasma=-boundary control.
Crllateral benefits include a lower required rotational
transform and nigher volume utilizatlon within the first-wall
radius. In addition, {f r_ » lower valves of coil
distortion, d/r., are required %o achieve a decived value of
rotational trans orm. Lower values of coil distortion are more
likely to avoid neighboring coil interference for a given
reactor aspect ratio and number of modular coils, N. Numerical
wagnetics calculations of flux surfaces and rotational transforu
profiles indicate that N/u = 3 coils per field period may be
adequate [15,21), 1leading to N = 18 modular coils in anm = 6
systen.

The quantity <ov>/TZ for the UT reaction is constant to
within 10X for temperatures in the range of 8-~20 keV. Hence,
<8>l’28 is a weak function of <T> for Alcator transport
lcaling. 1If the parameter <B>“25° is esctentially constant, a
higher allowed value for B_ can compensate a lower value of <8>
to give equivalent overall reactor performsnce. An MSR with



higher aspect ratio than allowed in an otherwise comparable
tokamak reactor, therefore, can tolerate and remain competitive
with higher values of B, and correspondingly lower values of
<>, for a commonly imposed 1limit on maximum magnetic field
strength, B (T), on the inboard side of the TF coils. The value
of <B> = 0.04 allowed fcr the MSR, therefore, may compare
favorably with the value of <B> = 0.067 used in the Stavfire
tokamak conceptual design atudy [22].

The MSR design point 1s not selected to minimize the
required Lawson parameter, rather, the related paraneter
grouping, <B>Bgr « The interim MSR design point at <(T> = 8 keV
is near the minimum of this latter parameter.

2.4, Selection of Thermal Power and First-Wall Neutron Loading

Figure 3 depicts curves of the on-axis magnetic field, Bo’
required for ignited MSR operation as a function of <(T> for the
indicated conditions and a range of neutron first-wall loadings,
Iw, and total thermal power output, PTH‘ As 1., increases, the
required value of B, also increases, the plasma radius, r_,
decreases, and B_ must increase to restore the confinement tige
required for ignition. If Bo is constrained below a waximum
value determined by magnet technology, I, nay be limited to a
relatively low value. Also, higher values of B° require larger
coll crose sections when the coil current dcnsity, 3 (MA/mz), is
fixed, and more highly distorted coils are more 1likely to
interfere with neighboring coils in a fixed-aspect-ratio device,
Larger power systems require larger volures of reacting plasma
(i.e., larger values of r_ ) and, because the Lawson parameter
for ignition is proportjonal to B for fixed temperature and
beta, lower values of B, are requ?red.

Imposition of a fixed wupper limit on B_, as dictated by
magnet technology, ard an upper limit on <85>, rom equilibriun
and stability considerations, therefore, constrains the MSR to
operate above nominal minimum thresholds in total thermal output
and corresponding physical size. At the same time it is
difficult to increase !, without resulting in excessively large
values of B, in this low-bLeta device.

2.5, Interim Design=-Point Selection

The results of parametric modeling have been used [15] to
examine the MSR parameter space quantitatively and to examine
tradecffs among the Bseveral key parameters. In this section
attention is narrowed to the identification of an interim MSR
design point that serves as the basis for review, evaluation,
and a more detailed engineering design, The MSR design point
suggested on Table I has a physical size that 1s sufficient to
satisfy the coil-interference constraint while not producing an
excessively large power output. The MSR thermal power output 1is
F » 4,8 GWt, which is ~ 20X higher than the Starfire tokamak
(5?1 and EBTR [?3) conceptual designs. The MSR design point
proposed here on the basis of generally conservative assumptions



Tepresents a potentially attractive system of moderate size and
favorable performance. The key 1limiting parameter is the
marginally acceptable maximum allowable value of beta.

As stated previously, a major goal of this scoping study
was to relate the results of simple plasma and magnecics
calculations to the engineering requirements of the modular
colls. Results from three-dimensional magnetics computations
for this design point, have been made. The dominant mean force
(~ 90 MN) component is directed radially outward and can be
supported externally. The lateral force component (~60 MN) acts
to increase the lateral deformation of the modular coil. There
exists a net centering force which can easily be supported by
structure in the hole of the torus. The correspunding mean
stress 1s estimated analytically to be ~ 240 MPa (~ 36 kpsi).
Consequently, the modular-coil system proposed for this interim
design point appears to satisfy basic mechanical and stress
design criteria while meeting approximate constraints for
modularity, accessibility, maintainability, and manu-
facturability for a coil set that can be assembled and operated
at a conservative coverall coil current density {(~ 13 MA/m“).

3. REACTOR LAYOUT AND OPERATION
3.1 Preliminary Indications of Reactor Configuration

The MSR design point assumes steady-state, ignited
operation. Except for startup power requirements, therefore, an
ignited burn implies operation with low recirculating power
beynnd that required for auxiliary power uses. Steady-state
operation without plasma disruptions can be expected to minimize
thermal cyclic fatigue of reactor components. Modularity of the
coil set allows exo-reactor testing of components to improve
reliability ard to assure mocre rapid change-out in the event of
coil failure.

Fipures 4 {llustrates a schematic lavout of the MSR module,
The coils are supported against the net centering forces by
leaning wgainst a4 solid central core. Gimballed supports at the
top and bottom of the coil are indicuted. Modularity for the
MSR may imply the ability to remove and to rep.ace efficiently a
single couil (mass * 325 tonnes) with minimal disturbance to the
neighboring coils. An additional desirable feature in promoting
high plant availability would be the ability to replace blanket
and shield modules without moving the coils. In the worst case
the unit module would consist of a single modular coil with the
blanket and shield modules situated within; the total mass of
the iIntegrated module would be ~ 1900 tonnes. Removal of
modules wnuld entail decoupling of the support structure at the
glmbal wmounts followed by a radially outward translation.
Although not yet ({investigated in detail, access for vacuum,
fuelinp, electrical leads, and coolant pipes in this moderate-
aspect-ratio device appears straightforward and flexible. One
option would he to concentrate all access requirements into
wedpe-shaped submodules (Fig. 4) that would serve as jinterfaces
bet'ween right=circular=-cylindric coil, blanket, and shicld



modules, The wedge-shaped region could itself be considered a
moveable module or could be fixed to an adjacent coil/blanket
and shield module. The wedge—-shaped region would contain the
pumped-limiter impurity~control mechanism and all heating/
fueling/vacuum/coolant penetrations and external connections.

An electric genarating plant with a total thermal power
output, P, = 4,8 GWt, will produce a gross electric power
output, P = 1,68 GWe, for a nominal thermal conversion
efficiency, Npg = 0.35. A fraction, f,yy, of the gross electric
power must be recirculated within the plant to drive auxiliary
systems such as coil refrigeration, vacuum systems, and coolant
pumps. An allowance [22] of fayx = 0.08 for these purposes in
an ignited MSR systems eaves a net power output of
Pr = 1.53 GWe. No unique requirements for the balance of plant
(EOP) are anticipated, although, again, detailed conceptual
design of key MSR systems remains to be performed.

3.2, Preliminary Considerarion of Reactor Operation

The uniqueness of the stellarator/torsatron approach rests
with the generation of the full ragnetic-field topology solely
by external electrical conductors. Plasma startup would be
achieved along an increasing temperature/density trajectory on
existing, relatively unperturbed field lines. The nature of the
transport scaling during the low-density initiation and
subsequent dersity buildup to an ignited burn will dimpact the
operating mode, 1in that the delivery systems for the startup
power can affect the reactor design while not necessarily
impacting the steady-state energy balance per se.

When combined with a goal of g-ouerating electricity at
pover levels of approximately 1 GWe with a fusion-neutron first-
wall loading of Z 1-2 MW/m?, the stability and equilibrium
scaling of beta and plasma aspect ratio used for
stellarator/torsatron reagtors generally leads to plasma
densities of ~ 1,5(1020; m™> moderate temperatures (B8-15 keV),
and large minor radii (~ 2 m). For these conditions, edge
refueling is not possible and high-velocity (> 10* m/s) pellet
injectors may be needed. No obstacles to plasma fueliug by
means of pellet injection and impurity and ash removal by means
of either a magnetic divertor or & pumped limiter have been
identified in this study. Although the former approach crn be a
natural ccnsequence of the stellarator/torsatron magnetic-field
topology, the engineering convenience and feasibility of
extracting oren field lines tc an adequately engineered divertor
plate and vacuum region depends crucially on the coil
confipuration. Furthermore, location of the separatrix at or
near the coil, rather than within the vacuum first wall, may
offer some advantage in maximizing the plasma volume utilization
within the first wall and wminimizing the complexity of the
blanket and shield design. Hence, the use of pumped limiters
versus (natural) magnetic divertors appears strongly dependent
upon the specific stellarator/torsatron configuration and
remains to be fully quantified.



4. SUMMARY AND CONCLUSIONS

This survey study of the MSR 1is the first phase of an
assessment that quantifies parametrically the reactor potential
for this 4innovative coil concept where appropriate performance
goals and constraints have been imposed. On the basis of
generally conservative assumptions, but without supporting
economic analyses, the interim design point appears to be
competitive with other approaches to magnetic fusion. The
following major conclusions are drawn from this study.

® Marginally attractive values of average beta, as allowed by
approximate snd self-consistently applied equilibrium and
stability 1limits, are a key 1limiting factor in MSR
performance. The stability and equilibtrium beta limits
used in this study are based on a simpliiied theory of
diffusion-driven (toroidal) currents and may represent
conservatively low bounds on beta.

® Application of other conservative assunmptions and
constraints related to alpha-particle effects and coil
current density still allows the identification of
potentially attractive MSR design points with moderate
pover output (PTH < 5 GWt), while self-consistently meeting
key stellarator physics constraints in modular engineering
configurations with maintenance and reliability advantages.

® Preliminary magnetics and coil-stress computations indicate
MSR systems can be constructed with manageable etructural
requirements and accessibility., This ccil design wused as
an engineering model for this study, however, falls short
by a factor of ~ 2 in producing the transform predicted to
be necessary on the basis of sinplified theories of
equilibrium/stability beta limits. Approaches to resolve
this issue are discussed in Ref. [15].

® A pumped-limiter impurity-control scheme may improve MSR
performance over that with a mwmagnetic divertor that 1is
traditionally associated with the stellarator/torsatron
configuration. A detailed tradeoff study of the
feasibility and problems of leading open field lines to a
divertor plate versus the advantage of higher plasma
filling fraction and wuncertaintiesn assoclsted with the
pumped-limiter approach remains to be performed, however.

® The MSR survey study is based on the applicability of
Alcator (enmpirical) tronsport sceling, which was shown to
give an energy confinement time that is 8 factor of ~ 60
greater than Bohm like transport, a factor of ~ 2 greater
than neoclassical~plateau scaling, snd a factor of =~ )0
less than classical transport. 7The level of energy loss
predicted by Alcator scaling i viewed as an upper bound
for MSR system viability.
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TABLE 1

INTERIM MSR DESIGN PARAMETERS

Stellarator Parameters
Poloidal field periods, &
Toroidal field periods, m
Rotational transform, +
Average plasma radius, rp(m)
Major radius, Ry(m)

Plasma aspect ratio, A = Ry/r
Average separatrix radius, rsFm)

Plasma Parameters
Radial pressure profile index, v
Average temperature, <T>(keV)
Average density, <n1>(102°/n3)
Average beta, <>
Energy confinement time, 1:(3)
Lawson parameter, <n,>Tp(1] 20g/m3)
On-axis magnetic fiefd. B (T)
Piasma power density, pF(HWt/m3)
Alpha-particle loss fraction, l-f
Alpha-particle partial pressure, ?O/P
Scrape-off parameter, x = rp/rw
Effective charge, 2,¢¢(n /ny = 0.056)

Magnet Parameters
Number of couils, N(u = 6, & = 2)
Coils per field period, N/m
Average coil radius, r.(m)
Coil aspect ratio, R,r/rc
Coil current, I (MA)
Coil current density, jc(bm/m2)
Coil lateral distortion, d/r
Coil thickness and width, ¢ fm)
Peak field at conductor, B_{T)
On=-axis magnetic field, BofT)
Coil volume/mass (m®/tonne)
Stored magnetic energy, E,(GJ)

Reactor Parameters
Firsr-wall radius, r (m)
Plasma volume, V (may
Neutron first-vall loading, IV(MN/mz)
System power density, p.(Hwt/m3)
Blanket/shield thickness, Ab(m)
Blanket energy multiplication, My
Tota) thermal power, Py, (GWt)
Thermal conversion effIciency. "y
Recirculating power fraction, ¢
Net electric power, PE(GVe)
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I'igure 1.

Figure 2.

Figure 3.

Figure 4.

Coil layout for a typical 2 = 2 MSR configuration.
In this case, m « 8, d/r_ = 0.3, N = 2%, and N/m = 3
coils per field perios. The finite rr0ss-section
coils include internal support structure ard thermal
insulation.

Dependence of combined equilibrium and stability
linits on <B> as a function of plasmz aspect ratio, A
= /e = RT/r y for various values of m for a fixed
radial profile gndex. v = 3 The r, = r_. case
(iwplying pumpad-limiter dimpurity control) vyields
higher <£> wvalues at & convenientr plasma aspect
ratio, A = 11, than the r, = r  case (implying
mangetic-divertor impurity control).

Dependence of on-axis magneti: field, B on the
average plasma temperature, <T>, required for ignited
MSR operation for the indicated values of the ratio
Pr (MV)/IR(MW/mZ) and corresponding plasma radii,
erm). for the indicated fixed parameters.

Prelicinary reactor layout based on the interim MSR
design point for wuse 1in examining coil support
structure and intercoil forces. Elevation and
equitorial-plane views of a8 sector of the reactor are
shown,
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