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An experiment to test centrifugal confinement for fusion *
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The basic idea of centrifugal confinement is to use centrifugal forces from supersonic rotation to
augment conventional magnetic confinement. Optimizing this ‘‘knob’’ results in a fusion device that
features four advantages: steady state, no disruptions, superior cross-field confinement, and a
simpler coil configuration. The idea rests on two prongs: first, centrifugal forces can confine plasmas
to desired regions of shaped magnetic fields; second, the accompanying large velocity shear can
stabilize even magnetohydrodynamic~MHD! instabilities. A third feature is that the velocity shear
also viscously heats the plasma; no auxiliary heating is necessary to reach fusion temperatures.
Regarding transport, the velocity shear can also quell microturbulence, leading to fully classical
confinement, as there are no neoclassical effects. Classical parallel electron transport then sets the
confinement time. These losses are minimized by a large Pastukhov factor resulting from the deep
centrifugal potential well: at Mach 4–5, the Lawson criterion is accessible. One key issue is whether
velocity shear will be sufficient by itself to stabilize MHD interchanges. Numerical simulations
indicate that laminar equilibria can be obtained at Mach numbers of 4–5 but that the progression
toward laminarity with increasing Mach number is accompanied by residual convection from the
interchanges. The central goal of the Maryland Centrifugal Torus~MCT! @R. F. Ellis et al., Bull.
Am. Phys. Soc.44, 48 ~1998!# is to obtain MHD stability from velocity shear. As an assist to
accessing laminarity, MCT will incorporate two unique features: plasma elongation and toroidal
magnetic field. The former raises velocity shear efficiency, and modest magnetic shear should
suppress residual convection. ©2001 American Institute of Physics.@DOI: 10.1063/1.1350957#
en
n
-
ed

n
c-
c-
ca
-

-
ne

po
ily
un
T

e

res-
by
is

ws
ally

ne-
ular
tic
e-
ore
A
at
ld

the
he
e-
as
rge
ely

D
bil-
e in
bil-
be
I. INTRODUCTION

The basic idea of centrifugal confinement is to use c
trifugal forces from rapid plasma rotation to augment co
ventional magnetic confinement.1–4 In this sense, plasma ro
tation represents an additional ‘‘knob’’ that can be optimiz
to result in a fusion device that has several advantages.

Two factors motivate pursuit of this idea: first, the ce
trifugal forces constitute a ‘‘gravitational force’’ that can a
tually contain plasma, even along ‘‘open’’ field lines; se
ond, the large velocity shear associated with the rotation
stabilize not only microinstability but possibly also macro
magnetohydrodynamic~MHD! instabilities.

In Fig. 1, we depict the basic concept~a review article
on rotating plasma devices is provided by Lehnert2!. A po-
loidal magnetic field line with curvature is shown in axisym
metric geometry. If the plasma and the frozen-in field li
are rotating toroidally, a fluid element~or a guiding center!
experiences a radially outward centrifugal force. The com
nent of this force perpendicular to the field lines is eas
taken up by magnetic forces; the parallel component is
balanced and tends to restore plasma to the midplane.
latter fact is expressed by the fluid equation

B"“p52nMB"~u"“u!. ~1!

Unlike conventional magnetic confinement schemes wh
the pressure along the field lines would be constant (B"“p

*Paper MI2 6, Bull. Am. Phys. Soc.45, 217 ~2000!.
†Invited speaker.
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50), here the inertial forces are large enough that the p
sure can be contained to desired portions of the field lines
appropriate shaping. From a guiding center viewpoint this
analogous to a bead on a rotating wire.

A comparison of the two terms of Eq.~1! reveals that in
order to attain significant pressure confinement, the flo
must be supersonic. Thus, a key requirement of centrifug
confined schemes must beMs@1, whereMs is the sonic
Mach number.

The experimental essentials of the centrifugal confi
ment scheme are summarized schematically for a partic
configuration in Fig. 2. In this realization, the main magne
field is a straight solenoid with axisymmetric mirror-like g
ometry at the ends. There is a cylindrical, conducting c
that is electrically insulated from the outer vacuum wall.
radial electric field is applied by biasing the inner core
high voltage with respect to the outer wall. The electric fie
causes a plasma in the annulus to rotate azimuthally inEÃB
motion. The plasma is confined by centrifugal forces to
straight solenoid portion of the magnetic field. Note that t
magnetic mirror force plays a negligible role in the confin
ment: without the centrifugal force, the mirror geometry h
the usual conical loss cone in velocity space, but, for la
Mach number rotation, this loss cone is almost complet
closed because of the favorable centrifugal potential.

In what follows, we discuss guiding center orbits, MH
equilibrium, momentum and heat transport, and MHD sta
ity, and show that the scheme is viable as a fusion devic
that it exhibits the requisite confinement, heating, and sta
ity properties. In particular, we show that the system can
7 © 2001 American Institute of Physics
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2058 Phys. Plasmas, Vol. 8, No. 5, May 2001 Ellis et al.
scaled, with reasonable assumptions, to a reactor and tha
resulting device has at least four advantages over toka
reactors. An experiment, the Maryland Centrifugal Tor
~MCT!,5 is planned to test the equilibrium and stability a
pects of centrifugal confinement. We describe this in the
nal section.

In the discussion in this paper, the Mach number of
toroidal flow plays an important role. For reference, we d
fine the Mach number,Ms , asMs[uT /(T/M )1/2, whereuT

is the toroidal speed,T is the ion temperature, andM is the
ion mass.

II. THEORETICAL BASIS

A. Particle orbits

The system is strongly magnetized, i.e., the Larmor ra
are small. Thus, particle orbits can be analyzed in the d
approximation. The drift Hamiltonian, to lowest order in th
small Larmor radius, is

H5~1/2!Mv i
21mB2~1/2!MR2V2. ~2!

Standard notation is used:R is the radial coordinate of a
cylindrical (R,z,z) coordinate system,v i is the speed along
the field, m is the magnetic moment of the guiding cente
andV is the frequency of toroidal rotation. The axisymme
ric magnetic field is described in the usual fashion by

B5“zÃ“c1RBT“z. ~3!

This Hamiltonian is derived assuming that the dominant p
ticle drifts are the parallel motion and theEÃB drift. In
addition, the electric potential,f, is approximately constan
along a magnetic flux contourc andV andf are related by
df/dc[V ~see Sec. II B!.

Noting thatm[Mv'
2 /B, a comparison of the magneti

moment force and the centrifugal force potential in~2! re-
veals that for large Mach numbers the magnetic mirror
tential can be neglected. The remaining Hamiltonian is t

FIG. 1. An axisymmetric poloidal magnetic field line with a toroidally r
tating fluid element depicting a radially outward centrifugal force.

FIG. 2. Experimental schematic of one particular realization of a centrifu
confinement scheme.
Downloaded 27 Jun 2001 to 128.8.86.16. Redistribution subject to AIP
the
ak
s

-

e
-

ii
ft

,

r-

-
t

of a bead on a wire: the orbits are centered about the m
mum R and bounce about that point centrifugally confine
For large Mach number, the excursion of the bounce fr
the maximum radius,DR, can be calculated to beDR/R
'1/Ms

2.
To higher order, the gradient-B and curvature drifts ne

to be included in the Hamiltonian. ForBT50, these drifts are
in the toroidal direction and the above description does
change substantially—in particular, since the drifts are tor
dal, there are no banana orbits. This is an important re
since it implies that the classical transport in this system w
not have any geometric, ‘‘neoclassical’’ enhancements
BTÞ0, the particle orbits to lowest order are still just th
bounce orbits described above, except that the motion
has a toroidally in–out component as the ‘‘bead’’ slid
along the twisted wire. When gradient-B and curvature dr
are added, this introduces banana broadening. The widt
the banana can be estimated to be of orderr(BT /B)
3(1/Ms

2), wherer is the gyroradius. Thus, unlessBT is very
strong, the banana width is smaller than a gyroradius.

B. MHD equilibrium

For centrifugal confinement, the governing ideal MH
equilibrium equation also includes inertial forces, viz.,2,4,6

nMu"“u52“p1 jÃB, ~4!

where the electrostatic potentialf and the flowu are related
by

“f5uÃB. ~5!

We use the representation forB given above. From~5!, we
note thatB"“f50; assuming that the flow is toroidal, th
perpendicular component of~5! gives

u5R2V“z, ~6!

with V(c)[df/dc. Thus, each field line rotates as a rig
rotor.

We now calculate thatu"“u5V2
“R2/2. Then, the tor-

oidal component of Eq.~4! yields the condition

RBT5I ~c!, ~7!

the component perpendicular to the field yields the coun
part to the Grad–Shafranov equation,2,7,6

“"~R22
“c!5IdI /dc1]p/]c1~1/2!nMV2]R2/]c, ~8!

where]/]c[(RB)22
“c•“, and the component parallel t

the field yields

B"“p5~1/2!nMB"“~R2V2!. ~9!

The toroidal rotation speed,uT[RV, in a centrifugal
confinement scheme must satisfy the inequalities

cs!uT,VA , ~10!

that is to say the speed should be supersonic but s
Alfvénic. Here,cs[(T/M )1/2 is the sound speed andVA is
the Alfvén speed. The former inequality ensures large Ma
number and parallel containment; the latter ensures that m
netic distortions are not large. Based on this ordering,
pressure term in~8! is negligible and the centrifugal term
l

 license or copyright, see http://ojps.aip.org/pop/popcr.jsp



-
th
n
o

,

m

o
or
th
ro

a
re
e
vi

n

n
to
te
ur

en-
t is

r-
on-
e
f
be
t of

all
ns
into
ce
n

m
of
ib-
ory.
lel

to
d,

-

des,
ld,
rnal
n-
in-
the

t

tion

eady

ith
en-
cord-

en
re
o

2059Phys. Plasmas, Vol. 8, No. 5, May 2001 An experiment to test centrifugal confinement for fusion
distort the field lines by an amount ofO(uT
2/VA

2 ). The par-
allel force balance equation~9! demonstrates centrifugal con
finement, as mentioned in the Introduction. To solve for
pressure in ~9!, we need the temperature distributio
T(R,c). The latter comes from the heat balance transp
equation. As a simple limit, supposeT5const: in this case
the pressure can be solved for from~9! and is given by2,4

p~R,c!5p0~c!exp~MR2/V2/4T!. ~11!

The pressure drops off exponentially along a field line fro
the point of maximum radius. The exponential scaleDR de-
creases with increasing Mach number asR/Ms

2, as given in
Sec. II A. In the more general case, the temperature dr
away from the peak pressure point toward the insulat
thus, the exponential pressure drop-off scale is set by
peak temperature but gets shorter as the temperature d
toward the insulators.

A two-dimensional~2-D! MHD numerical simulation
was run to test the equilibrium aspects of centrifug
confinement.8 The complete ideal MHD equations we
solved in 2-D cylindrically axisymmetric geometry. Th
code also includes small amounts of constant resistivity,
cosity, and parallel and cross-field thermal conduction.

A contour plot ofc, representing the field lines, is show
as the first clockwise plot of Fig. 3~we show the cylindrical
R-zcross section with reflection symmetry aboutz50!. This
is a steady-state equilibrium, relaxed with respect to tra
port. We ran toroidal rotations with Mach numbers of up
3. More than 90% of the currents are externally genera
the cross-field ‘‘leakage’’ currents and the diamagnetic c

FIG. 3. Two-dimensional numerical MHD simulation demonstrating c
trifugal confinement and concomitant viscous heating. Flux surfaces, p
sure contours, and cuts of angular frequency and temperature are sh
The range of the major radiusR, normalized, isR5@0.2,1.2#; that of z is
z5@0,2#. Arbitrary units are used for the abscissas of theT andV plots.
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rents from the thermal pressure and the rotation kinetic
ergy, make up the remaining currents—thus the flux plo
almost as it is in vacuum.

In the second clockwise plot of Fig. 3, we show a co
responding plot of the pressure contours. Centrifugal c
finement is clearly evident. In the third clockwise plot, w
show a cut along thez50 axis of the angular frequency o
toroidal rotation. The angular frequency was found to
almost a flux function, as expected. We also show a cu
the temperature in the fourth clockwise plot.

This equilibrium was generated by biasing the inner w
with respect to the outer wall. Insulating boundary conditio
were used at the top and the bottom. Currents were fed
the plates to maintain the required potential differen
against ‘‘leakage’’ currents from the viscosity and frictio
with neutrals.

This code was also rerun including an initial vacuu
toroidal magnetic field from currents in the central core,
the order of the poloidal field. Practically the same equil
rium as above was obtained, as expected from the the
The net flow was toroidal, vectorially made up of paral
flow andE3B perpendicular flow.

C. Transport

In an ideal plasma, any initialE3B flow would continue
unabated. Transport processes—viscosity with coupling
the walls and friction with background neutrals—woul
however, damp this motion on the long time scale~compared
to MHD time scales!. From a particle viewpoint, these re
tarding forces would result in Force3B drifts that would
neutralize the charge between the inner and outer electro
thus lowering the electric field. To maintain the electric fie
charge would have to be supplied to the plates by exte
circuits—theI 3B forces from the external currents are i
deed the forces9 that are transmitted to the plasma to ma
tain the flow rate. This balance can be summarized by
equation

NMuT
2/tmom5IV0 ~12!

whereN[n3Volume, I is the external current,V0 is the
applied voltage, andtmom is the momentum confinemen
time from viscosity, charge exchange friction, etc.IV0 is the
input power to the plasma,Pin .

The power dissipated in viscous processes and fric
ends up as heat. If we assume that a fractionf H of the input
power ends up as heat, the heat balance equation in st
state can be written as

3NT/theat5 f HIV02Prad, ~13!

wheretheat is the heat confinement time, andPrad is the ra-
diated power.

We take the confinement times to be as follows:

1/tmom51/tCX11/t',i11/t i ,i , ~14!

1/theat51/tCX11/t',i11/t i ,e , ~15!

Here, tCX represents the loss due to charge exchange w
neutrals.10 Charge exchange losses apply equally to mom
tum and heat. The remaining losses can be separated ac

-
s-
wn.
 license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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ing to losses perpendicular to and parallel to the magn
field. The perpendicular losses are represented byt',i . For
our model, we take these to be classical on the grounds
the large velocity shear in the system will suppress micro
bulence. In this case, the cross-field viscosity and ther
conductivity from Braginskii11 can be seen to be dominate
by the ions and both have diffusivities of orderr i

2n i i . Thus,

t',i;a2/~r i
2n i i !. ~16!

The parallel particle and heat losses to the insulat
along the magnetic field, can be assessed as follows.4 For
high Mach numbers, the ions are very tightly confined,
was discussed in Sec. II A. Nonetheless, energetic ions
the very tail of the distribution may escape the centrifu
potential well. This leads to particle and momentum lo
Once these ions are lost, more losses are incurred only if
are scattered into this exponentially small loss cone by io
ion collisions. This loss occurs at the ion–ion collision ra
based on the energetic ions; in addition, the number of e
getic ions is exponentially small for a Maxwellian distrib
tion. The resulting loss rate is of orde
n i i /@(Ms

2/4)exp(Ms
2/4)#, where the mitigating factor contain

ing Ms
2 terms is the well-known Pastukhov factor12 which

results from the deep centrifugal potential well as well as
electrostatic potential well~discussed further below!. This is
the rate for parallel particle and momentum loss.

The lighter electrons are not centrifugally confine
However, their tendency to escape is arrested by a sp
charge electrostatic potential build up along a field line. T
electron particle loss rate is equal to the ion loss rate
above. The heat loss rate, however, is larger and the m
important concern here:4 energetic electrons can reach t
insulators, transfer heat, and return as cold electrons.
parallel electron heat loss is thus based onnee and scales as

t i ,e;~1/nee!~Ms
2/4!exp~Ms

2/4!. ~17!

The Pastukhov factor again applies since the self-consis
electric potential well,ef/T, is deep and scales as the squa
of the Mach number. Note that this well is deeper than
classical mirrors12 and, to an extent, controllable.

The electron heat loss along the field is the one t
would limit the energy confinement time in a reactor. F
nt i ,e based on~17! to exceed the Lawson condition, on
needsMs55 if the temperature is 12 keV. Thus, from
transport viewpoint, high Mach numbers are again desira

The equations~12! and~13! constitute a simple transpo
model for the system that is qualitative at best. We ha
made no attempt to model profile effects or to account
detailed values of numerical prefactors in the various form
las. Clearly, the classical transport assumption needs to
experimentally demonstrated. With this in mind, we ha
calculated a reactor point as follows: Consider a system s
as Fig. 2 wherea is the plasma width at midplane,L is the
axial extent of the plasma,R is the average major radius a
the plasma midplane. Then, forn50.631020m23, B
52.6 T, a51.1 m, L/a520, R/a54, and Pin53 MW, we
find T513 keV, Ms56, andPfusion5240 MW. ~All plasma
parameters refer to averaged values at the midplane.! This
corresponds to a maximum electric field at the midplane
Downloaded 27 Jun 2001 to 128.8.86.16. Redistribution subject to AIP
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10 MV/m. We have made the assumptions that charge
change, bremmstrahlung, and impurity radiation losses
negligible. Note that other external momentum source
neutral beams or radiofrequency fields—could also be c
sidered to maintain the electric field.

In the reactor point above, we have made the additio
assumption that thea particles are not confined. Being ene
getic, these are not centrifugally confined. However, th
will be mirror confined up to the scattering time into the lo
cone. It can be calculated that thea’s would then share a
significant portion of their energy with the electrons befo
they scatter into the loss cone. For our system, however,
not clear how much energy deposition by thea’s is desir-
able. The system would always need input power to main
the rotation and the same power then heats the plasma~a’s
probably cannot be used to transfer momentum!. Any addi-
tional heating sources would lower the Mach number, wh
may not be desirable. In any case, the amount ofa heating
could be controlled by selecting the right mirror ratio.

D. MHD stability

For a configuration such as that of Fig. 2 to be viable
a fusion device, MHD stability is the key issue. This is pa
ticularly the case for Fig. 2 because it is immediately cle
from classical mirror theory that this configuration is u
stable to the interchange flute mode: in the absence o
toroidal magnetic field and the absence of rotation,
growth rate of the interchange,g int , has been calculated an
scales as13

g int;cs /~LpL !1/2. ~18!

Here,Lp is the pressure scale size andL is the axial length of
the system. Note that an elongated plasma is less uns
since elongation effectively reduces the average radius
curvature of the field lines.14

In the case of a centrifugally confined plasma, howev
there is substantial rotation and rotation shear. It has bec
clear in recent years that velocity shear can suppr
interchange-like modes.15,16 While the shear stabilization
idea has been broached much earlier,17 recent experimenta
evidence18 and numerical evidence19,20have corroborated re
cent theoretical results16 that show that even the ideal MHD
interchange mode can be stabilized by sufficient veloc
shear. For a toroidal rotation and a purely poloidal magne
field, the stability criterion can be schematically written a16

RdV/dr.g int@ ln~Rm!#1/2, ~19!

where Rm is a Reynolds number based on the geome
mean of the viscosity and the resistivity. Note now that t
velocity shear acts on the short radial scalea; then, using
d/dr;1/a in ~19! and using~18!, we may rewrite the stabil-
ity criterion as14

Ms.@~a/L !ln~Rm!#1/2. ~20!

Condition ~20! suggests that if one can rotate at superso
speeds and take advantage of an elongated configuration
could stabilize the flute interchange. This constitutes one
the two driving motivations of the centrifugal approach: hi
 license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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2061Phys. Plasmas, Vol. 8, No. 5, May 2001 An experiment to test centrifugal confinement for fusion
Mach number flows not only give centrifugal confineme
they also stabilize the flute. In addition, we showed in S
II C that high Mach numbers are also a requirement to acc
the Lawson condition.

The ingredients of the above conclusion—velocity sh
suppression, supersonic flow, elongation, etc.—have b
extensively cross-checked and shown to hold up in sev
analytical and numerical calculations. The evidence supp
the following qualitative conclusions:~1! high Mach num-
bers,;4–5, would be required;~2! elongation would lower
Mach number requirements;~3! there might be a residua
wobble in that the velocity shear may not completely sta
lize the flutes, especially if the Mach number does not
high enough or is clamped to a low value;~4! there is a
possibility that the Kelvin–Helmholtz~KH! may be weakly
unstable, on transport time scales. This evidence is deta
in the appendix. For now, the evidence suggests that a w
toroidal magnetic field may be required to suppress any
sidual flutes or the Kelvin–Helmholtz instability—the toro
dal field will provide the requisite stabilization from mag
netic shear. In addition, the system should be elongated

III. THE MARYLAND CENTRIFUGAL TORUS, MCT

The major goal of the MCT experiment is to produce
plasma with supersonic toroidal rotation and to study
confinement and MHD stability of the system. In particul
we hope to achieveMs.3, enhanced axial localization of th
plasma as illustrated by a substantial plasma pressure
from the midplane to the end of the device, and stabilizat
of the MHD flute modes by velocity shear. Since MCT
inherently a device with large velocity shear, it is also
excellent experiment for a basic study of stabilization of
stabilities by velocity shear.

A. Guidelines from theory and modeling

The Maryland Centrifugal Torus as designed will be
modest size, cost effective, and flexible experiment. The
sign has been substantially guided by the theoretical w
described above. Of note, the following features have b
incorporated into the design.

~i! A strong magnetic field, so thatr i!a. This ensures
that the experiment will be in the MHD regime.

~ii ! Sufficient voltage to allow high speeds, up to the A
fvén speed, to attain high Mach numbers,Ms;3 – 5.
High Mach flows are essential for all three aspects
equilibrium, stability, and transport.

~iii ! High in–out excursion of the field lines,R2 /R1@1.
Here,R2 is the outermost radius of a field line,R1 is
the radius of closest approach to the axis. As dedu
from Eq. ~11!, this feature maximizes the axial pre
sure drop.

~iv! Elongated plasmas withL/a@1. As mentioned, this
enhances velocity shear efficacy and lowers Ma
number requirements.

~v! Inclusion of a toroidal field,BT , capability. It is pos-
sible there may be some residual convection from
terchange modes or a weak Kelvin–Helmholtz: t
toroidal field will provide magnetic shear to suppre
Downloaded 27 Jun 2001 to 128.8.86.16. Redistribution subject to AIP
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such residual modes. In particular, since the conv
tion is weak, not much toroidal field may be need
(BT!BP), although we plan conservatively forBT

;BP .

The BT capability is also important in the sense that
can act as an ‘‘assist’’ to attaining high Mach numbers—
the Mach numbers are low and there is significant resid
convection, then the Mach number may be ‘‘clamped’’
this level if the turbulence makes the momentum and h
confinement times equal. In that case, a toroidal field co
help to suppress the turbulence just enough to lift the sys
to a higher Mach number operating regime wherein the c
finement improves.

As discussed in Sec. II, a transport model has been
veloped. This model incorporates both fully ionized plasm
effects as well as a variety of plasma/neutral interactio
The conclusions of the modeling are that in a small dev
such as MCT plasma momentum loss will probably be do
nated by resonant charge exchange and the energy loss l
strongly influenced by charge exchange and radiation fr
higher Z impurities, especially oxygen. Given this expect
tion, the MCT design and plan includes significant efforts
surface conditioning, as will be described in more detail b
low.

Finally, a study of earlier experiments2,3 shows clearly
that the high voltage–insulator regions require concentra
effort and experimentation. For this reason MCT will inco
porate a ‘‘dual insulator’’ configuration in which the plasm
facing insulator~referred to as the baffle insulator in th
paper! is separate from the high voltage, high vacuum ins
lator ~see Fig. 4!. More details are given below.

B. The MCT device

Figure 4 shows a schematic picture of the MCT dev
as currently designed. The major components are sho
The important subsystems are now discussed.

Axial Magnetic Field System: The main magnetic field
will be produced by six identical high field air core coi
configured in two groups: four coils for the central soleno
and two high field mirror end coils. Each group is power
by a separate power supply. The major features of this hig
flexible system are as follows: The Central Solenoid w

FIG. 4. A schematic cutaway of the MCT device. A poloidal~mirror! mag-
netic field is produced by the two high-field end coils and the four cen
section solenoid coils. The toroidal magnetic field is produced by 12 disc
coils, as shown. The tube running through the center of the vacuum ves
the high-voltage core, which also carries the inner legs of the toroidal fi
coils. Insulators are shown in white. The double cone-shaped objects in
end sections~liners! serve the purpose of shaping the electrostatic poten
In operation the core is biased at high voltage with respect to the o
vessel. The outer diameter of the end and the solenoidal coils is 1 m.
 license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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allow B<0.7 T ~continuous!; the end coils will allow B
<2.1 T ~10 s switched dc!; the system will thus allow mirror
ratios,RM , in the range 3–10.

In Fig. 5~a!, we show magnetic flux contours for the hig
mirror ratio case,RM59.8. Good field line configuration
have been obtained over the full mirror ratio range.

Toroidal Magnetic Field System: The pulsed toroidal
field will be generated by 12 coils fabricated from a copp
bar and driven by a pulsed electrolytic capacitor bank. T
toroidal system producesBT<0.2 T atr 50.15 m~the center
of the midplane plasma region! with a flat-top duration of
approximately 10 ms.

Vacuum Vessel: The vessel will be fabricated from stan
dard 304SS Conflat hardware to ensure ultrahigh vacu
capability, ease of design, and reasonable cost. Adequat
agnostic access is designed in, especially access for diag
ing the very important insulator region. At each end of t
machine will be two six inch i.d. pumping ports. The inn
port ~closer to the midplane! is located between the high
field mirror coil and the solenoid region and will be used
pump the central plasma region. The outer pumping port
be located between the end of the device and the baffle
sulator and it will be used to differentially pump the regio
where the high vacuum insulator resides, thus reducing
probability of breakdown in this region.

Central Core: This is a unique feature of MCT and pro
vides the high-voltage~<20 kV! center electrode for theE
3B discharge as well as carrying the central legs of
toroidal field coils. The core will be at high voltage, ins
lated from the main vessel and also insulated from the leg
the toroidal coils. Note that core insulation from the ves
occurs in a region at the machine ends completely shie
from the plasma. These high vacuum feedthrough insula
are distinct from the baffle insulating assemblies descri
below. The core may be run as an anode or a cathode.

Discharge Power Source: The discharge will be pow-
ered by a high-voltage capacitor bank. The pulsed po
source is designed to allow disconnecting of the source f
the plasma during a discharge to produce ‘‘free wheelin
decay of the rotating plasma or disconnecting the source
switching in a known resistance in the decaying circu
These features are very useful for diagnosing the gross
tures of the plasma, including a measurement of the mom

FIG. 5. ~a! Magnetic field lines in the upper left quadrant of theR,Z plane
for theRM59.8 mirror geometry. Scale markings are in cm.~b! Equipoten-
tials for the corresponding liner geometry of Fig. 4; shown approximatel
the same scale as~a!.
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tum confinement time. The circuit also includes a varia
series inductor that allows lengthening the duration of
formation phase. The bank parameters are as followsV
511 kV, C55.6 millifarads, stored energyEC50.34 MJ.
Ignitron tubes will be used for the various switching. W
have estimated the discharge current required using
transport model and we have more than sufficient stored
ergy capability to provide a minimum flat-top pulse time of
ms. If required in later experiments the bank can easily
upgraded to 18 kV.

Shaped Liner: An optimumE3B device would haveE
perpendicular toB everywhere and indeed the plasma w
force itself toward this situation. This implies that magne
flux surfaces correspond to electric equipotentials and
have attempted to satisfy this over much of the system
the vacuum field so that the equipotentials begin att50
close to where we would like them to be during the d
charge. To obtain this we have added shaped liners as e
trode surfaces on each end of the device and the center o
core. We have used an electrostatic simulation code to ev
ate our design and Fig. 5~b! shows equipotential lines corre
sponding to liner shapes needed for the high mirror ratio c
of Fig. 5~a!. In general, a different liner is required if th
mirror ratio is changed substantially. The liners will be fa
ricated of stainless steel but in some regions will be co
posed of highly porous mesh to allow pumping or a diagn
tic view through the liner.

Insulating Assemblies: Preventing the short circuiting o
the electric field requires insulating assemblies at the end
the device. These assemblies can take the form of sim
insulating disks or more complicated arrays of electrica
floating metallic rings that are insulated from each other. T
insulating assemblies must hold off the applied voltage
<20 kV or so and not arc down in the presence of plasm
On MCT we have chosen a dual insulator concept wher
there are two insulators at each end. The one closer to
midplane is called thebaffleinsulator; it is the plasma facing
component and it covers most of the area between the
and the outer vacuum vessel wall. The second insulator
the end of the machine and is both a high voltage insula
and a high vacuumfeedthroughfor the high voltage. The
baffle insulator shields the high vacuum feedthrough insu
tor from plasma bombardment, plasma ultraviolet radiati
and from metal coating from the plasma. MCT will also b
differentially pumped in the region between the two insu
tors so that the neutral pressure in the vicinity of the h
vacuum feedthrough will be considerably lower than in t
central plasma region. These steps are designed to drasti
reduce the probability of breakdown at the feedthrough in
lator. We also note that in MCT the plasma facing baf
insulating assemblies will be located beyond the mir
throats where theB lines have expanded considerably. Th
allows the insulators to be larger and reduces the power d
sity incident on the insulator and the electric field strengt

Preionization: Most previous rotating plasma exper
ments employed the applied electric field to break down a
form the ionized plasma. While we will certainly explore th
mode of operation because of its simplicity, MCT will als
employ some version of preionization in the interest of ma

o
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ing the formation phase smoother and perhaps gene
fewer impurities. We will begin with electron cyclotron hea
ing ~ECH! preionization that is well suited to the nonunifor
B of the magnetic mirror geometry and has seen wide ap
cation in this configuration. It also allows nonintrusiv
preionization. Given our range of magnetic fields, X ba
~;3 cm wavelength! microwave radiation with a fundamen
tal electron cyclotron resonance atB;0.3 T is ideal and we
will initially use the preionization source from the Marylan
Spheromak. We will also explore other methods of preio
ization such as washer gun generated plasmas.21

Wall conditioning: Maintaining an acceptable level o
neutrals~both hydrogen and heavier impurities! is vital to the
success of the experiment. MCT will use ultrahigh vacu
components~hard seals! and turbomolecular and cryopum
and we expect base pressures in the 131027 Torr range or
better. We will also employ wall conditioning to reduce r
cycling and impurity influx during a discharge. In particula
we will use ~a! electropolishingof the major interior metal
surfaces, especially the vacuum vessel, the core, and
shaped liner;~b! bakeoutto 150 °C to remove much of th
trapped water vapor, which will be accomplished by conv
tional resistive heaters on the vessel;~c! titanium getteringof
the central region of the machine;~d! discharge cleaning
with both hydrogen and helium. Implementation of the
must, of course, be consistent with our insulator integrity

From the above design, from considering previous
periments, as well as studies with the transport code, MC
expected to operate in the following parameter ranges.
the design parametersa;0.1 m, L;1.5 m, B50.2– 2.0 T,
mirror ratio53–10, fill pressure;1 mTorr, V,20 kV, the
expected plasma parameters aren;1019– 1020m23, Te;Ti

;10– 100 eV,a/r i.20, Ms;3 – 6.
The system will include flexibility in the magnetic fiel

strength and mirror ratio, the addition of a toroidal field,
well as flexibility in the applied voltage and its rise time, a
the fill pressure. The plasma density is not independe
controlled but should be variable over some range. We
investigate two preionization approaches: ECH and gun
filament generated plasmas and will also experiment w
static fill as well as gas puffing to establish density cont
and vary neutral density. The existence of a toroidal m
netic field gives us important extra flexibility in forming th
equilibrium.

Large E3B flow and associated shear, manifest in t
bulk of the plasma, are central underpinnings of this exp
ment. It would be useful to have active control of the pote
tial and, thus, the velocity profile. MCT will have limite
capability in this regard. The baffle insulator assemblies m
take the form of a collection of metal rings, which may res
in an altered profile. The rings could be connected by app
priately chosen resistors to alter the profile with respec
the floating case. In Ref. 3, these type of rings were ex
nally biased at different potentials. While such profile cont
would be beyond the scope of the early MCT phases, it co
be implemented in an upgrade phase. We note that exp
ments with toroidal momentum input on the DIII-D and T
kamak Fusion Test Reactor~TFTR! tokamaks showed tha
when momentum is deposited in the center of the plasma
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plasma flow relaxes under viscosity to a parabolic-type p
file, indicating that the walls act as ‘‘no-slip’’ boundarie
The numerical simulations reported in Fig. 3 also demo
strated relaxation under viscosity to such profiles using
slip boundary conditions. The same situation will likely pr
vail on MCT, that is, no-slip boundary conditions shou
result in a naturally sheared flow profile—MCT will be ru
for several expected momentum confinement times.
larger experiments, neutral beam or radiofrequency mom
tum drives can be imagined, as mentioned, with the poss
ity of some profile control. Finally, whether or not spontan
ous transport barriers will arise in the MCT experiment
unknown.

To achieve our research goals, certain critical iss
must be addressed and experimentally investigated.
most important of these are the following.

~1! The electric must be shown to penetrate the plasma
direct measurement of the rotation speed is required
assess this.

~2! It must be determined that the equilibrium is stable
gross MHD instabilities. In this vein, it is important t
note that determination of MHD stability is not as d
rectly analogous to that conventionally done in tokama
or RFPs~reversed field pinch! because the operative in
stability here is the interchange and not kink-teari
modes.

~3! It must be determined that the plasma is localized aw
from the mirror throats, as one would expect for stro
centrifugal effects.

~4! The equilibrium must be maintained for at least seve
confinement times~; a few milliseconds! to investigate
steady-state and transport aspects.

~5! It would be desirable to ascertain evidence of any s
pression of microinstabilities by velocity shear.

IV. SUMMARY

In this paper, we have assessed the plasma physics
sibility of centrifugally confined plasmas as a fusion schem
We conclude that rotation at supersonic speeds,Ms.4 – 5,
will lead to good containment, keep the system MHD stab
iron out microturbulence, and allow a Lawson breakev
These conclusions have been arrived at from a combina
of analyis and numerical simulation.

The fusion device that emerges from optimizing over t
plasma rotation ‘‘knob’’ features four advantages as a fus
reactor:~1! the system is steady state~all magnetic fields are
generated by external coils!; ~2! there are no tokamak-typ
disruptions~there are no externally driven parallel curren
and, so, no kink modes!; ~3! the cross-field transport may b
classical ~large velocity shear suppresses microturbulen
and there are no banana orbits!; ~4! the coil configuration is
relatively simple~little or no toroidal field is required, there
is a long ‘‘central cell’’!.

The MCT experiment, presently under construction, w
be a modest size experiment to investigate some of the p
ics of centrifugal confinement. In particular, it will aim a
obtaining stable MHD equilibria. To this end, the system w
 license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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feature elongation—to increase velocity shear efficacy—
a toroidal field capability—to provide an assist to MHD st
bility via magnetic shear.

APPENDIX: THEORETICAL RESULTS ON MHD
STABILITY

Several analytic calculations and numerical simulatio
have been done to assess the velocity shear stabilizatio
MHD flute instabilities. We summarize the key results he

~1! Rayleigh–Taylor—Analysis.16 The classic Rayleigh–
Taylor interchange instability in the presence of an e
ternal velocity shear was analyzed. For a linearly vary
velocity profile, a complete analytic calculation is po
sible. A stability criterion was obtained from which~19!
is directly deduced. This criterion is more pessimis
than that of Kuo,22 by the logarithmic factor of Eq.~19!.
This is because Kuo’s calculation is based on eig
modes while Ref. 14 is done as an initial value proble
Since the underlying eigenmode equation is not
Sturm–Liouville system, an eigenmode analysis may
constitute the complete response. The criterion~19! is
more optimistic than that of Lehnert,17 who proposed
velocity shear stabilization very early on. Lehnert’s co
clusion was based on a local analysis, which is a go
indicator of the trend but is superceded by Kuo’s eige
mode analysis.

~2! Rayleigh–Taylor—Nonlinear simulation.19 A nonlinear,
numerical simulation was done to confirm the abo
analytic results. Qualitative features in agreement w
the prediction from~1! above were obtained. In particu
lar, for large enough applied velocity shear, compl
laminarity was obtained in the density profile.

~3! Effect of elongation.14 An analytic study was done to
assess the effect of elongation. We considered a Z-p
equilibrium ~axially symmetric cylinder with purely azi
muthal magnetic field! with a rectangularly shaped cros
section. Sausage modes were analyzed with an impo
axial sheared flow. A stability criterion analogous to~1!
above was obtained, which clearly showed that Ma
number requirements went down as (a/L)1/2, as in Eq.
~19!.

~4! Velocity shear stabilization of Z pinch.20 A nonlinear
numerical experiment was done to try and stabilize a
pinch with an axial flow forced with no-slip boundar
conditions at the walls. Z pinches are unstable to b
interchange and kink modes. Stabilization was observ
However, at a given central Mach number, there wa
residual wobble in the system. The size of the wob
decreased as the Mach number was increased, At a M
number of about 5, the laminar pressure profile was
covered in more than 95% of the volume—a small,
significant residual wobble remained in the center of
discharge.

~5! Stability of Dean flow.23 In studies~1!–~4! above, we
have dealt only with systems without centrifugal forc
While shear in angular frequency of rotation is stabil
ing, the centrifugal force itself is destabilizing, in that
adds to the effective gravity outward, as can be dedu
Downloaded 27 Jun 2001 to 128.8.86.16. Redistribution subject to AIP
d

s
of
.

-
g

-
.
a
t

-
d
-

h

e

ch

ed

h

Z

h
d.
a
e
ch
-

-
e

.

d

from Fig. 2. To assess these countertendencies, we
formed an analytic stability calculation for a system ve
similar to that of Fig. 2, but, for simplicity, we assume
a straight uniform axial field~i.e., only the solenoidal
field!. This system, referred to in fluid dynamics as De
flow, contains the ingredients of rotation shear as well
destabilization from the centrifugal force. We found th
the centrifugal force acts only on density gradients:
there are no density gradients, the conclusion of criter
~19! holds. If there are density gradients, one could s
stabilize interchanges, but at somewhat higher Ma
numbers. However, making the system have a large
pect ratio would bring down the Mach number requir
ments, analogous to the advantages of elongation.

~6! The Kelvin–Helmholtz instability.23,14,24It is well known
that curvature in the flow profile can destabilize t
Kelvin–Helmholtz. This instability, however, is weakl
growing if the flow profile does not have an inflectio
point, which is quite likely the case for the flow profile
one may expect from a system such as in Fig. 2~this
result is known as the Rayleigh Inflectio
Theorem25,23,14!. In particular, the growth rate scales as
fractional power of the inverse Reynolds number tim
V. In addition, the band of unstable wave numbers in
toroidal direction goes to lower and lower values wi
increasing Reynolds number, to a point that they may
out of range of the allowable wavelengths that could
into a toroid. The KH is thus not a major concern—
necessary, a relatively weak toroidal field could be add
to suppress any slowly growing modes.

~7! Work is in progress to extend the analysis and numer
simulations reported above to the complete geometry
Fig. 1. Preliminary analytical results26 are in agreemen
with the Dean Flow and elongation calculations repor
in ~3! and~5!. Preliminary numerical results exhibit sta
bility with a small residual wobble at modest Mach num
bers.
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