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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 magnetohydrodynanidHD) 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 TOMGT) [R. F. Ellis et al, Bull.

Am. Phys. Soc44, 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. @01 American Institute of Physicg§DOI: 10.1063/1.1350957

I. INTRODUCTION =0), here the inertial forces are large enough that the pres-

sure can be contained to desired portions of the field lines by

_ The basic idea of centrifugal confinement is to use cenyyqghriate shaping. From a guiding center viewpoint this is
trifugal forces from rapid plasma rotation to augment con-

? ) ) i analogous to a bead on a rotating wire.
ventional magnetic confinemeht! In this sense, plasma ro- A comparison of the two terms of E¢) reveals that in

tation represents an additional "knob™ that can be optimized, e 1o attain significant pressure confinement, the flows
to result in a fusion device that has several advantages. st pe supersonic. Thus, a key requirement of centrifugally
Two factors motivate pursuit of this idea: first, the cen- .jnfined schemes must bé.>1, whereM, is the sonic
trifugal forces constitute a “gravitational force” that can ac- p15ch number.
tually contain plasma, even along “open” field lines; sec-  hg experimental essentials of the centrifugal confine-
ond, the large velocity shear associated with the rotation cap,ent scheme are summarized schematically for a particular
stabilize not only microinstability but possibly also macro-, .ynfiguration in Fig. 2. In this realization, the main magnetic
magnetc')hydrodynam{dleD) |nst.ab|I|tleS. _ . field is a straight solenoid with axisymmetric mirror-like ge-
In Fig. 1, we depict the basic concefat review article ooty at the ends. There is a cylindrical, conducting core
on rotating pl_asr_na d_ewce_s is prowded_ by Leh?)t_erA PO~ that is electrically insulated from the outer vacuum wall. A
I0|da_l magnetic field line with curvature is ShOW”_ln axiSym- radial electric field is applied by biasing the inner core at
metric geometry. If the plasma and the frozen-in field linep;gp, yoltage with respect to the outer wall. The electric field
are rotating toroidally, a fluid elemeior a guiding center - ;ses a plasma in the annulus to rotate azimuthalEXs
experiences a radially outward centrifugal force. The compO,ation. The plasma is confined by centrifugal forces to the
nent of this force perpendicular to the field lines is easilygraight solenoid portion of the magnetic field. Note that the
taken up by magnetic forces; the parallel component is Unmagnetic mirror force plays a negligible role in the confine-
balanced and tends to restore plasma to the midplane. Thgent without the centrifugal force, the mirror geometry has
latter fact is expressed by the fluid equation the usual conical loss cone in velocity space, but, for large
B-Vp=—nMB-(u-Vu). (1) Mach number rotation, this loss cone is almost completely
closed because of the favorable centrifugal potential.
Unlike conventional magnetic confinement schemes where |n what follows, we discuss guiding center orbits, MHD
the pressure along the field lines would be const&W(  equilibrium, momentum and heat transport, and MHD stabil-
ity, and show that the scheme is viable as a fusion device in

*Paper MI2 6, Bull. Am. Phys. Sod5, 217 (2000. that it exhibits the requisite confinement, heating, and stabil-
"Invited speaker. ity properties. In particular, we show that the system can be
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F. of a bead on a wire: the orbits are centered about the maxi-
mum R and bounce about that point centrifugally confined.
T B For large Mach number, the excursion of the bounce from
the maximum radiusAR, can be calculated to bAR/R
Q A2
~1/M3.
v To higher order, the gradient-B and curvature drifts need
to be included in the Hamiltonian. F& =0, these drifts are
FIG. 1. An axisymmetric poloidal magnetic field line with a toroidally ro- N the toroidal dl_rectlon and t_he abo‘_/e deSC“pt_'O” does not
tating fluid element depicting a radially outward centrifugal force. change substantially—in particular, since the drifts are toroi-
dal, there are no banana orbits. This is an important result

, . since it implies that the classical transport in this system will
scaled, with reasonable assumptions, to a reactor and that thSt have any geometric, “neoclassical” enhancements. If

resulting device has at least four advantages over tokamgk . g the particle orbits to lowest order are still just the
reactors. An experiment, the Maryland Centrifugal Torusy, nce orbits described above, except that the motion also
(MCT),” is pla_nned to te_st the equilibrium z?md st_ab_lhty aS-has a toroidally in—out component as the “bead” slides
pects of centrifugal confinement. We describe this in the fl'along the twisted wire. When gradient-B and curvature drifts

nal section. are added, this introduces banana broadening. The width of

In the discussion in this paper, the Mach number of the[he banana can be estimated to be of org¢Br/B)
toroidal flow plays an important role. For reference, we de'x(l/M 2) ‘wherep is the gyroradius. Thus, unleBs isTvery
s/ . H

: — 1/2
fine the Mach numbeMs, asMs=ur/(T/M)™% whereur 400 “the hanana width is smaller than a gyroradius.
is the toroidal speedl is the ion temperature, arid is the

'on Mass. B. MHD equilibrium

Il. THEORETICAL BASIS For centrifugal confinement, the governing ideal MHD
o . . . . . . Y6

A Particle orbits equilibrium equation also includes inertial forces, %2
NMu-Vu=—Vp+jXB, (4

The system is strongly magnetized, i.e., the Larmor radii
are small. Thus, particle orbits can be analyzed in the drifivhere the electrostatic potenti@land the flowu are related
approximation. The drift Hamiltonian, to lowest order in the by
small Larmor radius, is V 6= uxB. )

H=(1/2Muf + uB- (12 MR?Q? @ Wwe use the representation fBrgiven above. Front5), we
Standard notation is use® is the radial coordinate of a note thatB-V ¢=0; assuming that the flow is toroidal, the
cylindrical (R,{,z) coordinate systemy, is the speed along perpendicular component ¢8) gives
the field, u is the magnetic moment of the guiding center, u=R2QV/ 6)
and(} is the frequency of toroidal rotation. The axisymmet- '
ric magnetic field is described in the usual fashion by with Q(¢)=de/dy. Thus, each field line rotates as a rigid

rotor.

B=VIXVy+RBEV{. ) We now calculate thai-Vu=Q2VR?/2. Then, the tor-
This Hamiltonian is derived assuming that the dominant paroidal component of Eq4) yields the condition
ticle drifts are the parallel motion and tHeXB drift. In RB;=1() @
addition, the electric potentialp, is approximately constant ’

along a magnetic flux contout andQ) and ¢ are related by the component perpendicular to the field yields the counter-
de/dy=Q (see Sec. I B part to the Grad—Shafranov equatfohS

Noting that,uEMuf/B, a comparison of the magnetic V-(R2V ) =1d1/dy+ oplay+ (L2nMQ2IRY 3y,  (8)
moment force and the centrifugal force potential() re- o
veals that for large Mach numbers the magnetic mirror powhered/dy=(RB) “V -V, and the component parallel to

tential can be neglected. The remaining Hamiltonian is thathe field yields

B-Vp=(1/2nMB-V(R?Q?). 9
plasma insulator The toroidal rotation speedi;=R(, in a centrifugal
M / \< | confinement scheme must satisfy the inequalities
N KKK KRR N Ce<Ur<V,, (10
4

that is to say the speed should be supersonic but sub-
Alfvénic. Here,c,=(T/M)¥? is the sound speed and, is
the Alfven speed. The former inequality ensures large Mach

= number and parallel containment; the latter ensures that mag-
FIG. 2. Experimental schematic of one particular realization ofacentrifugalnet'c dlStOl‘tlon.S are_' not I&.Uge- Based on thIS. ordering, the
confinement scheme. pressure term ir{8) is negligible and the centrifugal terms
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rents from the thermal pressure and the rotation kinetic en-

ergy, make up the remaining currents—thus the flux plot is

almost as it is in vacuum.

In the second clockwise plot of Fig. 3, we show a cor-
responding plot of the pressure contours. Centrifugal con-
finement is clearly evident. In the third clockwise plot, we
show a cut along the=0 axis of the angular frequency of
toroidal rotation. The angular frequency was found to be
almost a flux function, as expected. We also show a cut of
the temperature in the fourth clockwise plot.

H This equilibrium was generated by biasing the inner wall
with respect to the outer wall. Insulating boundary conditions

R— were used at the top and the bottom. Currents were fed into

the plates to maintain the required potential difference

T o against “leakage” currents from the viscosity and friction

with neutrals.

: / This code was also rerun including an initial vacuum
toroidal magnetic field from currents in the central core, of
i j the order of the poloidal field. Practically the same equilib-

' ‘ ‘ rium as above was obtained, as expected from the theory.

R— The net flow was toroidal, vectorially made up of parallel

FIG. 3. Two-dimensional numerical MHD simulation demonstrating cen-lOW andEX B perpendicular flow.

trifugal confinement and concomitant viscous heating. Flux surfaces, pres-

sure contours, and cuts of angular frequency and temperature are show& Transport
The range of the major radiul® normalized, isR=[0.2,1.3; that ofz is ’ P

z=[0,2]. Arbitrary units are used for the abscissas of Thand () plots. In an ideal plasma, any initid X B flow would continue
unabated. Transport processes—viscosity with coupling to
the walls and friction with background neutrals—would,

. , . however, damp this motion on the long time sa@empared
21\ /2 .
distort the field lines by an amount @(uy/Vy). The par to MHD time scales From a particle viewpoint, these re-

allel force balance equatidf) demonstrates centrifugal con- tarding forces would result in ForseB drifts that would

finement, as mentioned in the Introduction. To solve for the . .
. .~ Tneutralize the charge between the inner and outer electrodes,
pressure in(9), we need the temperature distribution

hus lowering the electric field. To maintain the electric fiel
T(R,#). The latter comes from the heat balance transporE us lowering the electric field oma tain the electric field,
. : . R charge would have to be supplied to the plates by external
equation. As a simple limit, suppoge=const: in this case, . > .
circuits—thel X B forces from the external currents are in-

e i 4
the pressure can be solved for fra) and is given by deed the forcésthat are transmitted to the plasma to main-

tain the flow rate. This balance can be summarized by the
equation

11
Nt

11

|
I

|
H

|

P(R, ) = po( ) exp MR?/Q2/4T). (11)

The pressure drops off exponentially along a field line from NMu‘zl'/Tmom: AV (12

the point of maximum radius. The exponential scaR de- B . .
creases with increasing Mach numberRi® 2, as given in WhereN=n><VOIume ! 'S the external currentyo S the

Sec. I A. In the more general case, the temperature drop%pplled vol'tage,. andrmo is the momgntym conflpement
away from the peak pressure point toward the insulatorsEIme from viscosity, charge exchange friction, ¢, is the
thus, the exponential pressure drop-off scale is set by thgIlout power to the plasmdg;y, .

peak temperature but gets shorter as the temperature drogs dThe pOV\r/]er td||5f$|pated n ws;(r:]omtjs ?rocfgsstfa?hand f”ft'on
toward the insulators. nds up as heat. If we assume that a fracfigrof the inpu

A two-dimensional(2-D) MHD numerical simulation power ends up as heat, the heat balance equation in steady

was run to test the equilibrium aspects of centrifugalstate can be written as
confinement The complete ideal MHD equations were 3NT/ Thear= Tl Vo= Prads (13
solved in .Z'D cylindrically axisymmetric geometry. Thg where 7.4 iS the heat confinement time, afy,q is the ra-
code also includes small amounts of constant resistivity, vis-,.

) . : diated power.
cosity, and parallel and cross-field thermal conduction. ' . )

i ) . ; We take the confinement times to be as follows:

A contour plot ofy, representing the field lines, is shown
as the first clockwise plot of Fig. @ve show the cylindrical Urmom=Urex+Ur i+ 17, (14
R-zcross section with reflection symmetry abaet0). This _
is a steady-state equilibrium, relaxed with respect to trans-  /Theat™ UText 17, i+ 1im e, (15
port. We ran toroidal rotations with Mach numbers of up toHere, 7cx represents the loss due to charge exchange with
3. More than 90% of the currents are externally generatecheutrals'® Charge exchange losses apply equally to momen-
the cross-field “leakage” currents and the diamagnetic curtum and heat. The remaining losses can be separated accord-
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ing to losses perpendicular to and parallel to the magnetict0 MV/m. We have made the assumptions that charge ex-
field. The perpendicular losses are represented by For  change, bremmstrahlung, and impurity radiation losses are
our model, we take these to be classical on the grounds thatgligible. Note that other external momentum sources—
the large velocity shear in the system will suppress microturneutral beams or radiofrequency fields—could also be con-
bulence. In this case, the cross-field viscosity and thermadidered to maintain the electric field.

conductivity from Braginskiit can be seen to be dominated In the reactor point above, we have made the additional
by the ions and both have diffusivities of orqérvii . Thus, assumption that the particles are not confined. Being ener-

2, 2 getic, these are not centrifugally confined. However, they
7o~ @ (pivii). (18 ill be mirror confined up to the scattering time into the loss
The parallel particle and heat losses to the insulatorsgone. It can be calculated that tlaés would then share a

along the magnetic field, can be assessed as foltoRar.  significant portion of their energy with the electrons before
high Mach numbers, the ions are very tightly confined, aghey scatter into the loss cone. For our system, however, it is
was discussed in Sec. Il A. Nonetheless, energetic ions onot clear how much energy deposition by this is desir-

the very tail of the distribution may escape the centrifugalable. The system would always need input power to maintain
potential well. This leads to particle and momentum lossthe rotation and the same power then heats the pldafsa
Once these ions are lost, more losses are incurred only if iorrobably cannot be used to transfer momentufmy addi-

are scattered into this exponentially small loss cone by ion-tional heating sources would lower the Mach number, which
ion collisions. This loss occurs at the ion—ion collision ratemay not be desirable. In any case, the amount dieating
based on the energetic ions; in addition, the number of enecould be controlled by selecting the right mirror ratio.

getic ions is exponentially small for a Maxwellian distribu-

tion. The resulting loss rate is of order

vii I[(M2/4)expMZ/4)], where the mitigating factor contain- D- MHD stability

ing M2 terms is the well-known Pastukhov factbmhich For a configuration such as that of Fig. 2 to be viable as
results from the deep centrifugal potential well as well as ary f;sjon device, MHD stability is the key issue. This is par-
electrostatic potential welbiscussed further belowThis is  ticylarly the case for Fig. 2 because it is immediately clear
the rate for parallel particle and momentum loss. from classical mirror theory that this configuration is un-
The lighter electrons are not centrifugally confined. staple to the interchange flute mode: in the absence of a
However, their tendency to escape is arrested by a spaggrpidal magnetic field and the absence of rotation, the

charge electrostatic potential build up along a field line. Theyrowth rate of the interchange;,;, has been calculated and
electron particle loss rate is equal to the ion loss rate agggles g3

above. The heat loss rate, however, is larger and the more "
important concern hertenergetic electrons can reach the Yint™ Cs/(LpL) ™ (18)

insulators, transfer heat, and return as cold electrons. Thqere,Lp is the pressure scale size dngs the axial length of
parallel electron heat loss is thus basedigpand scales as the system. Note that an elongated plasma is less unstable
TH’e’\’(l/Vee)(M§/4)EXHM§/4). (17) since elongation _effegtively reduces the average radius of
curvature of the field line¥}
The Pastukhov factor again applies since the self-consistent |n the case of a centrifugally confined plasma, however,
electric potential welleg/T, is deep and scales as the squarethere is substantial rotation and rotation shear. It has become
of the Mach number. Note that this well is deeper than forclear in recent years that velocity shear can suppress
classical mirror¥’ and, to an extent, controllable. interchange-like mode's:*® While the shear stabilization
The electron heat loss along the field is the one thajdea has been broached much eafilerecent experimental
would limit the energy confinement time in a reactor. Forevidencé® and numerical evidené&*°have corroborated re-
n7 . based on(17) to exceed the Lawson condition, one cent theoretical resuftéthat show that even the ideal MHD
needsM¢=5 if the temperature is 12 keV. Thus, from a interchange mode can be stabilized by sufficient velocity
transport viewpoint, high Mach numbers are again desirableshear. For a toroidal rotation and a purely poloidal magnetic
The equation$12) and(13) constitute a simple transport field, the stability criterion can be schematically writteri®as
model for the system that is qualitative at best. We have 12
made no attempt to model profile effects or to account for RAQ/dr=>yin{ IN(R,) 1™ (19)
detailed values of numerical prefactors in the various formuwhere R, is a Reynolds number based on the geometric
las. Clearly, the classical transport assumption needs to h@ean of the viscosity and the resistivity. Note now that the
experimentally demonstrated. With this in mind, we havevelocity shear acts on the short radial scajethen, using
calculated a reactor point as follows: Consider a system suctl/dr~ 1/a in (19) and using(18), we may rewrite the stabil-
as Fig. 2 whera is the plasma width at midplang,is the ity criterion ag*
axial extent of the plasm& is the average major radius at
the plasma midpl?ame. Then, fon=0.96>< 102J°m*3, B Ms>[(a/L)In(R,)]"2 (20
=2.6T,a=1.1m, L/a=20, R/a=4, andP;,=3 MW, we  Condition (20) suggests that if one can rotate at supersonic
find T=13keV, M¢=6, andPyon=240 MW. (All plasma  speeds and take advantage of an elongated configuration, one
parameters refer to averaged values at the midplatés  could stabilize the flute interchange. This constitutes one of
corresponds to a maximum electric field at the midplane othe two driving motivations of the centrifugal approach: high
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Mach number flows not only give centrifugal confinement, - S —

they also stabilize the flute. In addition, we showed in Sec. «—~——4£& " £ = o T

[I C that high Mach numbers are also a requirement to accesl . . —— /

the Lawson condition. Z 2 - “\*
The ingredients of the above conclusion—velocity shear <=~

suppression, supersonic flow, elongation, etc.—have beel e & 0 £ A SR
extensively cross-checked and shown to hold up in several

analytical and numerical calculations. The evidence supports'G: 4- A schematic cutaway of the MCT device. A poloidaiirror) mag-
netic field is produced by the two high-field end coils and the four center

the foIIowmg qua“tatlve conclusmns{i) hlgh Mach num- section solenoid coils. The toroidal magnetic field is produced by 12 discrete
bers,~4-5, would be required2) elongation would lower  coils, as shown. The tube running through the center of the vacuum vessel is
Mach number requirement$3) there might be a residual the high-voltage core, which also carries the inner legs of the toroidal field

coils. Insulators are shown in white. The double cone-shaped objects in the

wobble in that the VeIOCIty shear may not completely Stabl-end sectiongliners) serve the purpose of shaping the electrostatic potential.

”_Ze the flutes, eS_peCia”y if the Mach number does .not 9€fn operation the core is biased at high voltage with respect to the outer
high enough or is clamped to a low valugl) there is a vessel. The outer diameter of the end and the solenoidal coils is 1 m.

possibility that the Kelvin—HelmholtzKH) may be weakly
unstable, on transport time scales. This evidence is detailed
in the appendix. For now, the evidence suggests that a weak
toroidal magnetic field may be required to suppress any re-
sidual flutes or the Kelvin—Helmholtz instability—the toroi-
dal field will provide the requisite stabilization from mag-
netic shear. In addition, the system should be elongated.

such residual modes. In particular, since the convec-
tion is weak, not much toroidal field may be needed
(Bt<<Bp), although we plan conservatively fd@+

-~ Bp .

The B capability is also important in the sense that it
can act as an “assist” to attaining high Mach numbers—if
lll. THE MARYLAND CENTRIFUGAL TORUS, MCT the Mach numbers are low and there is significant residual

The major goal of the MCT experiment is to produce aconvection, then the Mach number may be “clamped” at
plasma with supersonic toroidal rotation and to study thehis level if the turbulence makes the momentum and heat
confinement and MHD stability of the system. In particular, confinement times equal. In that case, a toroidal field could
we hope to achievdl >3, enhanced axial localization of the help to suppress the turbulence just enough to lift the system
plasma as illustrated by a substantial plasma pressure drdé@ @ higher Mach number operating regime wherein the con-
from the midplane to the end of the device, and stabilizatiorfinement improves.
of the MHD flute modes by velocity shear. Since MCT is  As discussed in Sec. Il, a transport model has been de-
inherently a device with large velocity shear, it is also anveloped. This model incorporates both fully ionized plasma

excellent experiment for a basic study of stabilization of in-€ffects as well as a variety of plasma/neutral interactions.
stabilities by velocity shear. The conclusions of the modeling are that in a small device

such as MCT plasma momentum loss will probably be domi-
nated by resonant charge exchange and the energy loss likely

The Maryland Centrifugal Torus as designed will be astrongly influenced by charge exchange and radiation from
modest size, cost effective, and flexible experiment. The dehigher Z impurities, especially oxygen. Given this expecta-
sign has been substantially guided by the theoretical workion, the MCT design and plan includes significant efforts at
described above. Of note, the following features have beeaurface conditioning, as will be described in more detail be-
incorporated into the design. low.

A. Guidelines from theory and modeling

Finally, a study of earlier experimeRtsshows clearly
that the high voltage—insulator regions require concentrated
effort and experimentation. For this reason MCT will incor-
porate a “dual insulator” configuration in which the plasma
ffacing insulator(referred to as the baffle insulator in this
papej is separate from the high voltage, high vacuum insu-
lator (see Fig. 4. More details are given below.

(i) A strong magnetic field, so that<a. This ensures
that the experiment will be in the MHD regime.

(i)  Sufficient voltage to allow high speeds, up to the Al-
fvén speed, to attain high Mach numbek$,~3-5.
High Mach flows are essential for all three aspects o
equilibrium, stability, and transport.

(ili)  High in—out excursion of the field lineR},/R;> 1.
Here,R, is the outermost radius of a field linB; is
the radius of closest approach to the axis. As deduce
from Eq. (11), this feature maximizes the axial pres- Figure 4 shows a schematic picture of the MCT device
sure drop. as currently designed. The major components are shown.

(iv) Elongated plasmas with/a>1. As mentioned, this The important subsystems are now discussed.
enhances velocity shear efficacy and lowers Mach Axial Magnetic Field SystenlThe main magnetic field
number requirements. will be produced by six identical high field air core coils

(v)  Inclusion of a toroidal fieldB+, capability. It is pos- configured in two groups: four coils for the central solenoid
sible there may be some residual convection from in-and two high field mirror end coils. Each group is powered
terchange modes or a weak Kelvin—Helmholtz: theby a separate power supply. The major features of this highly
toroidal field will provide magnetic shear to suppressflexible system are as follows: The Central Solenoid will

g. The MCT device
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tum confinement time. The circuit also includes a variable
series inductor that allows lengthening the duration of the
formation phase. The bank parameters are as follows:
=11kV, C=5.6 millifarads, stored energi-=0.34 MJ.
Ignitron tubes will be used for the various switching. We
have estimated the discharge current required using our
transport model and we have more than sufficient stored en-
ergy capability to provide a minimum flat-top pulse time of 5
ms. If required in later experiments the bank can easily be
(b) equipotentials upgraded to 18 kV.
FIG. 5. (a) Magnetic field lines in the upper left quadrant of tReZ plane Shaped LinerAn optimumEXB device would havés
for the Ry =9.8 mirror geometry. Scale markings are in di. Equipoten-  perpendicular tdB everywhere and indeed the plasma will
tials for the corresponding liner geometry of Fig. 4; shown approximately oforce itself toward this situation. This implies that magnetic
the same scale ds). . . .
flux surfaces correspond to electric equipotentials and we
have attempted to satisfy this over much of the system for
the vacuum field so that the equipotentials begint=a0
allow B=<0.7T (continuou$; the end coils will allowB close to where we would like them to be during the dis-
<2.1T(10 s switched dg the system will thus allow mirror charge. To obtain this we have added shaped liners as elec-
ratios,Ry, , in the range 3-10. trode surfaces on each end of the device and the center of the
In Fig. 5(@), we show magnetic flux contours for the high core. We have used an electrostatic simulation code to evalu-
mirror ratio caseRy=9.8. Good field line configurations ate our design and Fig(» shows equipotential lines corre-
have been obtained over the full mirror ratio range. sponding to liner shapes needed for the high mirror ratio case
Toroidal Magnetic Field SystenmThe pulsed toroidal of Fig. 5a). In general, a different liner is required if the
field will be generated by 12 coils fabricated from a coppermirror ratio is changed substantially. The liners will be fab-
bar and driven by a pulsed electrolytic capacitor bank. Theicated of stainless steel but in some regions will be com-
toroidal system produceB;=<0.2T atr=0.15m(the center posed of highly porous mesh to allow pumping or a diagnos-
of the midplane plasma regipmwith a flat-top duration of tic view through the liner.
approximately 10 ms. Insulating Assembliesreventing the short circuiting of
Vacuum Vesselhe vessel will be fabricated from stan- the electric field requires insulating assemblies at the ends of
dard 304SS Conflat hardware to ensure ultrahigh vacuurthe device. These assemblies can take the form of simple
capability, ease of design, and reasonable cost. Adequate disulating disks or more complicated arrays of electrically
agnostic access is designed in, especially access for diagndkating metallic rings that are insulated from each other. The
ing the very important insulator region. At each end of theinsulating assemblies must hold off the applied voltage of
machine will be two six inch i.d. pumping ports. The inner <20 kV or so and not arc down in the presence of plasma.
port (closer to the midplaneis located between the high- On MCT we have chosen a dual insulator concept wherein
field mirror coil and the solenoid region and will be used tothere are two insulators at each end. The one closer to the
pump the central plasma region. The outer pumping port wilmidplane is called theaffleinsulator; it is the plasma facing
be located between the end of the device and the baffle iromponent and it covers most of the area between the core
sulator and it will be used to differentially pump the region and the outer vacuum vessel wall. The second insulator is at
where the high vacuum insulator resides, thus reducing ththe end of the machine and is both a high voltage insulator
probability of breakdown in this region. and a high vacuunieedthroughfor the high voltage. The
Central Core This is a unique feature of MCT and pro- baffle insulator shields the high vacuum feedthrough insula-
vides the high-voltagé<20 kV) center electrode for thE tor from plasma bombardment, plasma ultraviolet radiation,
X B discharge as well as carrying the central legs of theand from metal coating from the plasma. MCT will also be
toroidal field coils. The core will be at high voltage, insu- differentially pumped in the region between the two insula-
lated from the main vessel and also insulated from the legs dbrs so that the neutral pressure in the vicinity of the high
the toroidal coils. Note that core insulation from the vesselacuum feedthrough will be considerably lower than in the
occurs in a region at the machine ends completely shieldedentral plasma region. These steps are designed to drastically
from the plasma. These high vacuum feedthrough insulatonseduce the probability of breakdown at the feedthrough insu-
are distinct from the baffle insulating assemblies describethtor. We also note that in MCT the plasma facing baffle
below. The core may be run as an anode or a cathode. insulating assemblies will be located beyond the mirror
Discharge Power SourceThe discharge will be pow- throats where th® lines have expanded considerably. This
ered by a high-voltage capacitor bank. The pulsed poweallows the insulators to be larger and reduces the power den-
source is designed to allow disconnecting of the source fromsity incident on the insulator and the electric field strength.
the plasma during a discharge to produce “free wheeling”  Preionization Most previous rotating plasma experi-
decay of the rotating plasma or disconnecting the source buhents employed the applied electric field to break down and
switching in a known resistance in the decaying circuit.form the ionized plasma. While we will certainly explore this
These features are very useful for diagnosing the gross feanode of operation because of its simplicity, MCT will also
tures of the plasma, including a measurement of the momeremploy some version of preionization in the interest of mak-
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ing the formation phase smoother and perhaps generagasma flow relaxes under viscosity to a parabolic-type pro-
fewer impurities. We will begin with electron cyclotron heat- file, indicating that the walls act as “no-slip” boundaries.
ing (ECH) preionization that is well suited to the nonuniform The numerical simulations reported in Fig. 3 also demon-
B of the magnetic mirror geometry and has seen wide applistrated relaxation under viscosity to such profiles using no-
cation in this configuration. It also allows nonintrusive slip boundary conditions. The same situation will likely pre-
preionization. Given our range of magnetic fields, X bandvail on MCT, that is, no-slip boundary conditions should
(~3 cm wavelengthmicrowave radiation with a fundamen- result in a naturally sheared flow profile—MCT will be run
tal electron cyclotron resonanceBit-0.3 T is ideal and we for several expected momentum confinement times. For
will initially use the preionization source from the Maryland larger experiments, neutral beam or radiofrequency momen-
Spheromak. We will also explore other methods of preiontum drives can be imagined, as mentioned, with the possibil-
ization such as washer gun generated plastas. ity of some profile control. Finally, whether or not spontane-

Wall conditioning Maintaining an acceptable level of ous transport barriers will arise in the MCT experiment is
neutrals(both hydrogen and heavier impuritjds vital to the ~ unknown.
success of the experiment. MCT will use ultrahigh vacuum  To achieve our research goals, certain critical issues
componentghard sealsand turbomolecular and cryopump must be addressed and experimentally investigated. The
and we expect base pressures in the1D ' Torr range or most important of these are the following.
better. We will also employ wall conditioning to reduce re-
cycling and impurity influx during a discharge. In particular,
we will use (a) electropolishingof the major interior metal
surfaces, especially the vacuum vessel, the core, and tf&)
shaped liner{b) bakeoutto 150 °C to remove much of the
trapped water vapor, which will be accomplished by conven-
tional resistive heaters on the vesgeJ;titanium getteringof
the central region of the machinéd) discharge cleaning
with both hydrogen and helium. Implementation of these
must, of course, be consistent with our insulator integrity.

From the above design, from considering previous ex- 3)
periments, as well as studies with the transport code, MCT ig
expected to operate in the following parameter ranges. For
the design parametei@~0.1m, L~1.5m, B=0.2-2.0T,
mirror ratio=3-10, fill pressure~1 mTorr, V<20KkV, the
expected plasma parameters are101°-10°m 3, T~T,;
~10-100eV,a/p;>20, M ~3-6.

The system will include flexibility in the magnetic field
strength and mirror ratio, the addition of a toroidal field, as
well as flexibility in the applied voltage and its rise time, and
the fill pressure. The plasma density is not independent'lyv_ SUMMARY
controlled but should be variable over some range. We will
investigate two preionization approaches: ECH and gun or In this paper, we have assessed the plasma physics fea-
filament generated plasmas and will also experiment wittsibility of centrifugally confined plasmas as a fusion scheme.
static fill as well as gas puffing to establish density controlWe conclude that rotation at supersonic speédisx>4—-5,
and vary neutral density. The existence of a toroidal magwill lead to good containment, keep the system MHD stable,
netic field gives us important extra flexibility in forming the iron out microturbulence, and allow a Lawson breakeven.
equilibrium. These conclusions have been arrived at from a combination

Large EXB flow and associated shear, manifest in theof analyis and numerical simulation.
bulk of the plasma, are central underpinnings of this experi-  The fusion device that emerges from optimizing over the
ment. It would be useful to have active control of the poten-plasma rotation “knob” features four advantages as a fusion
tial and, thus, the velocity profile. MCT will have limited reactor:(1) the system is steady stat@l magnetic fields are
capability in this regard. The baffle insulator assemblies magenerated by external coils(2) there are no tokamak-type
take the form of a collection of metal rings, which may resultdisruptions(there are no externally driven parallel currents
in an altered profile. The rings could be connected by approand, so, no kink modgs(3) the cross-field transport may be
priately chosen resistors to alter the profile with respect talassical (large velocity shear suppresses microturbulence
the floating case. In Ref. 3, these type of rings were exterand there are no banana orlitél) the coil configuration is
nally biased at different potentials. While such profile controlrelatively simple(little or no toroidal field is required, there
would be beyond the scope of the early MCT phases, it coulds a long “central cell’).
be implemented in an upgrade phase. We note that experi- The MCT experiment, presently under construction, will
ments with toroidal momentum input on the DIII-D and To- be a modest size experiment to investigate some of the phys-
kamak Fusion Test React¢fFTR) tokamaks showed that ics of centrifugal confinement. In particular, it will aim at
when momentum is deposited in the center of the plasma, thebtaining stable MHD equilibria. To this end, the system will

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

It must be determined that the equilibrium is stable to

gross MHD instabilities. In this vein, it is important to

note that determination of MHD stability is not as di-

rectly analogous to that conventionally done in tokamaks

or RFPs(reversed field pinchbecause the operative in-
stability here is the interchange and not kink-tearing
modes.

It must be determined that the plasma is localized away

from the mirror throats, as one would expect for strong

centrifugal effects.

(4) The equilibrium must be maintained for at least several
confinement time$~ a few millisecondsto investigate
steady-state and transport aspects.

(5) It would be desirable to ascertain evidence of any sup-
pression of microinstabilities by velocity shear.
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feature elongation—to increase velocity shear efficacy—and
a toroidal field capability—to provide an assist to MHD sta-
bility via magnetic shear.

APPENDIX: THEORETICAL RESULTS ON MHD
STABILITY

Several analytic calculations and numerical simulations

have been done to assess the velocity shear stabilization of
MHD flute instabilities. We summarize the key results here.

D

3

(4)

5

Rayleigh-Taylor—Analysi$® The classic Rayleigh—
Taylor interchange instability in the presence of an ex-
ternal velocity shear was analyzed. For a linearly varying
velocity profile, a complete analytic calculation is pos-
sible. A stability criterion was obtained from whig¢h9)

is directly deduced. This criterion is more pessimistic
than that of Kud® by the logarithmic factor of Eq19).
This is because Kuo's calculation is based on eigen-
modes while Ref. 14 is done as an initial value problem.
Since the underlying eigenmode equation is not a
Sturm—Liouville system, an eigenmode analysis may not
constitute the complete response. The criterip8) is

more optimistic than that of Lehnelt,who proposed
velocity shear stabilization very early on. Lehnert’'s con-
clusion was based on a local analysis, which is a good
indicator of the trend but is superceded by Kuo’s eigen-
mode analysis.

Rayleigh-Taylor—Nonlinear simulatio®® A nonlinear,
numerical simulation was done to confirm the above
analytic results. Qualitative features in agreement with
the prediction from(1) above were obtained. In particu- (7)
lar, for large enough applied velocity shear, complete
laminarity was obtained in the density profile.

Effect of elongatiorf* An analytic study was done to
assess the effect of elongation. We considered a Z-pinch
equilibrium (axially symmetric cylinder with purely azi-
muthal magnetic fieldwith a rectangularly shaped cross
section. Sausage modes were analyzed with an imposed
axial sheared flow. A stability criterion analogous(io
above was obtained, which clearly showed that Mach
number requirements went down a&/I()'? as in Eq.
(29).

©6)

Ellis et al.

from Fig. 2. To assess these countertendencies, we per-
formed an analytic stability calculation for a system very
similar to that of Fig. 2, but, for simplicity, we assumed
a straight uniform axial fieldi.e., only the solenoidal
field). This system, referred to in fluid dynamics as Dean
flow, contains the ingredients of rotation shear as well as
destabilization from the centrifugal force. We found that
the centrifugal force acts only on density gradients: if
there are no density gradients, the conclusion of criterion
(19 holds. If there are density gradients, one could still
stabilize interchanges, but at somewhat higher Mach
numbers. However, making the system have a large as-
pect ratio would bring down the Mach number require-
ments, analogous to the advantages of elongation.

The Kelvir-Helmholtz instability">424t is well known
that curvature in the flow profile can destabilize the
Kelvin—Helmholtz. This instability, however, is weakly
growing if the flow profile does not have an inflection
point, which is quite likely the case for the flow profiles
one may expect from a system such as in FigiH2s
result is known as the Rayleigh Inflection
Theorend®?314. In particular, the growth rate scales as a
fractional power of the inverse Reynolds number times
Q). In addition, the band of unstable wave numbers in the
toroidal direction goes to lower and lower values with
increasing Reynolds number, to a point that they may be
out of range of the allowable wavelengths that could fit
into a toroid. The KH is thus not a major concern—if
necessary, a relatively weak toroidal field could be added
to suppress any slowly growing modes.

Work is in progress to extend the analysis and numerical
simulations reported above to the complete geometry of
Fig. 1. Preliminary analytical resuffsare in agreement
with the Dean Flow and elongation calculations reported
in (3) and(5). Preliminary numerical results exhibit sta-
bility with a small residual wobble at modest Mach num-
bers.
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