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The time-dependent behavior of rotating magnetic i&@MF) current drive is investigated using a
two-fluid model. The important new factor is the addition of transverse ion mobility in contrast to
rigid-ion models of the past. The equations simplify conveniently, allowing the behavior on each
surface (= const) to be isolated, which permits a quadrature solution for the ion fluid rotation. A
rapid transient phase leads to quasisteady behavior that evolves on the relatively slow diffusion
timescale. The fast transient timescale is set by the ion inertia. Unless there is an ion momentum
source to balance the electron drag on the ion fluid, there is no quasisteady current drive effect.
Collisions with neutrals offer such a momentum source in some experiments, notably rotamaks and
the Star Thrust Experiment. Other sources of ion momentum are essential for RMF current drive in
hotter, fusion-relevant plasmas. The properties of the quasisteady state are found, including the
self-consistent ion fluid rotation rate and radial electric field, and RMF corrections on the pressure
balance. ©2001 American Institute of Physic§DOI: 10.1063/1.1377613

I. INTRODUCTION mediate timescale behavior, e.g., the assumption of steady
staté~1%or the rigid-ion assumptioh!*~**which have been
Rotating magnetic fieldsRMFs) that penetrate the the standard models of RMF. The approach here is a system-
plasma are a promising method by which to drive a steadytic treatment of the time-dependent two-fluid equations of
current in magnetic fusion systems. RMF can be generategotion for ion and electron fluids together with Maxwell's
by simple antennas, operate at low frequeficWHz), and  gquations. The model allows variation on the slow, diffusive
may be very efficient because they drive current in the bulkjmescale, including slow evolution of the equilibrium quan-
electrons. Steady field-reversed conflguratld?RC)_-llke tities (density, pressure, ambient magnetic fieliince the
plasmas have been formed and sustained by this methqghient penetration of the RMF into the plasma is on the
(see, e.g., Refs. 135These experiments, commonly called i qjve timescald?1the model here allows for the slow

“rotamaks™ produced nearly spherical, relatively cold plas- evolution of the RMF amplitude as well. The model excludes

mas that were sustained as long as many msec. Currently tVYﬁgh-frequency phenomena by assuming massless electrons.

RMF driven facilities are in operation. The Star Thrust Ex—.l_he model also only considers the fluid picture of RMF ef-

penment(STX) has somewnhat higher RMF antenna povf’er;fects; it does not address essentially kinetic phenomena
it forms FRCs that are more elongated than in previous

experiment$. Another facility, the Translation, Confinement Whlch may be |m.port.ant n wea!dy coI_Ils!ona}I plasrﬁégihe
and SustainmerTCS) Experiment, has recently been con- prmmple cpnclusmn is that the ion fluid is h|ghly mobile and
verted to include RMF antennas; there RMF current driveﬁu'Ckrl]y SpIns up to cancel the RMF curren';]drlv?_ef_fem

will eventually be applied to a hot FRC initially created by a '©SStNere Is an ion momentum source, such as friction or an
field-reversed theta pinch externally applied source such as a neutral beam.

The objective of this article is to investigate transient  An outline of this article with a preview of results is as
RMF phenomena on intermediate timescales that are assodp/lows. In Sec. A the basic assumptions including how
ated with the ion fluid inertia. These are faster than the dif-arious quantities are either averaged or resolved in the azi-
fusion time but slower than timescales associated with th&uthal(6) direction are explained. In Sec. Il B the quiv@
electron inertia(plasma frequency, electron cyclotron fre- motion of both species in the RMF and the resulting qua-
quency. Intermediate frequencies are bracketed above angdratic terms in the Lorentz force are given. Introduced here is
below by high- and low-frequency phenomena as shown ithe important intermediate timescale associated with trans-
Table |, which shows conditions for the two active experi-Verse ion inertia. In Sec. I1C the transverse ) dynamics
ments as well as for a projected fusion plasi@ee Appen- Of both ions and electrons are examined using the Hall-
dix A for a listing of plasma parameters for these examples.magnetohydrodynami@MHD) format. This leads to a7
There are seven or more orders of magnitude between trgystem of equations. A separation between quantities with
high- and low-frequency phenomena in which intermediaténtermediate and slow timescale variations leads to a great
timescale phenomena can take place. simplification in which the azimuthal equation of motion

Previous theoretical analyses made various reducing aseparates from the others and can be solved in quadrature
sumptions that either exclude or strongly modify the inter-form (Sec. I1D. Section IIE focuses on the quasisteady
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TABLE I. Bounds on the intermediate frequency range. of odd~" variables; thus these products have e¥esymme-

try and are treated in the same way as the e¥erariables,

i.e., they too are surface averaged. The truncation of Fourier

Hil%TafsrriluferZC)Lljenc ads LaXI0h  Bx10h  14x102 expansions ir has been used in all RMF modeling, until a
Electron cy?:lotror)ll:)uze (rad/9  1.8x10°  2.6x10° 5.3x10% Eecent .Stl',l,dy) that included hlgher harmo_nlcs in the RMF

Low frequency potential” A,. There, the higher harmonics were found to
Classical diffusion ¥y (s79) 230 100 1.&10°2 be unimportant unless the RMF antenna structure itself gen-

erated a large harmonic content.

The terminology adopted in this article is as follows)
Cyclotron frequenciesfor the electrons and ionswge
phase. Simple expressions are found for the radial force balieBZ/meC, wci=eB,/m.c are based on thambientmag-
ance, slip frequency, radial force balance, and radial drifthetic field B,, wherem, and m; are the electron and ion
Section IIF contains a physical interpretation of what hapmasses, respectivelg,is the magnitude of the iothydro-
pens during the transient and quasisteady phases in terms @é@ and electron charge, arlis the speed of light. This
the azimuthal forces on each species. This includes a treagiffers from several previous papers which based the cyclo-
ment of the RMF torque that is applied to the ion fluid indi- tygn frequencies on the RMF field amplitud®) The e'“!
rectly through friction and Lorentz forces. In Sec. Il the tactor in odds” quantities is understood3) The slip fre-
consequences ofo ion momentum source, as would be the quencyw’ is the difference between the RMF frequensy

case in a hot plasma without externally applied sourcesang the electron fluid rotation frequency:
namely, that there is no RMF current drive are discussed. In

Sec. IV some possible ion momentum sources are consid- w'=w—ue,lr,

ered. In Sec. IV A simple friction against a stationary back-whereu,, is the electron fluid rotational velocity. Thedec-
ground is considered and the resulting ion fluid rotation, slipron magnetizatiorin the rotating frame is0'/ v Wherevy,
frequency, radial drift, and corrections to radial force balancgs the electron collision frequency(with ions) associated
are found. This is applied to the case of friction against neuwith motion parallel to the ambient magnetic field. The an-
trals. In Sec. IV B ion viscous friction as an ion momentumticipated limit of interest iso’/ v <1, i.e., the electrons are

source is considered. There is a brief review of other possibl@eakly magnetized in the frame rotating with the RM#)
momentum sources in Sec. IV C. The article is concluded inrhe radial gradient of the RMF is described usingr

Frequency STX TCS Fusion

Sec. V with a summary and discussion of the results. =(r/A,)dA,/dr whereA, is the component of the vector
potential associated with the RMF. Therefore the radial com-

Il. ANALYSIS ponent is B,=iA,/r. The azimuthal componentB,
=—dA,/dr can thus be expressed in terms of the radial as

A. Basic assumptions and terminology ]
- I By=10B;. (1)

An idealized FRC equilibrium and RMF geometry are ) ) )
adopted as have been widely used. The equilibrium assum&®r fully penetrated RMFr =1, while for partial penetration
an infinitely long plasma with no dependencemmo toroi-  |@|>1. Since is determined by the transient penetration of
dal field, and no poloidal flow. The idealized RMF assumeghe RMF, it varies on the d_|ffu3|ve tmescale. In general it is
an infinitely long antenndthe wave vector is purely azi- complex: the real paris gives spatialevanescencef the
mutha). In this case the RMF produces no compressibilityRMF, and the imaginary part-; one gives cyclic radial
effect and can be described entirely using the axial compostructure.
nent of the vector potentiat:**® (The adopted gauge as-
sumes zero scalar potentjal.

The several variables are FOL_Jrier resolved into their azig, Quiver motion
muthal componentge ™ ?. In the idealized geometry each R - )
variable has a Fourier expansion involving either even-  An axial “quiver motion™ of both ion and electron spe-
modes alone. or odd- modes alone. The evefi-variables Ci€S arises because of the RMF field. This is derived in Ap-

are the transverse, ¢) components of the flow velocities for Pendix B using the terminology defined earlier. The quiver

both ion and electron species, the radial electric field comYelocities are

ponent, and the axidk) magnetic field component. For these o' (0, —o")—i(Mg/M) Vg, eA,

i =0 i i - MeUg,= —,
e_venvanable; th_e Iowe;t order modé, 0, is amsymmet ez ([ + 0 ) (w0, — ') — (Me/M) @' v C
ric. The odd#” variables include the axial flow velocity com- (23)
ponent for both species, the axial electric field component,

. . . ! ! 1

and the transverse magnetic field components. The approxi- S —o'(w,— o) tivgo, %
mation adopted here is to retain only tesvestorder mode T2 (ivgto o, —o')—(Mm/m)w’ vy c’

terms for each type of variable, i.e., the=0 axisymmetric (2b)
component of thevenvariable, and the’=1 component of  \yhere the diamagnetic frequen@n equilibrium quantityis
the odd variables. In effect the everf are “surface aver-

aged” fo select only their axisymmeric component. The —  _ c 9B,
RMF effect appears as quadratic terms involving the product * T Ted 4dmenror’

()
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TABLE Il. Intermediate frequency. Herenis the electron and hydrogen ion density, and the

axial current density. Weak collisionality’/vg<1 is as-
sumed as before. Note that these are surface-averaged quan-
Vi (87 1.3x10° 3.6x10’ 22<10°  tities (evens’ symmetry. Equations(9) and (10) anticipate

the Hall-MHD format. This is equivalent to the two-fluid
format: Ohm’s law follows from the electron motion equa-
tion but uses the current rather than the electron fluid veloc-
ity; the fluid motion equation is the sum over the species.

STX TCS Fusion

the latter expression arises from the surface-averagmon-
ponent of Ampere’s law. Using the approximatiang/m;,
and o' <w, ~ o (weakly magnetized electrons

" e
Ug,~— 6u—r B , (4) C. Transverse motion
. Vg MeC
Ther and 6 components of the equation of motion and
Uiom —ir e_Br (5) Ohm’s law determine the species drifts and electric fields.
8 mic’ Eliminate the quadratic terms using Eq%)—(10); then all

the remaining variables are axisymmetric. The surface-

The former is equivalent to Eq7) of Ref. 9 for weak mag- ) i
@veraged, ¢ equations of motion then become

netization. The latter is consistent with Refs. 8 and 18. Not

that the ion motion is nearly 90° out of phakbei facton au;, 1dp .8,

with B, and thus in phase witB,. The part of the ion quiver miT =~ 0 + on + Vi (Mo 0" —MeoRrVe),
motion in phase withB,, smaller thanu,, by a factor of (11)
2m./m;, is ignored. As observed elsewhere the small mass

of the electrons causes their quiver motion to be friction Uiy B,

dominated; on the other hand, the large inertia of the ions M~ =~~~ ¥ Mirvinw' +Fiy, (12

makes their quiver motion inductive, or “reactive®®'2

Note that the amplitude of the ion quiver motion is very wherep is the pressure ang andj, are components of the
likely larger than the electrons depending on the magnetizacurrent density. In the middle term on the right side of Eq.
tion '/ vy . (120 1-2m./m;— 1. The terms here ar@eft side inertia
The quiver motion leads to quadratic terms in the transand (right side pressure gradier(r only), j XB force, and
verse equations of motion, which represent the RMF effecRMF force. The# component include§;,, an unspecified
on the equilibrium quantities. Here, it is convenient to intro-azimuthal force on the ion fluid; this may arise from viscos-

duce an intermediate frequency scéte be justified latex; ity, friction with neutrals, or neutral beam injection. Note
e|B, |2 also that three convective inertia terms on the left side have
r

— (6) been neglected. Droppingyu;, du;, /dr in Eq. (10) is war-
2MeM;C*vg ranted if the diffusion timescale is long. Dropping the cen-
where|B,| denotes thamplitudeof B, (independent o). trifugal effect —mufy/r in Eq. (11) is warranted if the ion
Physically v, is a ratio of RMF-to-ion “inertia” forces. It fluid rotation is low enough not to significantly affect the
depends only on quantities that vary on the diffusive time-€quilibrium. Droppingm;u;,du;,/dr in Eq.(12) is less obvi-
scale. Its values for experimental and projected fusion plasQus: this convective inertia effect is the “radial flow?'This
mas are shown in Table II. Comparing with Table | note thateffect is investigated in Appendix C where it is found to be
v, iS One or more orders of magnitude slower than the higrtsually negligible. The surface-averaged Ohm'’s laws are
frequencies anfive or more orders of magnitude faster than 1 1

Vint=

the low frequency associated with classical diffusion. Even ifo=E, + —u; ,B,— 7, j,+ — Pe_ 1B a'lﬂ I Vi,
the diffusion has a significant anomaly factor compared to ¢ enj or ¢ € 13
the classical, say, 20, the diffusion rate is still much slower. (13
Note further that the intermediate rate is significantly faster 1 B, m
than even radial acoustic ratémcoustic speed/separatrix ra- 0=Ey— SUirBzmmilet o o T Vintw” . (14
dius) which are 2.5 1%, 1.3x10°, and 5<10°, rad/s for
STX, TCS, and the fusion example, respectively. Here the perpendicular resistivity is, =m.ve, /€?n and
In terms of the intermediate time constanf=|B,|? the vy, is the electroncollision frequency associated with mo-
quadratic terms are tions perpendicularto the magnetic field. The terms in
m.c Ohm’s law are the electric fieldyX B force, resistive force,
u,B,= aR—er VintVel » 7) diamagnetic effecr component only; Hall effect, and RMF
€ force. The left sides are zero since the electron inertia is
meC negligible at intermediate frequencies.
uj,B,= —ZTrvimw’, €S)) The system of equations is completed by Ampere’s law
and an auxiliary equation for the slip frequency. The surface-
i;Bglc=—ominry’, (9) averaged, 6 Ampere’s laws are
jBr/lc=minrvipe’. (10 =0, (15
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c JB, D. Quadrature solution

== ——. 16 . . . ) . . .
Jo A or (16 Equation(18) is a linear first order differential equation

for the ion fluid rotation and can be solved in quadrature
The displacement current is ignored, consistent with the ne- q

glect of high-frequency phenomena. Note tNaXB has no form:

radial component in the standard RMF geometry. Equation ,
(15) implies that the radial motion is ambipolar once high- Yi¢™ Yieo ex;{ f vim(t')dt )
frequency effects are excluded. The slip frequency in terms

of the ion fluid rotation is J' V|mr(w+w*)+ 10
0

exp( f Vi) t”) dt’,
Uig
w _“’+“’*_T' 17 where Ujgo is the initial (t=0) value ofu;,. Note in the
square brackets that,, w, , andF;, are all functions of’.
where the diamagnetic frequency is as given in 3. The  Expand these in a Taylor series about the current tireeg.,
system, Eqs(11)—(17) can be viewed in the following way. 5, (t")=p,,(t)+ (t’ —t)(dw, /dt),+ ... . Introduce another

The quantities varying on the diffusive time scajgare the  ime “constant” that reflects the rate that a combination of
equilibrium variablesp, n, B,, andw, , and the RMF quan-  these quantities changes,

tities |B,|, or, ando. Their evolution is governed by the

time-dependent continuity equation, energy conservation _d In( int
law, and thez component of Faraday’s law. The seven re- A gt Fio
maining variables thatay exhibit intermediate timescale Than the rotational velocity is
effects areu;; ,j, ,E, ,Uiy,j9,Ey, andw’. The separation of
quantities into slow (W) and fast @) is hot assumee
priori but is evident from the solution that will be found
shortly.

—O(1rp).

( 1— eq“+ O(vil vy

Vint

=rotw,)+
i Vint

This system of equations can be simplified considerably. +ex;< f V(1) dt! )[ Uigo—| M0+ w, )+
Eliminate the currents using Eq4.5) and(16) and eliminate m, Vint
the slip frequency»’ in favor of u;, using Eq.(17). Then the
surface-averaged azimuthal equation of motion, (E8), be- X[1+ O(veq ! ,,im)]]_ (22)
comes
s, F., The first group of terms is thquasisteadyart, and the sec-

g — tVinlip= Vil (0 + @, )+ —. (18)  ond group decays on the fast timescale;;l/ Since this
m; transient time is so shofsee Tables | and )| the rotation

This is solved foru;, in Sec. IID. The radial equation of Very quickly assumes the quasisteady value, which then var-

motion, Eq.(11), becomes ies on the slowrp timescale. Likewise, the other quantities
with intermediate timescale variatian, , E,, andE, have a
du;, i 3 1 9 52 fast transient phase followed by quasisteady evolution.
gt T1VinUj p= 1l Vi 0 + @) m ar p+ s»
m . .
_ URF_erVintVell _ (19) E. Quasisteady behavior

: The quasisteady ion fluid rotations¢ 1/v;,,) for slowly
This can be solved fou;, by simple integration since;,  varying equilibrium quantitie®eq< vi, from Eq. (22) is
was already found using E@L8). All that remain are the two

) i Ug=T(o+ w,)+Fip/mviy. (23
components of Ohm’s law, Eq¢13) and (14), which are _ o _ .
purely algebraic, The quasisteady radial ion flow follows by a simple integra-
tion of Eq.(19) and the quasisteady forms of the other vari-
E+-lB.+ - mic U ables follow from the algebraic relations, E¢80) and(21).
' 27 T1Vintmg ™ M0 The surface-averagethdial force balanceequation results
from eliminatingu;, in Eq. (19):
1 m;C 1 Jpe
:EBer*+UlyintT(w+w*)_e_nW’ (20 J Bg ,
Pt gs =Mvig(oiMe’ —orMery), (24)
1 m; m; Mg . . .
E,—— c Bu;, +— o Vimin="g — (ot o)+ o Ve @y where the RMF correction appears on the right side. &dhe

21) term arising from theéB, component has been noted in pre-
vious work%-?! Since v;y|B,|%/87 it might be imagined
Equation(20) gives the radial electric fieldu;, having al-  that this is a pressure effect from the RMF. In fact it is not
ready been foungdand Eq.(21) gives the azimuthal electric because it does not arise from a pressure gradient, i.e.,
field (u;y, andu;, having already been foundThe last term  V|B,|%/8. In fusion applications the corrections to the ra-
on the right side of Eq(21) is the resistance effect. dial force balance should be very small, otherwise a large
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RMF circulating power is implied. As will be seen shortly, (A) Transient: 0 <t<1/v;,
these corrections are not small in current experiments. The ions electrons RMF
slip frequency follows from Eqg17) and(23), rotational ® — > —p
(6) drifts Ujp=0 Uep wr
F.
w'=——"" (25)
M Vindd

. . azimuthal resistive resistive
The electron fluid rotation speed follows at once fromy

) ] ot - forces
=r(w—w"). The self-consistermadial electric fieldfollows <:| |:>

from Eqgs.(20) and (23), momentum RMF
source
Wej Fio B, 1 dpe
E=- ( P 01) = T anar (26) (B) Quasi-steady: 1/Vy, <t << T
ions electrons RMF
Define thenet radial drift as the radial flow relative to the ) >
ambient magnetic field linesip = u;, — CE, /B, ; this follows ”’(’g;"d’fi‘;t’s ! > >
from Egs.(21) and(23), Uie Ueo o
= azimuthal
Up= c io Vil ro (27) forces resistive resistive
eB, wce *
] L
where the first term is the RMF drive effect and the second is momentum RMF
the resistive diffusion. source

It has been customary to suppose that one is free to ~ Radial drifis vA inward or ++
choose all equilibrium properties. Among these is the ion outward
fluid rotation speed, which is often conveniently set to zero. FIG. 1. Evolution of the RMF effect.
However, the results here show that the ion fluid rotation and
the self-consistent electric field rapidly relax to a particular
value set by the quasisteady properties, EB8) and(26).  F |nterpretation of transient and quasisteady phases
Since the transition to quasisteady state is so rapid, an arbi- i ) )
trary initial choice of the ion fluid rotation is therefore not ~ Figure 1 illustrates the transient and quasisteady phases
meaningful. in terms of the forces and drlft_s occurring in eacr_l. In the
Note that the RMF ¢,B, 0,01, viy) does not appear |n|t|al_state t=0) suppose the ion fluid is nonrotating and
explicitly in the net radial drift, Eq(27). This raises the the slip freguency is larger than th.e electron fluid drift. In the
question whether the RMF plays any role at all other tharBX@mple[Fig. 1(A)] the RMF force is large enough to exceed
causing the electron fluid to rotate at a certain speed ant® drag on the electron fluid. During tiransient phasehe
adjusting the ion fluid rotation speed accordingly. Further@zimuthal force on the ion fluid is unbalanced and it re-
from Eq.(25) it appears that the slip frequency is unboundedSPoNds by spinning up. In so doing it modifies the radial
if the RMF strengthB,| gets small, since;,|B,|%. These electric flelq SO as to cause an exact equa! spin up of the
questions are resolved by retaining terms of the order oflectron fluid. This happens without changing the current
'l ve which is the electron magnetization in the frame ro-*Uio~Ues- The ion fluid spin up is inertial and lasts about

tating with the electron fluid. In the quiver velocity, Eg), ~ @" inertial time ~1/viy, hence the term transient phase.
a factor of 1/(1+ wlevgu) was dropped; by restoring it, Eq. What the transient phase does is to bring the total azimuthal

(25) becomes forces on the two species into equality: the momentum
sourcerresistive force on the ion fluid becomes equalit
o’ Fio opposite in sighto the RMF+resistive force on the electron
P — (28 fluid. This is the nature of X B drifts, ug = (c/q,)F s./B,

whereq, and F,, are the charge and azimuthal force on
The left side has a maximum of,/2 atw’=v, . Thusfora speciesa (ion, electron, respectively Equal and opposite
given momentum source there is a minimum value of theforces on the two species give equambipolay drifts.
RMF for which a solution to Eq(28) exists. If the RMF falls The quasisteady phasmllows. Here, the long-term ef-
below this minimum, a quasisteady solution does not existfects of radial drifts come into play. This modifies the
The same correction factor 1/{%1w’2/v§H) appears in each currentcu;,—Uqy, and causes the equilibrium to evolve on
quadratic RMF term, Eqs(7)—(10). All but one, Eq.(8), the diffusive timescalerp. The direction of the evolution
have the factom'/(1+ w’z/vgu) as in Eqg.(28) so that the depends on theign of the azimuthal forces. If the force on
expressions fou;,, E,, andup, Egs.(25—(27), are un- the electron fluid is positivéion fluid negative as in Fig.
changed. The only modification is in the RMF pressure terml(B), both will drift inward, tending to increase the internal
in Eq. (24) where a factor of 1/(% w'zlvgu) should be magnetic flux. If the force on the electron fluid is negative
added. These corrections are usually unnecessary sin¢en fluid positive, both will drift outward, causing a decay
w'lvg<1 generally holds in practice. of the equilibrium. Throughout the quasisteady phase the
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equal magnitude of the forces on the species is maintainedatio, the spin-up time is=m; /(mgv,, ), Which is relatively
Since the transient spin up is rapid, an obvious questioslow. If so, the RMF would act as jartial current drive,

arises: Is the RMF adequate to supply the required torqueSignificantly slowing down the decay of the configuration.

This question is addressed in Appendix D where it is showrHowever, the theory here shows that ion spin up arises from

that torque is transmitted throughtwist of the RMF, and  both the friction forceand the Lorentz forcd Appendix D.

that the degree of twist to cause the predicted spin-up rate iEhe RMF force[second term on the right side of Ed.2)]

quite modest. gives a spin-up rate of(u;,/r)/dt=rww’. Compare this
Note that the timescale for the transient phase,l/ with the spin-up rate needed in quasisteady state to keep up

(Table 1) is shorter than the RMF time, &@/(Table V). Thus  with evolution of the equilibrium, found by taking the de-

the RMF force, Eqs(7)—(10), may introduce higher harmon- rivative of Eq. (23), d(u;,/r)/dt=dw, /It~ veqw, Where

ics not contained in this or in other models that truncate thel/v,q, is the nominal timescale for evolution of the equilib-

Fourier expansion i after /= 1. These missing details do rium. Equating these gives the slip frequency which supplies

not alter the claim that a quasisteady state is reached in the torque for spin upw’ = w, Veq/ Vint -

time exceedingly short compared with the diffusion time.

IV. FRICTIONAL MOMENTUM SOURCES
IIl. RMF CURRENT DRIVE WITHOUT AN ION -~ : .
MOMENTUM SOURCE A. Friction against a stationary background

) Suppose the ion momentum soufoe sink) arises from
In the event that there are no appreciable momenturg,qon against a stationary background

sources the current drive behavior is quite different. Figure 1
also illustrates this case. The transient phase brings the mag- Fis=—MivioUig,

nitude of the total forces on each species into equality. Ifyhere 1, is the ion collision frequency against the back-
there is no momentum source, then the only force on the 'oground. In a simple fluid this would cause a simple exponen-

fluid is resistive. Since the resistive forces are equal angg| decay of the rotation with decay constan. Then the
opposite, the only way the forces on the ion and electrony;imythal motion, Eq(18), becomes

fluids can have equal magnitude is if the RMF force is zero.
In this case the slip frequency is exactly zero and there is no ~ 9Yis
current drive effect after an exceedingly short transient at

phase. For vio<<w, (verifiable a posterior) and quasisteady state
There is a slight qualification on the claim that the slip(t>ij/'3 t)v'{}t]e( ion fluid roFt)ation, slbip freqquency, an()j/ RMF

frequency falls exactly to zero. If the convective inertia is part of the radial drif{first term in Eq.(27)] are

included (see Appendix € the quasisteady’ is nonzero '

+ (Vinet Vio)Uip= Vind (0 + 0, ).

even without a momentum sour¢gq. (C4)]. However the , _Vio
RMF diffusion drift[Eq. (C5)] is only a small fraction of the Uig=r(o+o,), o= ﬂ(“ﬁ Wy ),
resistive drift and can generally be neglected.

The conclusion that there is no steady RMF current drive (Up)me= — @r(w+ ®,).

without an ion momentum source confirms previous wdrk. Wi
In the steady state analysis of Ohnishi and IsHidzparticle Apply these results to steady state, i.e., allow the equi-

source or friction with neutrals allows a steady current drivejipium to evolve on the slowr, timescale. This causes the

effec_t; however the _steady state is lost if both effects_ arjiamagnetic frequenay, (a equilibrium propertyto evolve
missing[compare their Eq917) and(24) and note trends in 1, the state where the net radial drift is zero, i.e., the two

their Figs. 1 and P A particle source acts as a momentum o, s in Eq.(27) add up to zero. It is convenient here to
source(or sinkK if the ion fluid is rotating and the injection  jntaquce a parameter that is nominally the ratio of friction

pgrticles have no rotation as injected. The steady s_tate analYﬁrces on the ion fluid: friction with background/friction with
sis of Hoffman reaches the same conclusjsee his Eq. electrons

(9)].° The simulations of Milroy:* which predicted steady
FRCs in effect have a momentum source. These simulations  X=M;vio/M3ve, .

assumed that the ion fluid rotation is continuously reset torpen in terms ofy and the RMF frequency,
zero, which is equivalent to an artificial momentum source.

Therefore, the new conclusion herenst that the current _ X
w,=— ——w, (29)

drive without a momentum source turns off but that it turns 1+x
off extremely fastin At~ 1/v;, rather than in the relatively _ 1
long diffusion timerp . e L (30)
An important question concerns thate of ion spin up. roo1l+x
Since the electrons are maintained at a fixed rotatigh
. . . Me Ve X
=rw by the RMF, changes in the current come fromion spin  o'=—— —— w. (31
m; vipe 1+x

up or spin down. It has been sugge$téaat the ion fluid
spin-up time arises from the mutual friction force, and sinceln the limit y>1 (large ion friction with neutralsthe so-
the ions have larger inertia than the electrons by the massalled “rigid-ion” assumption is approximately valid, i.e.,
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the ion rotation is small compared with both the RMF andTABLE Ill. STX example of ion friction with neutrals.
diamagnetic frequencies. These expression will be applied to
a practical example shortly.

Neutral densityn, (cm3) 1042 10

I Anomaly ve, /(Ve, ) gassical 20 20
A comment is in order about the commonly usgga- Friction parametery 2.2 22
rameter, which is the nominal ratio of the RMF torque to the lon fluid rotation,u;,/r (rad/s +6.9x10° +9.6x10"
resistive friction torque assuming rigid iofs?2 This param-  Centrifugal correctionf ceny +320% 6%
eter is useful in experiments, such as STX, where the rigid- RMF corectiontrye 3% —30%

ion assumption is approximately valid. Howeveris not
meaningful in the absence of a significant ion momentum

source. the centrifugal effectf.c,,. Two examples are shown in
These results can be used to evaluate corrections to thgyple |i1: the low and high neutral density cases correspond
radial force balance. In the absence of RMF effects(B4). 5 ~83% and~33% ionization, respectively. The predicted
integrates into the familiar pressure balance exprespion frue IS consistent with the-20% to —30% correction ob-
+B}/8m=B/8m, whereB,=const is the externdvacuum)  served in STX. The predicted correctibg, is very sensi-
magnetic field. Both RMF and centrifugal effects representjye to neutral density; it is small only for quite high neutral
corrections to this. The centrifugal termynu’,/r, was left  density. It is unlikely that such a high density of neutrals is
off the right side of Eq(24). The magnitudes of these cor- present in STX. It bears repeating that in fusion applications

rections are evaluated as follows: integrate E2f) on 0 the corrections to the radial force balance should be small to
<r=a and divide by the “total” preSSUI’Be/87T; then the avoid a |arge RMF Circulating power.

corrections appear as fractions.

8w (a mnu?, B. Viscous momentum source
ST [} g _ o
e Bz Ji_o T The ion momentum source from ion viscosity is
8w (a _ L 9] a9 Y
fRMF:?J}) My oMo’ — orMerg))dr. Flﬁ_nrz ar 71" al T |l (32
e

where 7,~nkT;/w.; is the Braginskii shear viscosity coef-

Calculate the integrals as follows. Factor out the density b¥- . : :
S : . : icient (magnetized limit The momentum source depends
treating it as an average density. Estimate the field penetra-

. . on the second order operator in E®2). An estimate is
tion parameters agg=—o1=aldryr Where Sgye is the . . . i

. . ' made here rather than solving a differential equation. Sup-
penetration depth of the RMF. The minus sign on the . . -
A . . . . . pose the length scale in the operator is the velocity “shear
twist” o4 is consistent with the evolution equations of Ref.

13. Use the steady expressions tar and u;, in Egs. (30) length™ is Lgn; then the momentum source is
and(31). Finally, note thatv;,= |B,|?*exd2(r—a)/ sxue] in 71 Uig

view of the penetration depth. Then i
2

P aw 1 The sign here corresponds to the case where the ion rotation
e Siweio 1+ x/ is fastest(positive) at the edge and lags in the interior of the

. Substitute this into and assume the steady case

) FRC. Substitute th to E¢27) and the stead
B a X a whereup=0. Then steady state requires
fRMF_ 7PN zveiw o5 t VintVe| | s
/T ®cio®ce0 1+x Srur _
@ —— E |_2
where w.jp and w.s are based o, and v, here is the r 7 sh’el @x -

value at the edge=a. Note that the centrifugal correction is
positive and the RMF correction is negative.

Friction against neutrals is likely an important effect in
the STX experimefitwhere the plasma is relatively cold and
in close proximity to the wall. The ion collision frequency
with neutrals is

Table IV shows the required ion fluid rotation rate to account
for steady state, where the velocity shear length is assumed
to be comparable to the minor radius of the plasma. The
required rotation rate in the STX case is moderatg.(
~11%) and is roughly consistent with observations. Thus
the steady state in STX is approximately accounted for by
Vio=Nn0in(KT; /m)Y2, the viscous friction effect. In the two other examples, the

wheren,, is the neutral density and;,, is the cross section.
Typically o,,~5x10cn? and is weakly dependent on TABLE IV. Rotation rates required for steady state.
temperature. The neutral density in STX has not been mea

sured, so a range of neutral densities should be considered in STX s Fusion

making a comparison. However, measurements of the pres-»,/men (cné/s) 2.6x10°  6.4x10  3.9x10'

sure and magnetic field profiles have been nfaflese in- ~ Velocity shear lengthl., (cm) 5 4.5 25
Collision frequencyve, (%) 8.2x 1(f 1.2x10° 1.9x10°

dicate that the total pressupet B§/87r is lower on the out- (anomaly factor 20)
side (~a) than on the axisr(=0) by ~20%—-30%. This is lon fluid rotationu;,s/r (rad/9 1.3x10° 8.5x10° 2.5x10°
indicative of a RMF correctiofigyr SOomewhat stronger than
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TABLE V. Experimental and fusion parameters.

STX TCS Fusion

lon temperatureT; (eV) 2 150 20000
Electron temperature, (eV) 50 100 15000
Density,n (cm ) 5x 1012 2x 10 6x 10
Separatrix radiusa (cm) 20 18 100
Confining coil radiusy (cm) 25 45 100
External magnetic fieldB, (G) 100 1500 30000
RMF amplitude,|B,| (G) 25 50 50
RMF frequencyw (rad/9 ~2.2x10° ~1x10° ~8x10*
Diamagnetic frequencyy, (rad/9 -9.6x10° -2.3x10° -8.3x10*
Classical diffusion timescalep = 7a?/c?y, (cgs 4.3 ms 9.9 ms 560 s

rotation rates required for steady state are enormous. Evthis assumption is doubtful even in current experiments

dently viscous friction is much too weak to produce steadywhich have a large population of neutrals; it is completely

state in TCS or the fusion example. invalid in the case in which neutrals are absent. The analysis

here may also enable other issues to be investigated, includ-

ing the effect on thermal loss from the oscillation and the
Other natural momentum sources might be consideredsreaking of magnetic surfaces.

The gyroviscous force does not give an azimuthal solirce

the simple RMF geometjy although it affects the radial ACKNOWLEDGMENTS

pressure balance. The thermal force appears to produce an

azimuthal source. Further investigation is needed to ascertain The author acknowledges helpful suggestions by Rich-

if any of these is appreciable. ard Milroy, Waheed Hugrass, Roberto Clemente, Akio
An ion momentum source can also be generated by exdshida, Alan Hoffman, Sam Cohen, and the referees.

ternal means. Neutral beam injection can couple a significant ~ This work was supported by U.S. Department of Energy

momentum to the ion species. This can also be done b{rant No. DE-FG0398ER54480.

generating a second RMF field, as was proposed by

Clementé® If effective, this would involve a negligible APPENDIX A: RMF RELEVANT PARAMETERS IN FRC

complication to RMF current drive since the same antenn&XPERIMENTS

structure could be used to drive both the RMF signal for the

electrons and the signal for the ions.

C. Other ion momentum sources

Plasma properties characteristic of two current RMF
experiment$’ and projected fusion conditions are shown in
V. SUMMARY AND DISCUSSION Table V.

A'full treatment c_)f the ion(as well as _of the.electr()n APPENDIX B: QUIVER MOTION OF ION AND
mobility shows the critical shortness of an ion spin-up phaseg| EcTRON SPECIES

The duration of this transient phase is orders of magnitude
shorter than the diffusion time. This contradicts earlier work ~ The equation of motion for each species is
that suggests the transient time may last as long as or longer d,u, Vp,
than the diffusion time. Thus, effective RMF requires the m, =— +Qq,
. : dt n
guasisteady state to have adequate current drive. In fact,
without an ion momentum source of some kind, no persistenwherea=i,e (ions, electronsdenotes the species;,, p,,
current drive can exist. A momentum sour@e sink has q,, andR, are the velocity, pressure, charge, and friction
been provided in current experiments by collisions with neuforce, respectively;n is the common particle density
trals and possible ion viscosity. These appear to explain sevquasineutrality, and the species-specific total derivative is
eral features of these experiments. However, in fusion applid, /dt=d/dt+u,-V. If interspecies friction provides the
cations some other momentum source, such as neutral beafpminant friction force, theR,= — Rj=mn(u; — Ug) ve.
injection, is needed. A momentum sink would also be sup- Assume no equilibrium poloidal flow, i.e., the surface-
plied if there is refueling. averaged {'=0) part ofu,, vanishes. The nonzero surface
The analysis here establishes a system of quasisteadyeraged velocities are,, and u,,; the latter (rotational
equations that can be used to model the time-dependent RM#ift) dominates the formefradial diffusion. Assume a cy-
effects, including the penetration of the RMF into the plasmeclic  variation of the /=1 quantities, e.g., U,,
and the evolution of the equilibrium, while circumventing =0,,(r)exp(/ 6—iwt); hereafter the caret and the expo-
the very fast ion spin-up transients. Existing computationahential factor will be understood. Then the total derivatives
models integrate thdull time-dependent equations; these are
computations must take exceedingly short time steps in view
of the shortness of the inertial timevl;,. The analysis here
also shows the inaccuracy of models that assume rigid ions: d;/dt=—i(w—Ujs/r)=—i(0' —w,),

+R“ B1
e (B1)

1
E+ —u,XB
c

de/dt=—i(w—Ugy/r)=—i0’,
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wherew, is the diamagnetic frequency as defined in &).
Finally assume the ideal, infinitely long geometry/{z
=0). This implies that the vector potential has onfy=1
symmetry and only an axial componefj. Then adopting
the gaugep=0 (¢ =scalar potentia) the electric and mag-
netic fields areE=i(w/c)A,, B=(if— o @)A,/r, where the
radial gradient parameter is=(r/A,)dA,/dr.

Transient and quasisteady behavior . . . 3375

The first factor is identical to the resistivity contribution to
radial flow, i.e., the first term in EqC1). Thus the impor-
tance of the convective inertia effect depends on the sign and
magnitude ofx.

The convective inertia parametercan be estimated for
a rigid rotor profile with rigid rotation. A reasonable “high”
value of rotation would arise if the ion fluid carried all the

Consider now the axial component of the equations ofeurrent, u;,=(1/enB,)dp/dr. Then ui0/r~_4chi/Ti2/a?
motion, Eq.(11), which govern the axial quiver motion of =const, whereK~1 is the profile shape parameter, and
each species caused by the RMF. These can be expressedi§/ @ is the ion skin depth. Using this in E(C3):

a compact matrix format as

(Mg /M) v {meuezl_i
miui, |

Lo
lw Vel

o’ eA,
o' —w,] ¢

o,
Vel o — 1wy = Vg

xk=—8K/?/a?. (CH

Note the familiar radial size paramett/;, which is>1 for
typical FRCs; thugx|<1, even in the rapidly rotating case
in which the ion fluid carries the current. An exception is the

Here theu, B, term in the Lorentz force was neglected as STX experiment whera//,~ 1.4; however, it is believed

small compared tw (B, sinceu,,<u,,; the pressure gra-
dient vanishes at/dz=0; and theparallel collision fre-

qguency v is distinguished since anomalous effects may

that the ion fluid rotation in STX is small, as discussed in
Sec. IV.
Finally, if the ion fluid rotation is in the expectdgosi-

cause anisotropy in the effective collisionality. Note that thetive) direction, as it would be if the ion fluid were spun up by

axial equations of motion for the quiver motion hadecou-

the RMF, thenk, Eq. (C5), is positive. Therefore the RMF

pled from the other components. Solving this matrix equa-contribution to radial flow, Eq(C5) is inward, i.e., the radial

tion leads to the quiver velocities of each species, (Bq.

APPENDIX C: RADIAL CONVECTIVE INERTIA
EFFECT

The radial convection inertia effect was included in the

steady state model of Ohnishi and Ishfd@heir Egs.(17)
and (24) can be expressed in the form

2

u =Vi(u —U; )—rw’L (Cy
er Wce v T 2wcelel |
_Vei(uea_uiﬁ) 1 (C2)

ir— ’
Wee 1+«

where no particle source and no friction with neutrals are

convective inertiaaugmentsthe current drive, although
weakly so.

APPENDIX D: TORQUE FOR ION FLUID SPIN UP BY
RMF

The transient spin up is rapid, which raises questions of
how much torque is required, and can it be transmitted by the
RMF. First, a possible misapprehension needs to be avoided.
The azimuthal force on the fluid in the Hall-MHD format,
m;nrv o’ in Eqg. (12) suggests a direct RMF force on the
ion fluid, which is misleading. This is resolved in the two-
fluid format, the total azimuthal forces on the two fluids are

(Fplion=€Ey—euB,/c—2mnrviyw’ —mMeve; (Ujg—Uep),
(Fp)electroi= —€EgteuB,/c+ mianintw,

+Meve; (Ujp— Ugg),

assumed in order to be consistent with the assumption of no i .
ion momentum source. Here the convective inertia effectVNereu;=ue,=u;. from quasineutrality. However when the

m;u;, du; 4/ dr is represented by the parameter

1 d(ruiy)
e o €3

This was neglected in Sec.[lEg. (11)], which is equivalent

to settingk=0. The two radial flows must be equal in view

of quasineutralityradial Ampere’s law, Eq14)], which de-
termines the steady state slip frequency,

2
w,_zuea_uia Ve K
r w? 1+«

(C4

This is nonzero if the convective inertieepresented by) is

accounted for. Then the RMF contribution to the radial flow,

i.e., the second term in EQC1), becomes

Ve (Ugg—Uip) —K
1+’

(U)rmF=
' Wee

forces on the two species are added, as in the Hall-MHD
equation of motion, the Lorentz and friction forces cancel
out and only the RMF force remains, which is predominantly
the RMF force on the electrons. Thus the RMF force on the
electron fluid is transmitted to the ion fluid through the Lor-
entz and friction forces.

Suppose that as the RMF penetrates into the plasma the
fluid is spun up layer by layer by an amoulti; ;= frw, ,
i.e., a fractionf of the diamagnetic drift speed. The penetra-
tion occurs on a timescdfeof rp,~a?/16(7/4m), so the
incremental penetration distance in a timet is Ar
~(alTp))At, or

16 meVeH

Ar=~
a 4me’n

The rate of change of the angular momentum per unit length
of plasma is

minfro, 27 Ar/At, (D1)
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