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Theory of High-Mode Phenomena for Stellarators
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It is shown that besides the ion orbit loss mechanism, which occurs in a regior,p, < r < a,
the drift-orbit transport flux driven by the collisionless helically trapped particles can also drive the
poloidal EXB velocity in a regionr < a — g,p, in stellarators. Herer(a) is the minor (plasma)
radius, e, is the toroidal amplitude of the magnetic field spectrlEle) is the electric (magnetic) field,
andp, is the poloidal ion gyroradius. The transport-flux- drivEnx B velocity can be triggered most
efficiently by an increase of the ion temperature gradient. The theory is applied to the high-mode
phenomenon observed in stellarators. [S0031-9007(96)00354-7]

PACS numbers: 52.55.Hc, 52.25.Fi

The high-mode H-mode) phenomenon has been ob-in axisymmetric tokamaks. It can be triggered most
served in both tokamaks and stellarators [1-6]. The gerefficiently by an increase in the ion temperature gradient.
eral behavior is similar in both of these devices. It canA similar mechanism was employed in Ref. [11] to show
be understood by a logical sequence proposed in Refs. [That the sign of the radial electric fiell. can be positive
and [8]. First, the poI0|daE X B flow velocity driven by  [12] in H mode in a rippled tokamak owing to the electron
the ion orbit loss bifurcates over the local maximum of thedrift-orbit transport flux.
plasma viscosity located &, ~ 1. Here,E is the elec- The poloidal and toroidal components of the momen-

tric field, B is the magnetic field, andt, is the poloidal tum equation in Hamada coordinates [13] in a toroidal

E x B Mach number. Second, the turbulence fluctuatiorP/asma are. . L
is suppressed by the radial gradients of the< B angu- NM (B, - V)/dt = — (B, - V - 7) — versfNM(B,, - V)
lar velocity and the diamagnetic angular velocity, and the ¢

plasma confinement is thus improved. The results of the <J vv), (1)
theory and its extension are in agreement with may . L
mode phenomena observed in tokamaks as demonstratéWW&(Bt VY ot = — <Bt -V 7)) — vetNM{(B, - V)
in Refs. [9] and [10]. The absence of unquantifiable pa- ¢f Y/

rameters from the theory is what makes possible the com- J-vv), (2)

parisons with experimental results. h h lar b k q he fl ;
This Letter is directed toward pursuing this quantitativeW ere the angular brackets denote the flux surface av-
grage,N is the plasma densityM is the ion massg

theory to explore the consequences of the difference!
between tokamak and stellarator transport propertleéS the viscous tensorl is the current density¢ is the

It is shown that in stellarators the poloiddl x B  Speed of “ght»Bt = y'VV X V0, B, = —x'VV X V¢,
velocity can be driven to bifurcation not only by the ion %' = B - V¢, x' = B - V8, V is the volume enclosed in
orbit loss mechanism but also by the low collisionality the flux surface, an@ and { are poloidal and toroidal
drift-orbit transport flux. The collisionless drift-orbit angles, respectively. The radial current dengity VV)
transport flux is the radial particle flux driven by the in Egs. (1) and (2) is related to(E - VV)/ot through
low collisionality helically trapped particles. The ion Ampére’s law(J - VV) = —(1/4m)o(E - VV)/at. The
orbit loss mechanism is important only in the regioneffective collision frequency of the charge-exchange mo-
wherea — g,p, < r < a, wherea is the plasma minor mentum loss is defined ag;; = N,(ov).x, WhereN,, is
radius, r is the local minor radiusg, is the toroidal the neutral density antrv)., is the charge-exchange re-
amplitude of the model magnetic field spectruBn=  action cross section [14]. Equations (1) and (2) are to be
Bo[1 — g,cos8 — g, codmb — n{)], By is the magnetic solved for the radial electric field and the parallel plasma
field strength on the axisg, is the helical amplitude, flow speed. To accomplish this, we need to know the ex-
(m,n) is the poloidal and toroidal mode numbers of plicit expressions QfB -V -7 and(ét -V ).

the helical magnetic field, ang, is the ion poI0|daI The plasma viscous forcéép -V - ) and <I§z v
gyroradius. In this region, the bifurcation of t#2X B ) contain information about the ion orbit loss, the col-
velocity in stellarators is similar to that in tokamaks Jisionless drift-orbit transport flux, and the nonlinear col-
and is not discussed in detail. However, in the regionisional velocities. The contributions of electrons to the
r <a — &p,, the collisionless ion drift-orbit transport viscous forces are neglected for being smaller than those
flux can also drive the poI0|daE X B velocity to  of ions in the collisionality regimes in which we are inter-
bifurcation. This bifurcation mechanism does not existested. For a given Maxwellian ion distribution function,
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. . . . . . > C -
the cold ions are collisional anql_the hot ions are collision- T VWhon = ——— (B, -V - m)
less. For our purpose, the critical energy that separates ex'y
these two classes of ions is determined by the existence of B
the collisionless helically trapped particles. The nonlinear e ’W (B, -V - ), ()

collisional viscosities are from particles in the plateau-fluid )

Pfirsch-Schltter regime [15]. The particles in the colli-where(I" - VV),,, is the radial component of the drift-
sionless regime contribute to either the ion orbit loss oforbit transport flux. Note that Eq. (5) can also be proven
the drift-orbit transport flux, depending on how far they directly from the definitions of the particle flux and the
are from the plasma boundary. The relevant collisionalviscosity, and by the fact that the leading order perturbed
ity parameter here i for the helically trapped parti- particle distribution function does not vary along the
cles, defined ag! = qu/gh v,|m — ngl, wherev is  magnetic field line in the calculations of the drift-orbit
the ion-ion collision frequencyg is the major radiusg is  transport flux. In generall’ - VV),,, consists of three
the safety factor, and, is the ion thermal speed. When regimes as shown in Ref. [16]. Here, we employ only the
v < 1, the helically trapped particles become collision-1/» regime flux to demonstrate the bifurcation Mf, for
less. We assume thay > m, which leads us to conclude H-mode application. Note that the electron flux in lb{ef

that the conventional ion collisionality of the toroidally regime is smaller than that of ions and can be neglected.
trapped particles: is larger tharw! if &, ~ &,. We are In the cylindrical coordinate$r, 6, (), Eqg. (5) can be
interested in the parameter regime whetds of the order  expressed as

of unity. The orbit loss associated with the tokamaklike - >

banana orbit is thus not important if the ion distribution is By - V-m)=—(B - V-m)=—(e/c)B,BT,, (6)

a simple Maxwellian. This indicates that the most reIevan(NhereB |B,| and T, is the radial component of the

particle orbit topology for the stellaratéf mode is that of particle flux. The particle flux in thé/v regime is [17]
the helically trapped particles. The radial drift-orbit size

Ar of the helically trapped particles in the presence of the r—__ Nee 2< cT >2l
poloidal E X B drift is of the order of ' 9(277)3/2 eBr/) v
! ! !

Ar = vgAt, @3) y [11<% e? ) N 1%}, -

wherevy, is the bounce-averaged radial drift velocity and
At is the period of the drift orblt Because the poloidalwhere P = NT is the ion pressureP’ = dP/dr, T' =
E X Bvelomty is larger than th& B and curvature drifts if dT/dr, ®' = d®/dr, and the integrald_, andI_, are
e®/T =~ 1, At is of the order of /Vg with Vg = cE,/B.  defined as
Here, ® is the electrostatic potentiaB = |B|, ¢ is the 7 - |
charge of the ions, aridl is the ion temperature. Note that ‘1_1] = f\/_ dyy ‘ 5 ]e_y

2

vgr = v2/2QR with v the particle speed, and the ion T2

gyrofrequency, one concludes that Note that the energy integration limits in, and/_, are
Ar = gp,/M,, (4)  betweeny v! andew. This is because only those ions with

. e , normalized energw?/v? > /»! contribute to thel /v
whereM , is the poloidalE X B Mach number defined as transport flux.

—VeB/v,B,. Because at thé&/-mode bifurcationV, is Erom E . L
: ) e . Egs. (6) and (7), we obtain the explicit expres-
of the order of unity, the helically trapped drift ion orbits sions of(B, - V - ) and(B, - V - ) for those particles

can intersect the plasma boundary if they are within & 5 - .
distances, p, away from the boundary, that is, if they are with normalized energw?/v? > \/v%. For collisional
in the regioru — &,p, < r < a. Ifthey are inthe region Particles with normalized energy®/v} < V7L the ex-
r<a-— s,pp, they cannot intersect the plasma boundaryplicit expressions foKB -V-m)yand(B, -V - &) are
whenM, = 1. In that case the physical consequence ofalready calculated in Ref [15]. Thus, we have all the nec-
their contribution to plasma viscosities is the collisionlessessary information of plasma viscosity, which is the sum
transport flux discussed extensively in Refs. [16] and [17]of the contributions from these two classes of particles, to
The relationship between the drift-orbit transport flux andsolve Eqgs. (1) and (2). At the steady state, Egs. (1) and

the plasma viscosities is shown to be [18] | (2) in cylindrical coordinates become
32 8,2 1 ﬁ 2
- — - \M, —V,,) — I,V,7] = ¥— _
9(27T)3/2 |m - nq| yi[ 1( P p,p) 2 /”T] 4 %Smnm(m m])

4 m i| m } 5 Veff [V” 1 + 242 i|
XL 2L+ My = V) | = Lyn—a—V, 7t + + M, —V,,)|. (8
{ {v, m — nq( P por) m—ng "T] " %10, /Rg pe (M, pp) |> (8)
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32 &2 1 T
S o UM~ Vo) = 1-p) = 3 hatng = m
Vi m m vest V)

X{Im,,[ " + po— nq(M” V,,,,,)} L’””m — an,,,T} + 2 /Rq v, 9
where V) is the parallel (toB) flow speed,V, , = | loss so thatV,/v, = V| /v, = 0. However, we would
—cP'/Nev,B),, V,7 = —cT'/ev;B,, and ¢,, is the like to note that this assumption is not necessary. The
Fourier amplitude of the magnetic field spectrdn=  bifurcation solutions for the coupled nonlinear equations
Bo[1 + Y, emncogmO — nl)]. The integrald,,, and (8) and (9) will be presented in a separate article. With
L., in Egs. (8) and (9) are defined as this simplification Eq. (8) becomes a nonlinear equation

- of M, for the set of plasma parameters employed. This
{Imn } _ 1 f\/zdxxze_x 1 equation is solved by plotting the left and right sides
L 7 Jo x — % of Eq. (8) as functions of/,. The solution is the in-
1 vy tersection of these two curves. For the plasma parame-
X f 1dy(l - 3y2)2<?>Rmn, ters, similar to those of Wendelstein 7-AS, = 0.053,

ep, = 0.025, ¢ =192, m =2, n =235, and v = 0.01,
wherer,,, = vi/[(mws — nwy)* + vi], v| isthe paral- the results are shown in Figs. 1-3.

lel particle speedy;, = 3vp + vi + v, vp IS the de- In Fig. 1, the coIIisioninty js high,v+« = 15, and
flection frequency [19], and is the energy exchange V, , = V,r = 0.25. The E X B Mach number is sub-
frequency [19]. Note that we have employed in Egs. (8)sonic. This is the low-modeLfmode) solution. When
and (9) the poloidal and toroidal viscosities calculatedthe collisionality decreases from the Pfirsch-Schliter
in Hamada coordinates in Ref. [15] from the solutionregime to the plateau regime, the neoclassical ion energy
of the drift kinetic equation and the definitions given in confinement improves, which leads to higher values of ion
Ref. [20] and converted the results approximately to theemperature and ion temperature gradié@t/dr if ion
cylindrical coordinates based on the formula derived irenergy confinement is not dominated by the anomalous
Ref. [21]. Note also that the energy integrals andL,,, process. Thus, ifvx decreasesy,, = V, r increases.
are truncated. This indicates that we are assuming that th@&he exact relation betweem: andV, , = V, r can be
particle distribution function is a Maxwellian. The hot determined from the transport modeling which is beyond
particles contribute to low collisonality drift-orbit trans- the scope of this paper.) In that case, the valudfgf
port flux, and the cold particles contribute to the nonlin-increases. If the ion collisionality keeps decreasing, there
ear collisional viscosities. We are interested in the casean be three solutions fad,,, as shown in Fig. 2, where
where v is of the order of unit [22]. There is a bifur- V,, = V,; = 0.50 and v« = 7.5. The one with the
cated state in this parameter range which is relevant temallest value is the continuation of themode solution.

H mode. For simplicity, we use the simple model field The one with the largest value is the n&smode solution.

B = Bo[1 — g,cos6 — g,codmb — nl)]. We also as- Both of these solutions are stable. The one in the middle
sume that the toroidal flow spedd =~ V| is damped by is unstable and is not relevant. If the ion collisionality
toroidal viscous force and charge-exchange momentum

O—r—T—T—T—TT v T T T T T

8.—

6

et (x 10
o

Mp
FIG. 1. The left side(f;) and the right sidg,) of Eq. (8)
versusM, for v« =15, & = 0.053, &, = 0.025, g = 1.92, FIG. 2. I, and I, versusM, for the same parameters as in
m=2n=35, vge =001, andV, , =V, =0.25. There Fig. 1 exceptyx =75 andV,, = V,r = 0.50. There are
is only one solution ob,,. three solutions of,,. The one in the middle is unstable.
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FIG. 3. I, and I, versusM, for the same parameters as in
Fig. 1 exceptvx = 7.0 andV, , = V,r = 0.55. There is only
one solution ofM,,.

decreases further tex = 7.0, only the H-mode solution
exists, as shown in Fig. 3, wherg, , = V,r = 0.55.
Note that the H-mode solution hasV/, =~ 1.5. This

because of the increase of the gradients of the poloidal
E X B angular velocity and the diamagnetic angular
velocity which suppresses turbulence.
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a much broader bifurcated region to achieve better cOno) if 4% is much less than unity, electron drift-orbit transport

finement by tailoring the density and the temperature pro-
files. Only in the regiom: — &,p, < r < a can the ion
orbit loss process be observed. As noted earlier, the drift-
orbit-transport-drivent X B flow only exists in nonax-
isymmetric toroidal plasmas such as stellarators and not
in axisymmetric tokamaks.

We summarize thé7-mode transition sequence in the
regionr < a — gp, in stellarators as follows: (a) The
ion collisionality decreases due to plasma heating, which
leads to higher values of" and dT/dr. (2) Lower
collisionality and larged/T /dr drive the poloidalE X B
flow to bifurcation. (3) Plasma confinement is improved

flux becomes not negligible when compared with that
of ions. In that casel', in Eqg. (7) needs to include
both electron and ion drift-orbit transport fluxes which
depend nonlinearly o,. This leads to the well-known
bifurcation in the low collisionality regime. However, we
are not interested in that case here. We are interested
in the case wherevl is of the order of unity. In
this parameter regime, we could employ only the ion
1/v flux to demonstrate the new bifurcation mechanism.
The electronl/v flux is negligible in this regime. The
nonlinearity for the bifurcation is provided by the plateau
Pfirsch-Schliter regime plasma viscosity and not by the
drift-orbit transport flux as in the conventional case.
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