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inductance Effect of Runaways on Lower-Hybrid-Current Ramping
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The role of runaway electrons in current ramping by lower-hybrid waves is discussed. The back
emf induced by lower-hybrid-current ramping produces runaway electrons at a rate ~~ such that
the additional inductance (proportional to n~ ec) can be significant in opposing the current ramping.
However, runaway electrons can also destabilize the oblique plasma waves through their anisotro-
py. The resulting turbulence can greatly reduce the runaway production rate, enabling the current-
ramping rate to exceed the above limit.

PACS numbers: 52.40.—w

Using radio-frequency waves for the generation and
sustainment of plasma current in tokamaks has been
of considerable interest recently, both in theory and in
experiment. Experiments with lower-hybrid (LH)
waves have successfully sustained a current up to 400
kA in steady state for several seconds and created a
target plasma with the plasma current raised to 100
kA. ' s In the case of nonstationary current (ramping
and decaying), an inductive electric field is produced
in the plasma to oppose the current change:
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where L,„,= 27r R/c [In(8R/a) ——,
' ] is the self-

inductance of a torus with major radius R and minor
radius a, and L = (7r a /c ) [ln(8R/a) —

4 ] is obtained
by the assumption of uniform current over the minor
cross section. For E/Ep exceeding a few percent, a
significant number of runaway electrons are produced
by the electric field with v ) vit = (Ep/E) v„where
Ep = m v v, /e is the Dreicer field, v, = ( T,/m ) ' 2 is the
electron thermal speed, and v is the electron collision
frequency. The plasma current is therefore composed
of three comPonents: j = j„r+jt, + jest, where j„r is the
part carried by the electrons in resonance with rf, i.e. ,
vll =co/kll, jb = crE iS the Current Carried by the bulk

'f=-"'f+ 'D»+C
rlt m Bv t)v Qv

(2)

electrons in response to the inductive electric field,
o-= ne /mv being the Spitzer conductivity, and jest is
the current carried by runaway electrons. Both jb and
jz are in the opposite direction of j„r in the case of
current ramping. The electron distribution function in
the case of rf-current ramping is shown in Fig. 1. The
various components of the plasma current are then de-
fined by j,r=e f ' dv fv, jb=e f dv fv=aE, and.

C phj tt
= e dv fv, where vpl, is the maximum phase

"R
velocity of lower-hybrid waves. For present experi-
ments, j „r &ji, )& jest. However, the rate of change of
jest can be significant, not only because of the runaway
acceleration by the electric field, but also because run-
aways are being continuously produced with a rate ntt,
calculated from the Fokker-Planck equation as the flux
crossing the surface of critical energy mvit/2 in the
velocity space, resulting in a large rate of change of
high-energy current carriers. In short, this effect in-
troduces a nonlinear plasma inductance which can sig-
nificantly affect the current-ramping efficiency.

To estimate this nonlinear inductance, we use the
simplified one-dimensional quasilinear, Fokker-Planck
equation valid for v » v„

where C(f) is the Coulomb collision operator,

Dp for —c & M/kll & vph,
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and the time variation of the current. Separately,
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is the quasilinear diffusion coefficient due to lower-hybrid waves with phase velocity between —c and v„h, and
Dp= (e/m)2ek/XDcop. This equation suffices for both runaway current and current driven by lower-hybrid waves,
as both current carriers are fast electrons with v &) v, . Equation (2) can be solved for the runaway production
rate,
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since f'(v = —c) = 0 and,
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van +
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where n& —=f f dv, v&= e f vC(f) dv/j&, with p be-
P P

ing the different components, and (eE/m) f(c) = nz
is just the runaway production rate given by Eq. (4),
obtained from the boundary term in the integration by
parts on (eE/m) f v(tif/tiv) dv. A similar equation
exists for djb/Bt. In the experimental situation, the
runaways have finite lifetime as a result of imperfect
confinement. If the confinement time r, is sufficient-
ly long that electrons can be accelerated to c, i.e. ,
(eE/m)r, ) c, then f(c) is nonvanishing and this
strong inductive effect given by the last term of Eq.
(6) persists. If the confinement time is so short that
f(v) 0 for v )& v~, then this effect vanishes.

Summing Eqs. (5) and (6) and using Eq. (1) we ob-
tain

(I+M) dj/dt = V,r —v,ffj+ n~ec,

where

V,&= e f '"DLH(df/r)v)dv,

ver ~ v

and ~= (a'o) '/4c') [ln(8R/a) ——', ].
Note that all the boundary terms dropped out except
for n~ec. Equation (7) is similar to the usual circuit
equation except for the last term which has the effect
of an inductance and is exponentially dependent on E
and thus dj/dt through Eqs. (1) and (4). When the
last term of Eq. (7) becomes comparable to the left-
hand side, i.e. , Eo/4E —,

' ln(Eo/E) = ln—c/v, or
E/ED=10'/o for typical parameters, we expect the
nonlinear inductance to be significant in opposing fur-
ther current ramping by reducing the electric field.

As an example, let us consider a case when high
enough rf power is applied for current rampup. With
the assumption that the electron distribution is close to

(6)

thermal initially, nz will take some time (typically) 100v ') to approach the value given by Eq. (4).
Equations (7) and (1) then predict an initial jump in
E V fL/ ( 1 +W) followed by temporal decay due
to dissipative and inductive effects. For j„„—jt, » j&, vgff —vb. If we multiply Eq. (4) by a fac-
tor (1 —e ), where rz = 100v ' is the runaway
setup time, and treat V,& as a given initial parameter,
we find from Eqs. (7) and (1) that E experiences a
much faster decay than in the absence of the runaway
effect (Fig. 2). Since the current-rampup rate is pro-
portional to E, this tends to saturate or even decrease
the rampup efficiency.

However, for E/Eo exceeding a few percent,
depending on the ratio of plasma to cyclotron frequen-
cies co~/0, the runaways can drive oblique plasma
waves with co = cu~k~~ /k unstable via anomalous
Doppler resonance 0 + cu = k

~~
v

~~
because of their an-

isotropy in energy distribution (e~~ )& e~), where e~~

and ~~ are energy parallel and perpendicular to the
magnetic field. The minimum parallel phase velocity
of the unstable waves is about v~. This instability can
effectively halt the runaway production by enhanced
pitch-angle scattering of the resonant particles with
v

~~
& vD = vz 0/re~, therefore reducing the nonlinear
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FIG. l. Schematic of electron velocity distribution in
LH-current ramping.

FIG. 2. Temporal evolution of inductive electric field with
runaway correction (curve a) and without runaway correc-
tion (curve b) for T, =500 eV, n 2o&&10'~ cm 3, R =100
cm, a = 20 cm, v~„—c/8, v = c/2, and runaway setup time
of 100v
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The stability boundary in E/Ep and o&~/II space has been reported by Liu and Mok8 for a steady-state runaway
distribution with a cutoff velocity (due to loss) vp= 12v . For a given E/Ep, the instability is sensitively depen-
dent on co~/II; for 0/co~=2, instability can occur at E/Ep ——3%, and for A/F0~=3, instability requires
E/Ep & 10%. The instability boundary has also recently been verified by use of the two-dimensional Fokker-
Planck equation; the detailed results will be published subsequently. 9

The unstable plasma waves scatter the Doppler-resonant electrons with v(( = (A + cu)/k(( in pitch angle, enhanc-
ing their perpendicular energy while reducing their parallel energy, resulting in a nearly isotropic distribution cen-
tered around vD= (0/co~)v~. This isotropization, when projected in the v(( direction, appears as a backflow
against the electric field acceleration leading to a nonlinear instability of parallel-propagating plasma wave and ef-
fectively stopping the runaway production. To describe this quantitatively, we have to use a two-dimensional
quasilinear Fokker-Planck equation,

inductance and allowing current ramping at higher efficiencies. Thus, depending on co~/A, there may be a window
in E/Ep for which the plasma is stable and there is significantly reduced current ramping due to the large nonlinear
plasma inductance.

The growth rate due to anomalous Doppler resonance must exceed the damping due to Landau and collisional
damping v/2 for the mode to be unstable:

m2 2
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where

Dp= 2lrg[dk/ (2~)](k((/k)(

D, = (7r/2) „[d'k/(27r)'] (k((/k)'(k, v, /0)' Wkh(II —k(( v((),

are the quasilinear diffusion coefficients for Landau resonant particles with unstable waves (including nonlinearly
unstable k~ =0 modes with energy Wj, and linearly unstable k~&0 modes with energy 8'k, and for Doppler
resonant electrons, respectively.

By integration over v~, Eq. (9) becomes

E+ (DL—„+Dp) + D (TF) +v F + v v f+v (10)

where F= 27r f v~ d2v~ f, ( —TF) —= 2n j d v ~ (vl/2) f, and D~ —= D& (v„/2) '. In a steady state

eE rlF
m Bv((

6 8
Dt (TF) +v((F =0, for c~ v & vD.

The electric field acceleration is balanced by the back flow due to pitch-angle scattering:

c( dF
0

eEBF 6 F 2 rlF
v U]tF+lfe

m Qv (( Qv (( Bv ((

=0, for vD& v& vz.

Note that E 9f/Bv(( ensured that 6f/Bv(( & 0 for vD ~ v ~ vz and there can be no Parail-Pogutse nonlinear oscil-
lation. Integrating Eq. (11) over v(J when solving for F introduces the runaway production rate in the form of an
integration constant which we set equal to zero. The reason which we have yet to justify is that runaways are negli-
gible. With the assumption that Dp ~ is appropriate for a high level of kl =0 turbulence due to the nonlinear
instability, the marginal stability condition yt = —yp+ v/2 becomes

9 ( TF)/ 6v
(( + v (( F= 0!, (13)

with n = 2npv 0 /lrcu~3 sin HpcosHp, as yp = Q. Here Hp is some propagation angle of the magnetized plasma waves,
and Dt ——FE/n is determined by substitution of Eq. (13) into Eq. (11).
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Equation (13) is sometimes solved by the assumption of an Ansatz for f in v~ with guidance from numerical
solutions of the Fokker-Planck equation. Here our purpose is just to demonstrate the possibility of clamping of
runaway production by the instability and so instead we use the approximate solution obtained by Parail and Po-
gutse7 which depends logarithmically on u ~~. Then

f

FE ro E pg4E uo(1 —ro /0 )
o. ~2 Ep

e ln
(u 2+ ~2 ) t/2 (14

also decays logarithmically with u~~ and is very sensi-
tive to Eo/E. The slower than I/v~~ decay of Dt im-
plies that the wave-enhanced pitch-angle scattering can
be very effective in reducing runaway production when
E/Eo exceeds a few percent. We have used Eq. (14)
in the Fokker-Planck equation and numerically veri-
fied that this is the case. 9

In conclusion, the large inductance due to runaway
production and the corresponding increase in current
carriers can effectively clamp the current-ramping effi-
ciency by lower-hybrid waves if the runaways are well
confined. The plasma instability due to the anisotropic
energy distribution (e~~ && e~) in runaway electrons,
however, helps to stop the runaway production and en-
sures the efficient current ramp. Depending on the
value of co~/0, it is possible in present experiments
for E/Eo to exceed the threshold for large runaway
production with no instability, resulting in ineffective
current ramping. A refined estimate of the electric
field threshold can be obtained from a two-
dimensional Fokker-Planck solution of the runaway
production rate.

In the case of current decay, the LH waves and the
induced electric field accelerate electrons in the same
direction, greatly enhancing the runaway production
rate and destabilizing plasma waves.
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