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A non-intrusive method for inducing radial electric field based on electron ripple
injection is under development by the Princeton CDX-U group. The radial electric
field is known to play an important role in the L-H and H-VH mode transition ac-
cording to the recent theoretical and experimental research. It is therefore important
to develop a non-intrusive tool to control the radial electric field profile in tokamak
plasmas. The present technique utilizes externally-applied local magnetic ripple fields
to trap electrons at the edge, allowing them to penetrate towards the plasma cen-
ter via VB and curvature drifts, causing the flux surfaces to charge up negatively.
Electron cyclotron resonance heating is utilized to increase the trapped population
and the electron drift velocity by raising the perpendicular energy of trapped elec-
trons. In order to quantify the effects of cyclotron resonance heating on electrons, the
temperature anisotropy of resonant electrons in a tokamak plasma is calculated. For
the calculation of anisotropic temperatures, energy moments of the bounce-averaged
Fokker-Planck equation with a bi-Maxwellian distribution function for heated elec-
trons are solved, assuming a moderate wave power and a constant quasilinear diffu-
sion coefficient. Simulation using a guiding-center orbit model have been performed
to understand the behavior of suprathermal electrons in the presence of ripple fields.
Examples for CDX-U and ITER parameters are given.
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1. INTRODUCTION

Since the discovery of the H-mode in ASDEX [1] over a decade ago, many devices
have confirmed and further extended this improved confinement regime by various
methods [2-26]. One of the most important characteristics of this mode is that the
global energy confinement time is two or three times longer than that in conventional
L-mode plasmas. The global particle confinement time in H-mode is also significantly
increased. The onset of this mode can be identified by the formation of a transport
barrier at the plasma edge where density and temperature gradients steepen after
the transition, suggesting better particle and energy confinement. When there is
a barrier formation, a radial electric field is also known to develop at the plasma
edge [26-30] and this electric field accompanies a plasma rotation which is believed
to play a crucial role in the plasma transition to better confinement regimes. In recent
years, the confinement imiprovement zone is observed to be extended inward toward
the plasma core when the plasma makes transition from H-mode to VH mode. The
energy confinement in VH-mode is observed to be about twice of that of the ELM-free
H-modes of both DIII-D [31-36] and JET [37].

Based on these findings, the first question we can ask ourselves is what exactly
triggers those improved modes. To date, the prevailing hypothesis for the L-H and
H-VH mode transition is the stabilization of turbulence due to sheared E x B flow [38,
39] and the reasons why E X B shear is considered as a the fundamental quantity
are addressed in Ref. [34]. The present so-called H-mode scaling for future devices
suggests that a very high power threshold (> 100 MW) is required to induce H-mode
discharges on ITER. [40]. Then, it would be quite natural to ask next whether it is
possible to generate radial electric fields by external means and thereby to develop
more efficient ways to achieve improved confinement in large scale future devices.
Some efforts to accomplish this goal have already been attempted. CCT [2] and
other experiments {3, 4] produced an H-mode plasma by an externally-injected radial
current from a biased electrode inserted into the plasma. In order to apply the
same principle to high density and temperature plasmas, however, one must consider
other methods which are compatible and extendable to such plasmas since material
electrodes placed in those plasmas would be rapidly destroyed. This is the motivation
for developing the electron ripple injection (ERI) method [41, 42], i.e., to induce
radial electric fields in a non-intrusive way. This technique has the advantages that
the physics is relatively simple, it is non-intrusive, easily controllable, and therefore
applicable to larger size fusion devices.

The electron ripple injection concept is designed to produce a radial electric field at



the plasma edge by injecting electrons into the plasma interior. Electrons having much
larger perpendicular energy than parallel energy due to electron cyclotron resonance
heating will be trapped in a spatially localized magnetic field ripple region provided
by local poloidal field bending magnets. These trapped electrons will move toward
the plasma center by VB and curvature drifts. The ripple-trapped electrons will
eventually be detrapped due to collisions between the particles, resulting in charging
the plasma negatively where detrapping occurs.

Cyclotron resonance heating is known to increase preferentially the perpendicular
energy of resonant particles so that the distribution function of the heated particles
is no longer isotropic. In this paper, we calculate the anisotropic temperatures of
electron cyclotron resonance heated particles with a bi-Maxwellian model of warm
electron distribution. For the sake of simplicity, we assume small inverse aspect ratio
and circular magnetic flux surfaces; and neglect the relativistic and Doppler shift
effects in the wave-particle interaction.

In the presence of local ripple fields, the magnetic field structure becomes rather
complicated. It would therefore be instructive to simulate numerically the motion of
an energetic electron having a predominantly perpendicular energy in order to test the
feasibility of the electron injection scenario. A Monte-Carlo electron guiding-center
orbit code has been developed for this purpose.

In Section 2, a more detailed discussion of the electron ripple injection concept is
presented, and the temperature anisotropy is calculated in Section 3. Results from
electron guiding-center orbit calculations in the presence of ripple fields are shown in

Section 4. Finally, a summary is given in Section 5.

2. CONCEPTUAL DESIGN OF RIPPLE INJECTOR

The electron ripple injection concept is designed to produce a radial electric field at
the plasma edge by injecting electrons into the plasma interior. The electrons which
have much larger perpendicular energy than parallel energy by electron cyclotron
resonance heating will be trapped in a small local magnetic field ripple region provided
by local poloidal field bending magnets (see Fig. 1 and Fig. 2). By placing the ripple
region appropriately, these trapped electrons will move toward the plasma center by
V B and curvature drifts. Since the direction of these drifts depends upon the toroidal
field direction, the electron injector should be placed either at the top or bottom of a
torus in order for the drift direction to point toward the plasma center. The ripple-
trapped electrons will eventually be detrapped due to collisions between the particles
and due to the decrease of field ripple strength away from the ripple source. The




ripple strength is defined as,

Bma:: — Dmin
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x 100, (1)

where Bz and B, are maximum and minimum fields in the ripple region, and if
§ is 5%, then the trapping condition would be
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Therefore, it is important to have electrons which have predominantly perpendicular
energy.

In the design of ripple coils, a few requirements should be satisfied. First, as
discussed earlier, the coils should be positioned appropriately to provide drift of the
ripple-trapped electrons toward the plasma center before detrapping takes place. Sec-
ond, the ripple strength must be high enough in the ripple region, but the radial vari-
ation of the ripple strength must be sufficiently rapid in order for drifting electrons to
become detrapped after drifting a desired radial distance. Third, the ripple strength
should be kept minimum to prevent serious plasma perturbation. According to the
experimental results in DIII-D [26], the thickness of the electric field layer during
H-mode transition appears to be 1 — 3 ¢cm inside the last closed flux surface. This
suggests that the radial penetration distance of injected electrons which is determined
by ripple strength and electron energy needs to be at least of this order. Considering
all these requirements, § would be typically a few percent for electron ripple injection
experiments.

Several configurations of ripple coils were studied for ripple-assisted neutral beam
injection [43]. For our purposes, we consider a configuration shown in Fig. 1 and
F'ig. 2 where a pair of rectangular-shaped ripple coils are vertically aligned toroidally
in order to provide a desired amount of field ripple. In order to visualize the generation
of local magnetic well out of these coils, the magnetic field line equations with the
Biot-Savart law were solved to trace each field line in cylindrical coordinates (R, ¢, Z)
where R, ¢, Z are major radial, toroidal, and vertical coordinates, respectively:

iR _Rdp_dz_dt -
Br  B; Bz B’

where d€ = [(dR)? + (d¢)? + (dZ)?|"/? is the arc length. In the present work, the
radial direction always means the direction of increasing major radius unless otherwise
specified. The ripple field is calculated by modeling the ripple coils with filamentary
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currents. For the calculation, ripple coils are assumed to be located at R = 35 cm,
Z = 42 cm on CDX-U device. Figure 3 depicts several different magnetic field lines
with By = 1kG, Ry = 35cm, and the ripple coil current I,;, = 10kA-turn. The
figure shows radially-outward field line bending and the generation of a local magnetic
well around ripple coils. With this value of ripple coil currents, a ripple strength of
5.8 % can be obtained. The poloidal field is not included for the calculation and the
addition of poloidal field simply makes field lines oblique. Figure4 shows a different
view of the total field strength. This figure clearly shows the generation of toroidally
localized magnetic well that arises from the 1/R-dependent toroidal field. Figure5 is
a contour plot of ripple strength and the localization of the field ripple is seen around
the ripple coils. We should note that this localized ripple field is inherently different
from the ripple fields of toroidal magnets. Here, the effective ‘ripple’ is produced
without introducing the regular toroidal field ripple structures.

To increase the collisionless trapped electron population with energies of a few keV
in the ripple region and to provide larger drifts, electrons must have large perpendic-
ular speed compared to parallel speed. For this purpose, electron cyclotron resonance
heating is appropriate. Preferential heating in perpendicular direction means the dis-
tribution function of resonant electrons is no longer isotropic. In the next section, a
quantitative calculation of temperature anisotropy driven by electron cyclotron reso-
nance heating is presented using a bi-Maxwellian model.

3. KINETIC CALCULATION OF TEMPERATURE AN-
ISOTROPY

We assume that the background particles satisfy the Maxwellian distribution, and
that the density of warm particles is small compared to that of background particles.
We neglect Coulomb self-collisions between the warm particles when compared to the
collisions of the warm particles with the background particles. Plasma particles are
divided into four different species: background cold electron (e) and ion (z) species,
cold impurity species (I), and warm electron species (w) heated by the waves.

We write a model Fokker-Planck equation for the warm electrons in the form

A~ () + )+ L) +3, ®)

where C is the Coulomb collision operator, @ is the wave heating operator, £(f)
represents the rapid loss of particles due to drift of ripple-trapped electrons, and § is




the source of the warm electrons. If we use vz, to denote the vertical drift velocity

_ me(v] +2vf) VBx B @
- 2e B’

VL

then the ripple loss operator can be modeled as
L(f) =-xV - (vLf),

where Y is the fraction of the ripple-trapped electrons. If-we define a characteristic
scale length L,

-1=V'(VLf)
== opf

we can write a characteristic drift loss rate due to ripple-trapping as

T. 1 1
VL= CRBL (5)

Then, the ripple loss operator can be expressed in the form

L(f) = —x — (02 +207) 1. (6)

The warm electrons are lost by the ripple-trapping effect, but they are continuously
replenished from the cold background electrons by wave heating. We model the warm

electron source term as

S =nfm, (7)

where fa is the Maxwellian distribution function for the background electrons and 7
is a source coefficient. In steady-state, the loss and source will have to balance.

For an efficient ripple-trapping, the electron collision frequency needs to be low.
By requiring the effective Coulomb scattering rate v./é from the ripple well to be

smaller than vy, we have

v.R

Ve

Pe
<6L,

as shown in Ref. [44] where p. is the electron gyroradius. By rearranging the above
equation, the critical warm electron energy above which the collisionless radial loss
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model holds can be obtained as

Tw > Tcrit,
1 2/5
ToileV) = %L(m) R(m)n.(10°m~3) B(T)| . (8)

With typical CDX-U parameters (n.=2 x 10¥m™3, R = 0.35m, B = 0.1T, and
6 = 5%), the critical energy is 360 eV if we take L = 0.05m.

Since the electron cyclotron heating discriminates perpendicular from parallel di-
rection, we need to consider the perpendicular and parallel energy separately. Energy
conservation in steady-state then gives us two equations

</cf’vv}_ [c_x%(v§+zv,2,)f+nfM+Q] (f)>=0, (©)
</¢[‘"vvl2l [c_x L (42 +22f) £+ ] (f)>=0. (10)

The parallel energy moment equation does not have a wave heating term. This is
because we assume that the parallel wave number in the quasilinear operator is small
so that the particles are heated only in the perpendicular direction [45].

The procedure to obtain solutions from Fgs. (9) and (10) has been shown in
Ref. [46] when there is no ripple field, and the same procedure will also be adopted
here. In the present paper, the (v, A) coordinate system is chosen for particle velocity
in which X is a constant of motion and defined as
A= &ﬁ

B v?’
where B,, is the magnetic field at the minimum Mod-B point. The Jacobian in these

velocity coordinates is calculated to be
3
=y [T B
[&o= }dj/ o] B

where o = v /|y

In flux coordinates (v,9,(), where 9,0,( are radial, poloidal, and toroidal co-
ordinates, respectively, it can be shown [47] that the flux surface average over a
velocity integration of a physical quantity g can be reduced to a velocity integral if
the bounce-averaged value of g is known:

</ dsvg> = Eﬂ%&a ; /dA dv v* 7, {g}, (11)
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where J is the Jacobian for the flux coordinates. The bounce time is defined as

n:/JBdo (12)

logl

The integration range of 6 is taken between —m < § < 7 for passing particles and
—0, < 8 < 8, for trapped particles where ; is the poloidal angle of the banana tips. In
addition, since the integrand for a bounce time, 7, is proportional to 1 [vp, (= v )
is independent of v, but dependent on A.

Using Eq. (11), Eqgs. (9) and (10) can be expressed as

/ ") [T a0 v 4 {01 C} (1) — (Loss)s + (Source)s + (Heating). =0, (13

/01 dA /(fdv 2 {vﬁ C} (f) — (Loss) + (Source) =0, (14)

where

(Heating), = (#ﬂ—a) - < / Poov? Q( f)>, (15)

[ [ {o (P +o)}f ]
(Loss)y = ——I; x | dx | dvv?d [ , (16)
i v2 ,[) /(; ’ {”ﬁ (vz + ”Izl)}f
{v1} }

oodvvzf . (17)
) | o

The upper (lower) part in the loss and the source terms indicates the perpendicular

1
(.S'ource)ﬁ' = nL dA Ty [

(parallel) term. The above two equations (13) and (14) show the appropriate path of
energy flow from the input wave to the resonant particles. The heating term, Eq. (15)
represents the energy input from the wave and it is positive definite. The Coulomb
scattering part represents transfer of energy to the background species by energy
scattering and redistribution of it within the warm species by pitch angle scattering.

To estimate the anisotropic temperatures from Egs. (13) and (14), a bi-Maxwellian
distribution function (which is constant along field lines) is used for the warm parti-

cles:
ud (;3'+%'?') —b(c=\) 2
f=fn(ad,ef) -e D) =y, (18)
where
a? [v?’ s—=1 of T



Here kT (= m.a? /2) and kTj(= m.cj/2) are effective temperatures perpendicular
and parallel to magnetic field lines, v, is background electron thermal speed, and
fn is the normalization factor. We now evaluate each term in Egs. (13) and (14)
separately.

3.1. Coulomb collision term

The Coulomb collision operator for warm electrons is a combination of pitch angle
operator (C¢) and energy scattering operator (C.):

C(f) = Ce(f) + Ce(f),

where
1 0 0
Ce(f) = §V£52»(1—§2)5£'f, (19)
2
C) = S22 e<vf+ 29 ) (20)

ve & U (%)3 (Zeg + &1 (1—):)) )
o (2) 6 (3),
V2rn.etinA

N AGALY

The first term in ve (which contains Z.g) is from the scattering of warm electrons

Q

Ve

(21)

Vg =

on background ions, and the second term is from scattering on background electrons.
For the energy scattering operator, the contribution from the background electrons
is dominant over that from the cold ions by the ion-electron mass ratio, thus, the ion
term can be ignored in the warm electron energy scattering operator. The functions
in collison frequencies are expressed as

—u2

$1(u) = (1 - F) Erf(u) + —— T’

2

hiv) = Erf(u) - —zue™.

The bounce-averaged Coulomb collision terms in Eq. (13) and Eq. (14) can be
written as

{v} C}(f) = {v1 Ce} (f) + {v1 C}(f),
{stc} () = {fCc} () + {vf C} ().
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The energy scattering operator Ce(f) can be taken out of the bounce integral since
it is a function of v only and, thus, constant of motion,

{vi CE} (f) = {v.zl.} Ce(f)1 (22)
{e} () = {«]} cuf) (23)

The pitch angle scattering operator, Eq. (19), can be expressed in terms of the new
coordinates (v, A) as

B, , 0

CE=2V5_B—€5X’\§'5Xa

where § = oy/1 — -I?—)\ and the 90° Coulomb collision frequency v¢ is a function of v

m
only. Using the relationships,

2 2
U _jp_,_B vi_,_p_ B
vz—£ —1 Bm/\, and ’02 ——1 6 —-Bm)‘,

we obtain the bounce averages of v C¢(f) and v} Ce(f) as
) _ 19f 0 ,0f 10f

#{fCe(n} = 200’ [Q{Bg ﬁ} :,\ gﬁ n{ it (aa,\ gi ;%H (%)

L, Th [ a0 o f 2 T [ Bm o .
The complete form of 7, = {v"},.; {v _L}, and p {—B—v"} are found in Ref. [46].

The detailed calculation of 7, and 1’;- {vi} indicates that there exists a singularity at
the trapped-passing boundary. Instead of using the complete forms, we replace those
bounced-averaged quantities with well behaved ones which are obtained by smoothing
the complete forms based on polynomials of A to avoid numerical problems associated

with this singularity:
. 7y & Vu(H),
o (ol =,
T {ok} ~ Vil

4 (%) =

v2
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where Vi, Vi1, Vip, and V}; are shown in Ref. [46]. With the help of these smoothed
functions, Eqs. (22) - (25) become

A1 G} = 22% Gy + b0 A [V 3 v (ZA 3] o
{0} = 2% g+ 610) [V ZA % - w0 (FA 43 )] e
A {1 CN} = : vzp(x);,-m(u) (r+53). (29
A{fen} = wittu & o) (£4+50 L), (29

where u = v/v,.

3.2. Wave heating term

For the quasilinear operator Q(f), we use

1 0 of

Q(f) = __Bv_ v D— B0,

D = 3 Do b(w— 1),
l

where w is the wave frequency and ( is the electron cyclotron frequency. Since the
Doppler shift effect in Q is assumed to be negligible (kv =2 0), the particle heating is
in the perpendicular direction only and, thus, there is no direct resonance heating term
in the parallel energy moment equation [45]. The delta function in the quasilinear
diffusion coeflcient D requires that the particles should be resonant somewhere along
their orbits to have a nonvanishing D, and its relation to the absorbed wave power
will be shown later in this paper.

Due to conservation of magnetic moment along the guiding center motion in a
toroidal system, however, the perpendicular heating at the resonance location ap-
pears differently along the magnetic field line, resulting in a varying degree of the
temperature anisotropy along the magnetic field line. In the present work we calcu-
late the amount of anisotropy at the resonance point for the sake of simplicity.

In order to manipulate the delta function in D, we follow Ref. [49] and expand
the resonance condition /) —w = 0 near the resonance layer whose poloidal angle is

given by 0Og,

- w'\‘lisZ (0 —0r) =G - (0 —6R),
do 6=0p
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where the frequency, G, including the geometrical factor is,

sinfp
1—€ecosfp’

G = we

and B= -i+—B-°—— is used. If D, is assumed to be constant [48] with respect to v and
), the velocity integral of v} Q(f) becomes

/davviQ(f) = % /J"v Flo=sg:

Then, the heating term, Eq. (15), is changed into

</ d3v vJ_Q(f)> G B deO /dkdvv o Flozgps (30)

and

(Heatzng)_,_— /dAWt(A/ du? f. (31)

3.3. Loss and source terms

The ripple-trapped particle fraction, x, with anisotropic distribution function (see
Fig. 6) is given as

<fnpple space d®v f>
<fwhole space d3v f>

and it is a function of ripple strength, &, and temperature ratio, s. The above integrals

can be expressed in terms of (v,)) and by using Eq. (18) for f, yielding

/ e (M)

min [s — M(s — 1)]*/?

i
o o as-Dr"

X (s’ 6) = (32)

The upper and lower limit for A-integral are Amoz = Bm / Bin @and Apin = Bm/Bumes
where B,..; and B, are local maximum and minimum magnetic fields provided by
external ripple coils. In general, Apq, and Amin are functions of inverse aspect ratio,
¢, and ripple strength, . In order to carry out more detailed calculation, we assume
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that the field ripple is located on top of the plasma where R = Rj, and the ripple
fields provide a magnetic well. Then By,qr ~ By, and Apq: and Amin become

B
/\min _Fo_(l—é),
Amaz_'._B:.—-Bmiﬂ —-(1—6) (1'—5).

The evaluated ripple-trapped fraction is plotted in Fig. 7 with various values of ripple
strength, 4.
To complete the loss term, Eq. (16), we use

{olof} =o* {of} - {»i},

and {vﬁ} is also smoothed to be a polynomial function of A as
75
th4(/\) = F {'Uﬁ} .

Finally, the loss term is expressed as

Vip(A) + V(X)) — Vaa(A)

Y004 Vi) ] /0 duwtf.  (33)

L_ . .5 !
(Loss)y = vp v x(s,96) /0 d/\[

The particle source coefficient  compensating the drift loss is determined by the
density conservation. In steady-state, we obtain

s ([ (P ) 5).

and by Eq. (11), 7 is given as

TI:

n = Lo x ./: dA (Vie(A) + Va(A)) fow duutf. (34)

nev? ¢

Using 7 in the above form, the source term becomes

L 1 Vip(A) o 4
(Source) = n/; dX [ V) ]/0 dv v® fm,

3 [ 1.244

5
= vv] x(s,0) - —
87 | 0.556

} ]01 A\ (Vie(A) + Var(A)) f0°°duu4f. (35)
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3.4. Evaluation of the temperature anisotropy

Now, the various terms obtained [Coulomb collision terms, Eqs. (26) - (29); wave
heating term, Eq. (31); loss term, Eq. (33); and source term, Eq. (35)] are substituted
into the two equations (13) and (14) with the warm electron distribution function
given by Eg. (18). After rearrangements, we get two simultaneous equations to be
solved for two unknowns, the temperature ratio s, and the perpendicular energy
m.al [2:

(Tt Zag TE) + (Tho+ i) + () x(0,8) (-T2 +T3) + Hu = 0, (36)

(2, + Zg Th) + (-Th o+ Th) + (%) x(e0) (-Th+7d)  =0.60)
where
Ho=d [ v [ duet s, (38)
_4Do 1
de G vv?’ (39)
T,L;';,e = Ty — Tho, (40)
T;;l«.z,i = T13 - T14, (41)
Th, . = T — T, (42)
T,l'.,,,- = Tos — T4y (43)
N 1 00
Tf, =2 /0 A\ V(N /0 duu o) f, (44)
1 o
T}, = 2 /0 dAViy(N) (¢ = N) /0 duwa(u) f, (45)
0 1 00
T, =2 /0 dAVa(N) /0 duw a(u) f, (46)
1 oo
Th. = 2 [ Ve (=) [ dundaw) f, (47)
CTE Vio(A) + V(M) = Via(N) | oo
i /1 dA[ (3) V) = Vin( )]/ duutf, (48)
| T} 0 Va(A) + Vaua(N) 0
T4 g [12447 w0
—_ e 4
| [ o5 } (e + V) | duwtf, (49)
T, = /1 AV [ duudi(u) L
0 0 o’
1 = 8 8f 10
Ty = 2/0 d,\,\v;,(,\)/0 duu y(u) ('a_A’\E{' +§’a§>’

1 00 af
Tls_/od)\)\Vtt(,\)/o duu s,
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_o ! > 9 ,90f 10f
Ty = 2/ d,\,\w,(,\)/ duu (ax’\aﬁza)\)’
9.0
T21_2/ dAAI/,b(A)] du (1) 53 ) af\:’
T22—'T12,
o ,9f
T23_2/ d,\,\w,,(,\)/ duu s AST,
T24—'Tl4,
po STL L8
Sa&m T sor

_ 3\/_ 1 1 427 n.etlnA

£ n 3 /m(RLyR

The first subscripts, pa,dr, and df indicate pitch angle, drag, and diffusion, respec-
tively, and the second subscript after a comma denotes the species of background
particles with which warm electrons collide. The integrals in Fgs. (40) - (49) are all
positive definite since b > 1 and ¢ > 1.

Using the definition of the warm particle density,

no=(n(0)) = ([ #o71),

the absorbed wave power can be derived from Eq. (30),

(PL) = %m, </d3v v2 Q(f)> ____7722_34_(1;0”“’.

Therefore, the parameter, d. which is a function of the wave power and warm particle
density is expressed as

(Py)

d, = Ny kTe VO.

(50)

Because of the functions ¢;(u) and ¢,(u), it is not straightforward to evaluate the
integrals in Egs. (36) and (37) by hand. Instead, we use the mathematical software,
Mathematica™ by Wolfram Research, Inc. [50] which has the capability of doing
symbolic differentiation and integration.

Figure 8 is obtained by solving Egs. (36) and (37), and it depicts the perpendic-
ular and parallel temperatures and their ratio as a function of d. with various values
of vr/vo, Zeg = 1, and €=1/5. As shown in Ref. [46], one important observation to
point out here is that the warm electron temperatures runaway at de ~ 0.61 in the
absence of a loss mechanism for the tail electrons (v /ve = 0). This runaway effect
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is expected from the fact that the warm particle density, n,,, is kept constant as the
wave power is increased. In addition, we used a Maxwellian assumption for the res-
onant species with no cooling mechanisms other than collisions with the background
electrons. The electron energy scattering rate, however, decreases with increasing
energy (v o« v~3). Hence, for wave power above the runaway power, the valid-
ity of the Maxwellian assumption is in doubt. In the presence of a ripple loss term
(vL/vo # 0), however, this runaway can be avoided. As vg/vp increases, the slope of
the temperatures at d. ~ 0.61 becomes smaller. This is because high energy electrons
drift out of the region more quickly and thus warm electrons have less probability of
becoming runaway electrons. Keeping vy /v, fixed, a similar behavior can be found
by increasing 4 as in F'ig. 9.

Figure 9 shows an effect of ripple strength on temperature anisotropy. Solid lines
are obtained with § = 1% and dotted lines are with § = 5%. As § increases, more
particles are trapped in the ripple region (Fig. 7) and thus the drift loss becomes
larger, which results in less anisotropy.

Figures 10 through 12 show the calculated anisotropic temperatures for CDX-U
case when vy /vy = 0.03 and & = 5% with Z.5 = 1,2,3,4. In general, the behavior
is similar to the ion case in the presence of ion cyclotron resonance heating [46].
From these figures, several comments can be made. First, the greater the impurity
level is in the plasma (larger Z.g5), the higher the Tj (and lower T}, and thus less
anisotropy is obtained. This is because the pitch angle scattering term increases with
Z.g resulting in a more effective spreading of warm electron energy to the parallel
direction. Second, as depicted in Fig. 11(b), the parallel temperature reaches a
maximum value and decreases with d.. This is because when the wave power is large,
the power transferred from the perpendicular to the parallel direction decreases:

1

By~ vek (T = Tj) o< s,

where ¢ is proportional to 1/v3. Third, the parameter d. is

1 o PL) VIET
"7 e Ne

so that higher anisotropy can be expected at higher background temperature or
smaller background density. Fourth, the ratio of perpendicular and parallel tem-
perature reaches as high as 15 and no solution can be obtained beyond a certain
value of d., which suggest that there exists a critical wave power above which our
bi-Maxwellian picture does not hold. In order to extend the present analysis above
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this critical power, a better description of the distribution for warm species may be
necessary.

The present study shows that the temperature anisotropy can be made quite
large by putting the electron cyclotron resonance layer in the ripple region. Thus,
the ripple-trapped fraction of the warm electrons can be significant. For example,
for § = 5% and T\ /Tj; = 10, Fig. 7 yields x = 25 %. A significant number of warm
electrons can drift to smaller minor radial positions to create a negative electrostatic
potential (ripple injection).

4. SIMULATION OF ENERGETIC ELECTRON ORBITS
AND RADIAL ELECTRIC FIELD GENERATION

In order to understand the behavior of a suprathermal electron with vy /v > 1
in ripple fields, a guiding-center orbit simulation has been attempted. The computer
code numerically integrates four guiding-center equations of motion using the fourth-
order Runge-Kutta method in the presence of ripple fields in a tokamak geometry.
Equations of motion to be solved are:

dR Bgr
i (va)r+ 15
déb Bs
-Et— = (vd)qS + ’U"f,
dZ Bz
7= (va)z +oi 5
doy _ _p dB

dt m, df’

where y is the magnetic moment and (Bg, Bj, Bgz) are components of magnetic fields.
The drift velocity, vg, is a combination of VB drift and curvature drift as given in
Eq. (4), and E x B drift. An energetic test electron is subject to Coulomb drag and
pitch-angle scattering off the background electrons, ions, and impurity ions. This
process is described in the code by the Langevin equations,

dv Ve
&= 2"
doy _

with the pitch-angle scattering rate v¢ and the energy slowing down rate v.. At each
time step, the energetic electron’s pitch angle is altered by means of random number
generator. The simulation assumes concentric flux surfaces for simplicity.
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The major and minor radius of CDX-U device are 0.35m and 0.22 m, respectively
with a natural elongation (x ~ 1.5). Some values used in the simulation are T, =
100eV, 7. =2 x 10 m=3, g(a) = 4, and By = 0.1T.

Figures 13 and 14 are cross-sectional and top views of an energetic electron or-
biting under the influence of ripple fields. For these figures, the ripple coil current
is I.;p = 8kA-turn, giving a ripple strength of § = 2.82% at the starting point
(R =0.39m, ¢ = 0°, Z = 0.30m) which is marked by an asterisk. It is assumed
that the energetic electron initially has most of its kinetic energy in the direction
perpendicular to the magnetic field. The toroidal field is pointed counterclockwise
when viewed from the top. The VB drift direction is downward for electrons. As
shown in the figures, the energetic electron is locally trapped toroidally in the ripple
well for about 4 usec while experiencing downward drifts. Due to the decrease of the
ripple strength and an increase of Coulomb collisions as it moves toward plasma cen-
ter (increasing n.(r)), theripple-trapped electron now becomes detrapped and moves
in the toroidal direction. The electron follows a banana orbit and, at the same time,
it loses its energy to background particles by Coulomb drag. The elapsed time from
the initial energy of 1.5keV to the final energy of 0.5keV is 74 usec. As shown in
Fig. 13, the electron penetrates 0.13 m into the plasma.

The radial penetration depth of an energetic electron can be controlled by two
independent parameters, ripple strength and the initial electron energy. Four different
cases are compared in Fig. 15 where (a) Iy, = 4kA-turn (1.45% at the starting
point) and Wy = 0.7keV, (b) L, = 4kA-turn (1.45%) and Wy = 2.0keV, (c)
Lip = 10kA-turn (3.50 %) and Wy = 0.7keV/, (d) I.i, = 8 kA-turn (2.82%) and Wy =
1.0keV. As can be seen from the figure, in order to produce a similar penetration
depth to that in (d), either higher particle energy (from (a) and (b)) or larger ripple
strength (from (a) and (c)) is necessary to get a sufficient penetration.

Since these penetrated electrons accumulate at the flux surfaces where they are de-
trapped from the ripple region and thermalized, the net effect is to charge the plasma
negatively resulting in a build-up of electrostatic potentials, i.e., radial electric fields
(E,) from the edge toward the plasma center with a scale length of the penetration
distance. In order to simulate this phenomenon, a few assumptions are made. First,
the plasma is divided into a number of radial zones separated by concentric flux sur-
faces. The background particle density and temperature are assumed to be constant
on a flux surface due to large parallel heat conduction [51] (k/kL ~ (w7)? > 1).
Second, in order to speed up the numerical procedure, we assume that a single elec-
tron deposits multiple charges (for example, @ = —10'2 ¢) at the flux surface where
detrapping occurs. Third, it is also assumed that a series of electrons are launched
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sequentially at the same starting point under the same condition. (The algorithm
for the calculation of radial electric fields is found in Fig. 16). In this way, the nth
launched electron sees the electric fields generated by 1* to (n — 1)* electrons, and
it experiences E x B drifts in both poloidal and toroidal directions.

Since the injected warm electrons move radially inward and accumulate at flux
surfaces farther inward than the initial flux surface where energetic electrons start
their drifts, the background electron current has to counter-balance the injected elec-
tron current in steady-state. The outward radial current carried by the background
cold electrons induced by an inward electric field can be written in the form

1 .
E.—Ey= ‘O'I ) (51)

where E,q is the equilibrium electric field without j, and o is the electrical conduc-
tivity orthogonal to the flux surfaces, which may be a function of E.. In order to find
out E, from a given j,, we use the force balance relation between the j. x By force
and the plasma viscous force in the poloidal direction.

jr Bs = (V - M, (52)

where Il is the viscosity tensor and j, is the radially outward electrical current carried
by the background plasma. Reference [52] has been used for a simple analytic expres-
sion of the viscosity tensor 1. As the electric field increases, the E x B rotation speed
v increases. At low vg values, (V- M)s increases with vg. Hence, for a given jr, an
equilibrium value of vg is determined. As vg is increased further, (V - M)g reaches a
maximum and then decreases [52]. In this case, there can be two solutions for vg,
leading to a bifurcation. In a steady-state, the outward plasma current j, will have
to balance the injected current. Equation (52) is another way of writing Eq. (51).
Figure 17 shows a time trace of radial profiles of electric fields generated by 100
electrons and the corresponding final rotation speed vg assuming poloidal rotation is
dominant. The dotted curve in Fig. 17 (a) indicates the radial electric field strength
above which a bifurcation occurs. The shape of E, which looks similar to that ob-
served in other devices with different methods [53, 54] is not only determined by the
electron deposition profile but also by the information of background particles via oy
of Eq. (51). The time elepsed to induce —3.0 kV/m is less than 0.4 msec. Since the
deposited charge per electron was assumed to be Q = —4.6 x 10*%e and 100 electrons
were launched for the calculation, the total number of energetic electrons involved
is 4.6 % 10'. This indicates that the injection of a population of electrons equal to
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1.2% of the total population between r/a = 0.9 and r/a = 1.0 is necessary to gener-
ate —3.0kV/m of electric fields. For this particular run (Fig. 17), the total injected
radial current is 23 A and this is realized approximately by the electrical charge of
4.6 x 10'e and the average detrapping time of 3 usec. This amount of radial current
suggests that only 23 kW of electron cyclotron heating power may be required for a
bifurcation to occur.

A large Q-value produces large electric fields but once E, reaches a certain amount,
launched electrons become less penetrating due to larger E x B drifts. Shown in
Fig. 18 (a) are the radial electric field profiles generated by 10, 20, 30, 40, 50, 60, 80,
and 100 electrons. The incremental increase in E,. becomes smaller with each injected
electron, suggesting the saturation of E, at some limit. In (b), the radial position at
which detrapping occurs is plotted.

The role of radial electric fields on orbits of successive electrons is illustrated
in Figures 19 and 20. Compared to the case without radial electric fields (Fig. 19
(2)), the cases with nonzero E, makes electrons less penetrative as seen in Fig. 19 (b).
Figure 20 is an illustration to show the effect of E, on the electron penetration where
the orbits of four different (1%¢,22"¢,48 and 100**) electrons among 100 launched
electrons are plotted. It shows the shift of orbits in the direction of the E x B drift
whose poloidal component is in the clockwise direction in the figure.

In Fig. 21, the electric field profile is shown with several different ripple strengths.
As is seen in the figure, the electric field can be maximized at r/a ~ 0.86 with a modest .
amount of ripple strength (I,;, = 4 kA-turn). On the other hand, with larger ripple
fields, E,. propagates further radially inward (due to deeper penetration) while the
peak value is decreased (due to the larger detrapping time and thus, smaller radial
current density injected).

As discussed previously, there is another parameter that can be used to control
the electron penetration depth and, thus, E.. Figure 22 shows that a fairly large
amount of E, can be obtained by increasing the initial energy of energetic electrons

for a given ripple strength and Q).

5. SUMMARY AND DISCUSSION

For larger size future devices such as ITER, obtaining H-mode is very impor-
tant [55, 56] especially for an adequate ignition margin and the possibility of using
ELMs to facilitate ash removal [57]. In this context, it may be meaningful to ex-
tend this electron ripple injection concept to an active control of plasma confine-
ment via externally generated radial electric fields. In order to estimate the required

20




ECRH power in ITER, a similar simulation has been performed with ITER param-
eters (=2 x 101° m~3, T,=3.TkeV, a = 3.0m, k = 1.54, Ro = 8.1m, Bo = 57T,
q(a) = 2.85, Z.5 = 1.34). It is assumed that the ripple coils are located at R = Rp
and Z = 1m above the edge of the plasma with ‘the coil current of 0.8 MA. Since
the critical electron energy above which our assumptions are valid is given by 62keV
(Eq. (8)), the energetic electrons are launched with the energy of 80keV at R = Ry,
Z = 0.2 m below the edge of the plasma where the ripple strength is 0.73 %. Figure?23
is obtained from 100 electrons assuming Q = —2.0 x 10'°¢ and it shows the electric
field profile and the corresponding poloidal rotation velocity profile. In order to pro-
duce approximately —260 kV/m of electric fields, the total injected radial current is
calculated to be 120 A and the time needed is 11.9 msec. This would mean approx-
imately 10 MW of ECRH power is required to induce an E,-bifurcation, which is
relatively modest for ITER. For this case, a total of 2.0 X 107 electrons are needed
and this is a negligible portion of ITER edge electrons.

The electron ripple injection concept can be a promising non-intrusive source of
strong radial electric field to possibly control the tokamak plasma edge transport by
inducing the plasma into improved confinement plasma regimes, i.e., L-H and H-VH
mode. ECRH is utilized in an electron ripple injector to increase the ripple-trapped
particle fraction and electron heating, and anisotropic temperatures of the epither-
mal electrons are calculated using a bi-Maxwellian distribution function. Results
show that T, /Tj; can be quite large with a moderate wave power input and a reason-
able ripple strength. The behavior of energetic electrons and the generation of radial
electric field in the presence of externally-provided ripple fields are investigated by a
Monte-Carlo guiding-center electron orbit code. A series of simulations predicts that
the generation of a fairly large radial electric field via ERI technique is possible not
only on CDX-U but also on a-reactor size device, ITER, with a reasonable power
of about 23 kW and 10 MW, respectively. This prediction is an encouraging result
suggesting that the ERI technique could be a promising alternative for generating a
strong radial electric field and, thus, for possibly controlling tokamak plasma trans-
port. An experimental investigation of this subject can be worthwhile in the near
future.
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Figure 1: Schematic of the electron ripple injector.
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Figure 2: Schematic of the electron ripple injector (a) seen from the major axis, and
(b) viewed from the top of a tokamak plasma.
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Figure 3: Magnetic field lines at different radial positions but at Z = 33 cm where
B = Brr + B,;,. Ripple coils are aligned as in Fig. 1 and are assumed to be located
at R = 35¢cm, Z = 42cem. Iip = 10 kA-turn. Shown in the middle of (b) is magnetic
field ripple strength of each field line. Dotted lines indicate the toroidal location of
ripple coils.
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Figure 4: 3-dimensional plot of magnetic field strength at Z = 33 cm with [y =
10 kA-turn. 1/R-dependence by toroidal field is seen and local magnetic well is created
by ripple coils.
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Figure 5: Contour plot of field ripple strength with toroidal angle of 25° from the
center of ripple coils. Dotted line depicts the plasma region. I,.;, = 10 kA4 turn.

31



A
i Ripple trapping
/— =T/ T T
i
Banana trapping :
]
I
|
l
|
I
I
I
!
: . >
0 T
Poloidal angle

Figure 6: Region of A for ripple trapping.

32




Ripple-trapped fraction, 7y (s, 9)

1 5 10 15 20
Temperature anisotropy, s

Figure 7: The fraction of trapped electrons in the magnetic ripple fields as a function
of temperature anisotropy, s, and ripple fraction, 4.
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Figure 8: Temperatures with various vz. (2) vz/vo = 0, (b) vr/ve = 0.005, (c)
vr/ve = 0.01, and (d) vp/ve = 0.1. When vi/vo = 0, temperatures increase very
rapidly at d. ~ 0.61 indicating run-away. § =5% and Z.g = 1.
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Figure 9: Temperature anisotropy with different ripple strength. Solid lines indicate
the case with § = 1% and dotted lines with § = 5%. With a larger ripple fraction,
more particles are trapped and are lost resulting in less temperature anisotropy at

fixed d.. vr[/vo = 0.03 and Z.5 = 1.
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Figure 10: Temperature anisotropy with Z.5 = 1,2,3,4. v/vo = 0.03 and § = 5%.
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Figure 11: Z.5 dependence of perpendicular and parallel temperature. With a larger
Z.g, Ty is larger and T, is smaller due to more frequent pitch angle scattering. 6 = 5%
and vr[vy = 0.03.
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Figure 12: Warm electron temperature anisotropy with various values of Z,g. 6 = 5 %
and v /vp = 0.03.
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Figure 13: Cross-sectional view of the time trace of guiding-center trajectories of a
1.5keV electron started from the asterisk where § = 2.82% (I, = 8kA-turn). In
‘the final plot, the electron has slowed down to 0.5keV in 0.074 msec.
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Figure 14: Time trace of test electron orbits in the presence of ripple fields. View
from the top of the machine. The location of ripple coils are seen in the first plot
with directions of current flowing (Wo = 1.5keV, I;, = 8 kA-turn).




(a) (b)

Figure 15: The radial penetration depth can be controlled by changing the ripple
strength and the electron energy. (a) Iy = 4kA-turn (1.45 % at the starting point)
and Wy = 0.7keV, (b) L, = 4kA-turn (1.45%) and Wo = 2.0keV, (c) Lip =
10 kA-turn (3.50%) and Wy = 0.7keV, (d) Ly = 8kA-turn (2.82%) and Wp =
1.0 keV. Either higher particle energy or larger ripple strength is necessary to get a
sufficient penetration.
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Figure 16: Algorithm for calculating radial electric fields generated by ripple-injected
electrons.
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Figure 17: (a) Time trace of radial profiles of electric fields. Dotted curve indicates
the required electric field above which a bifurcation occurs. (b) E x B rotation speed
normalized by ion thermal speed generated by sequential deposition of 100 energetic
electrons. The deposited charge per electron is assumed to be @ = —4.6 x 10'? e and
Wo =1.0keV and I,;, = 8kA-turn.
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Figure 18: (a) Electric field profiles generated by 10, 20, 30, 40, 50, 60, 80, and 100
electrons, and (b) the radial locations of 100 launched electrons where detrapping
occurs. Q) = —1.8 x 10*®* e and Wy = 1.0keV and I, = 8 kA-turn.
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Figure 19: Plot of detrapping points of 100 sequentially launched electrons. Initial
electron energy is Wy = 1.0keV and I, = 8kA-turn (2.82%). (a) Radial electric
fields are not considered in the calculation of electron orbits (Q = 0), (b) radial electric
fields are included (Q = —6.0 x 10*?¢). In this case, electrons cannot penetrate as
much as the case without electric fields since E x B drifts hinder the radial penetration.

45



(a) (b)

© @

Figure 20: Orbits of the (a) 1%, (b) 22", (c) 48", and (d) 100** electron among 100
launched electrons. I.i, = 8kA-turn, Q@ = —1.2 x 10%e, Wp = 1.0keV. Electrons
become less penetrative as E, build up.
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Figure 21: The electric field profiles with several different ripple strengths. The
strength of ripple at the starting position corresponds to 0.92% (2.5 kA-turn), 1.45%
(4 kA-turn), 2.15% (6 kA-turn), 2.82% (8 kA-turn), and 3.50% (10kA-turn), re-
spectively. Energetic electrons are launched with initial energy Wo = 1.0keV and
Q=—46x102e.
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Figure 22: The electric field profiles with several different initial energy. @ = —4.6 X
10'% e and I,;, = 8 kA-turn.
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Figure 23: Similar run with ITER parameters. (a) Electric field profile, and (b) ExB
rotation speed normalized by ion thermal speed. Q = —2.0 x 10 e, Wy = 80keV,
and I.;, = 0.8 MA - turn.
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