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Abstract

An improved energy confinement regime, [-mode, is studied in Alcator C-Mod, a compact high-field divertor
tokamak using ion cyclotron range of frequencies (ICRFs) auxiliary heating. [-mode features an edge energy
transport barrier without an accompanying particle barrier, leading to several performance benefits. H-mode energy
confinement is obtained without core impurity accumulation, resulting in reduced impurity radiation with a high-Z
metal wall and ICRF heating. I-mode has a stationary temperature pedestal with edge localized modes typically
absent, while plasma density is controlled using divertor cryopumping. [-mode is a confinement regime that appears
distinct from both L-mode and H-mode, combining the most favourable elements of both. The [-mode regime is
investigated predominately with ion ¥V 8 drift away from the active X-point. The transition from L-mode to [-mode
is primarily identified by the formation of a high temperature edge pedestal, while the edge density profile remains
nearly identical to L-mode. Laser blowoff injection shows that [-mode core impurity confinement times are neardy
identical with those in L-mode, despite the enhanced energy confinement. In addition, a weakly coherent edge
MHD mode is apparent at high frequency ~ 100-300 kHz which appears to increase particle transport in the edge.
The I-mode regime has been obtained over a wide parameter space (81 = 3-6 T, I, = 0.7-1 3 MA, g45 = 2.5-5).
In general, the [-mode exhibits the strongest edge temperature pedestal { Tpes) and normalized energy confinement
(Hgg = 1) at low ggs (=3.5) and high heating power { Pier = 4 MWL [-mode significantly expands the operational
space of edge localized mode (ELM)-free, stationary pedestals in C-Mod to Tpeq ~ 1TkeV and low collisionality
"';:.1 =~ 0.1, as compared with EDA H-mode with Ty < 0.6 ke, vl::d = 1. The I-mode global energy confinement

has a relatively weak degradation with heating power; Wy, ~ I, P}‘E leading 1o increasing Mgy with heating power.

(Some figures in this article are in colour only in the electronic version)
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I-mode VS EDA H-mode
D. Whyte et al., Nucl. Fusion 50 (2010)105005.
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I-mode VS EDA H-mode (cont.)
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Figure: Spontaneous rotation versus
thermal energy
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Heavy Particle Modes and the
I-Regime

HIGH ENERGY PLASMAS

Massachusetts Institute of Technology

B. Coppi and T. Zhou

(52" APS-DPP Meeting, Chicago, 2010)
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-
Main Points

@ Phase velocity direction: sgn(kﬂy) = sgn (vde = —egne ddp;).

(electron diamagnetic velocity)

@ Driving factor: combined effects of finite impurity temperature and
lon temperature gradient (a temperature "knee" without a density
"knee" is present at the edge of the plasma column).

@ Outward impurity transport.
@ Outward main ion thermal energy transport.
@ Inward main ion particle transport.

@ Ejecting angular momentum in the direction of v,., and inducing
locally spontaneous rotation in the direction of v (co-current).
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[
A Simplified Plane Geometry Model

@ Uniform magnetic field: B ~ Byey.
@ 3 populations: heavy particle (impurity), main ion and electron,

© Electrostatic perturbations

E ~ —Vé, é~d(x)exp(—iwt+ ky+kz),
Y > |5 Tl k.
© About equal temperatures
Ty~ T~ Te.

November 4, 2010 6/34



-
A Simplified Plane Geometry Model (cont.)

@ Frequency range

2 |w\2
Vil S T3 < Vi < Vie (1)
[
@ Main ion
. ed
N~ ——n
) 7-I )
@ Electron
e/\
Ne ~~ —¢ne
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-
A Simplified Plane Geometry Model (cont.)

Q@ Impurity population parallel dynamics

—iwnimiy, ~ —ik, {ﬁ/ T+ mT) + eznlqg} , (2)

an
—iwiny + VEXE + ik,nyuy, = 0,

= dr;

3
—n,( fwT; + Vey—— O

> ) + Iknanluln ~ 0.

© Quasineutrality
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S
Dispersion Relation

@ The simplest dispersion relation of the |-mode

(w2 — w,A) [w+ wyy| — wSI (w wi*) =0, (3)
5 -, T cly 1 dn 3
o _ o 1] | _ / / o _ 2
_ - - _ - A
WiA 3k|| m,’ W x kyZeB n dx’ Wgy 5W/A ;
wy = w A O A=Z =T, Impurity parameter.
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Dispersion Relation (cont.)

@ Roots
Normalized dispersion relation of I-mode:

fw,U)= @ -1) @+ UA)-2A(w—-U)=0,

W W
w=—, U=-—"*.
WIA WIA
f(@,U)
/N / _
7 52\\/51

Figure: Graphic representation of the solution for A =0.4 and U = 0.8
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Connection to Impurity Drift Mode

o If we take w? > w?, and w ~ w,) ~ wg, and neglect wswi, in the
I-mode dispersion relation, we have the previously known [1]
dispersion relation

w(w + wyy) — w%, =0 (4)

that is quadratic. The two roots of Eq. (4) correspond to the
impurity drift mode and the " impurity sound mode".

@ Clearly, Eq. (3)(the I-mode dispersion relation) is a cubic equation
and it introduces a new mode.

[1] B. Coppi, H. P. Furth, M. N. Rosenbluth and R. Z. Sagdeev, Phys. Rev. Lett. 17
(1966) 377-379
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-
Characteristic Frequencies

@ 'Signature" frequency of I-mode
Eq. (3) has solution w = wjy = w!

%% 3

/
W Wi, . C adpe
— R Same sign as Vge = —
k,  ky ) %= eBne dr
fr

(electron diamagnetic velocity)

© Impurity "drift" frequency
Eg. (4) has solution w ~ —w,; = —w,, A for wg, < w?,/4;

W W[

Ky Ky

. c dap,
Same Sign as Vg = cBn. dr
ﬂ /

(ion diamagnetic velocity)
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-
Mode-Particle Resonance Effects

@ The thermal conductivity of the main ion is large due to large
mean free path ),.

@ The mode resonates with 1-D motion of main ion particle

A, ed . wl (1 1)
o~ " 1—|—I */ o :
n; T ﬁ!’ﬂl!Vthi 2 n

r_, cdi - 1dl; //1dn
Y =eBdx "T T dx/ \max /)
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[
Mode-Particle Resonance Effects (cont.)

@ Dispersion relation

2 2 2 / . 2 2
(w — w,A) (W + wyy) —wg (w — w**) = —fe; w (w — w,A) :

€ =VT

nT w! [1 1]
nT; ki |2 ]

@ [nstability condition

w = wia + 0w,

3 (wa— w!k*) €\
10 (1 4 wyp/win)® + €2

So the mode with phase velocity in the direction of v, is unstable
when

Imiw ~= — A <1.

w!, < wipandn; > 2 (1-D model) for k, > 0.
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-
Effects of Impurity Thermal Conductivity

@ Dispersion relation with the longitudinal impurity thermal diffusivity
Dfj
2 2 I 3 I
(w — w,A) (w —I—w**A) — EW/AA (w W, )
2 3 3
— —13k2DH, [w — Ew’A + (wwi* — gwﬁ\> A]

e D' gives the damping rate to the mode with phase velocity in the
direction of v4e.

W = wa + 0w, A <1,
IMdw ~ —-2 k2D ©
W = 15 il :
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-
Quasi-linear Transport by the I-mode

@ No electron transport: (NeVey,) = 0.

@ Outward impurity transport; outward main ion thermal energy
transport; inward main ion particle transport for »; > %

o A e T
Z(MVEx) = (NiVEx), n T T’
ni - 3 n;T] 2
Z{mv = TiVg) = —=—L {|Vg]? (1__)>O.
1 dn,

@ The Impurity transport increases
condition is reached,

o ax until the marginal stability
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e
Electromagnetic Fluctuations

@ B, has been observed over 100—150 kHz.

@ Perpendicular current

:/y = e (n,'i:lg, + Zn,ilfj, + ZVD/f'I/) :
] — wyil c|E L L .
u,-‘}’, ~ w . Wali C|B | main ion polarization & FLR drifts,
Ci
T . . .
Vp = — Impurity magnetic curvature drift,
DI Qo R purity mag
ac T,

{

~ _ Perturbed curvature drift due to 7.
Yy mQ¢ R /
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Electromagnetic Fluctuations (cont.)

@ Ratios between the electrostatic- -component and the
magnetic-component in E, = —ik,¢ + ’“’A”

W - A w 41 A

Jy ~enlf || 1~ B9 small

Jy ~ ZemU, || 1~ Bgg 2 | significant
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Electron Temperature Fluctuations

Q 7’6 may have been observed [A. White]
@ Can the electron thermal conductivity be severely depressed so
that 7¢ could compete with 2

Q 7'9” and 7',-,, play different roles

AN AN

Zh = es [ n,-] - neh‘l'niﬁ
e

T Te T
arT,
6NLWI‘&‘TGH + VErTe + 2T9V”ue” = O ENL < 1;
T 0

® Al1-D /7\-e||§_i L e$<1_£)7wlezm © dTe;
model: ENLWte Ne rp eB ar

F ) ! nT,
Ege_(b[“”wf (1_E>]’nzdne

Ne Te ENLWte Ne dlInne
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-
Toroidal Modes

@ Simplified toroidal geometry

1

B —
1+ rcosf/Ry

[B:(r)ec + By(r)eq]

@ Disconnected mode representation

O =~ B(ro,0)exp{—iwt+in°[¢—q(r)0] + in°[q(r) — qo] F(6)}
F(0)=0for —m <0 <.

@ Impurity parallel fluid dynamics

[ an 1 m° C -

N\ I ~

—EZ V(i) VE=-—2
dr I ||( ||)7 Y

R 1
iwm,n,

>
2

Vi, {f’/ + Zenlqg} :
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Toroidal Modes (cont.)

@ The dispersion relation is similar to that for plane geometry

(w? = &) (W + war) + 0F) (Wi —w) =0,

M = 3 m,q2R2 Io’ Wi = n m/qgl%’2 Io’
h = oGO, h= [ doldde)/de2.

@ Modes are odd in § and do not "see" the unfavorable curvature. The
following trial function can be used,

2
¢ = o sin (Io6) {1 — exp [ " _52‘9‘) } } :

where we take ly > 10 to make sure that w?/k? < vZ . for the
experimental data.
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-
Mode-Particle Resonance Effects

@ Modes can resonate with circulating main ion population with
transit frequency wy

w=opwi(e, 1), o=sgnv,.

@ Dispersion relation

(w2 — w,A) [w (14 7€) + wyy] + WS/ ( - w) = 0.
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[
Mode-Particle Resonance Effects (cont.)

@ Evaluate mode-particle resonance ¢; by using the equilibrium

distribution
fi =i (1+4),
n;(r) 3
f/\/l' — I exp [_ ]7
(@)t LT
. Y m T8 e
o~ K [1T(2o)]

- e A 3
np =~ _T{ni¢+ iTw, [/ a°v fui (1 - 577/+ %771')]
/ /

Y P (e, A, o) exp [ipwt(6)] 6 (w — pwy) exp [—iwt + in® (¢ — gb)] },
p70
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[
Mode-Particle Resonance Effects (cont.)

iz e [10 (1)
T Ul

T

—TT

E,‘E\/%

N

1P

1

& (g B ng) n; ?QOROWI/ 1
b \2 M )RAT vm = ©

@ The result for 1-D plane geometry is recovered when ¢y — 0,

[
Ne —> 2 as —n2—>1.
1
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[
Mode-Particle Resonance Effects (cont.)

¢(P) ( res’/\ r())

1— eo 2
Ny, = ZZ/ L (A)vrzesexp[ V]

o p#0
2
0 erp\/ AV2sexp [~V24] | 3P (Vs A 1o)|
o p#0
1— Eo L2 /\
My = ZZ/ (\P)! Vies €XP [~Vies] | 0P (Vies, A\ 1o)
o p#0
_ _ B _ 2
e ZZ!M/ AV Vs P [~ V2] | P (Ve A 1o) |
o p#0
™ do _ wLli (N) Vini
Li(N\) = ) = 75 = '
t(A\) - \/1 —N/h(0) res 27T P o 9o Ao
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-
Conclusions

@ We have developed a theoretical model that can account for the
main characteristics and the effects of the plasma mode around
200 kHz that is excited in connection with the onset of the so
called I-Confinement Regime.

@ The theory has predicted correctly the direction of the mode
phase velocity (that of the electron diamagnetic velocity).

@ The mode is associated with the presence of a heavy particle
population (impurity) near the edge of the plasma column.

@ The driving factor is the temperature gradient of the main ion

population combined with the finiteness of the impurity population
temperature.
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-
Conclusions (cont.)

@ The main effects of the mode is to transport the impurity
population outward, increasing their density gradient and the
main ion population inward, while allowing an outward flow of the
thermal energy of the hotter population.

@ The impurity confinement characteristic makes the |-Confinement
Regime of particular interest for experiments aimed at producing
plasmas close to ignition conditions.
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I
Numerology

In this section we give the approximate numerical estimates for a set of
parameters that are involved in the theory of the Heavy Particle Mode
discussed earlier. These estimates are based on the relevant experimental
observations made by the Alcator C-Mod machine.

@ Frequency Range

f > 200k Hz, w >1.25 x 10°rad - s~ .

@ Spontaneous Rotation Velocity [8]
Ug ~ 20 — 90 km -S_1.

in the direction of v,;.

@ Toroidal Mode Number

n® ~ 20 + 5.
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-
Numerology (cont.)

@ Major Radius of the Plasma Column
Ry ~ 68cm
® Mode Localization Radius
R, = Ry + rp ~ 88.5cm

@ Unwinding Parameter at R ~ eqR,
q(yr) ~ 2.5

@ Electron Temperature at R ~ R,

Te =~ 600eV

November 4, 2010
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Numerology (cont.)

@ Electron Density at R ~ R,

Ne ~ 10°°m—3

@ Dominant Impurity Impurity Parameter
2 -
O*® A= Z=an ~ 0.3
nT,
for T ~ T; ~ T, and considering Zs+ ~ 1.5at R ~ R,.
@ Poloidal Wavelengths Toroidal Wavelengths
A = i ~ 3 — 6Cm >\¢:27TOR°:14—21cm
(ko) n

if the flux surface averaged wavenumber (ky),, ~ 1 —2cm~' as indicated
by the experiments.
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Numerology (cont.)

@ Inferred Poloidal Mode Number
59 (Y1) No
O N —_
q()n —60( 12 ) (25)'

On the other hand, (m),, = (ky), 52 ~ 30 — 60 for ks ~ 1 — 2 cm~" and
Cy/ (2m) ~ 30cm. The largest value would be consistent with the
inferred q (v.) n°.

@ Thermal Velocities
1/2

Vipi ~ 2.4 x 107 (60&\, cm - sec™! deuterons
s (1 \"/% (16" -1 -

Ving ~ 8.5 x 10 (m) (ﬁ) cm - sec Impurity

Vine ~ 1.5 x 10° (GOE‘;V)”Z cm - sec™! electrons
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Numerology (cont.)

@ Collisional Frequencies

vi =~ 3.5 x 10% [ 5r—5] [ 92 ] 6006"} sec™! deuterons
3 1
Y 5 n 7 [InAT 600e 2 g m, —1 TR
vii~1.25 x 10° | 5] | 5% l H 16mp sec™' impurity-deuterons

Z2n, ][I%\] [600ev 2 (2) (1%’”"’) sec™' impurity-impurity

V) =~ 1.4 x 104 [1014cm—3
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-
Numerology (cont.)

@ Mean Free Paths

Vi ; Vi, 3.5 x 10%sec™!
Ai » 6.9 x10 [2.4 x 107cm - sec Viji

Vin Vin 1.25 x 10°sec™
Al V) 6.8 x10 [8.5 x 108cm - sec! Vi

Vini 5 Vini 1.4 x 10*sec™!
Al V) 610 [8.5 x 108cm - sec Vi

@ Collisionality Parameters

qRy 1 [6.9x 10%m { q} Ry
i 41 N 2.5 68cm
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