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Interpretation of the I-Regime and Transport Associated with Relevant Heavy

Particle Modes

B. Coppi* and T. Zhou
Massachusetts Institute of Technology, Cambridge, MA, 02139

The excitation of a novel kind of heavy particle [1, 2] mode at the edge of the plasma column is
considered as the signature of the I-confinement Regime [3—7]. The outward transport of impurities
produced by this mode is in fact consistent with the observed expulsion of them from the main
body of the plasma column (a high degree of plasma purity is a necessary feature for fusion burning
plasmas capable of approaching ignition). Moreover, the theoretically predicted mode phase velocity,
in the direction of the electron diamagnetic velocity, has been confirmed by relevant experimental
analyses [8] of the excited fluctuations (around 200 kHz). The plasma “spontaneous rotation” in the
direction of the ion diamagnetic velocity is also consistent, according to the Accretion Theory [9] of
this phenomenon, with the direction of the mode phase velocity. Another feature of the mode that
predicted by the theory is that the [-Regime exhibits a knee of the ion temperature at the edge of
the plasma column but not one of the particle density as the mode excitation factor is the relative
main ion temperature gradient exceeding the local relative density gradient. The net plasma current
density appearing in the saturation stage of the relevant instability, where the induced particle and
energy fluxes are drastically reduced, is associated with the significant amplitudes of the poloidal
magnetic field fluctuations [6, 7] observed to accompany the density fluctuations. The theoretical
implications of the significant electron temperature fluctuations [10] observed are discussed.

PACS numbers: 52.55.Tn, 52.35.Kt, 52.25.Fi, 52.25.Vy
Keywords: I-Regime; impurity; heavy particle mode; fluctuations

1. INTRODUCTION

The collective modes that are associated with the pres-
ence of heavy particle populations in a hydrogenic plasma
have been found originally [1] in the context of predict-
ing the transport of impurities that could be observed by
the experiments. Recent investigations of the so called
I-Regime by the Alcator C-Mod experimental machine
have brought to light features of this regime that can be
explained by the excitation of a new kind of heavy par-
ticle mode at the edge of the plasma column [2]. This
mode involves both density and magnetic field fluctua-
tions. The transport of impurities that is produced by
it is outward, that is in the direction of their assumed
density gradient, while the main plasma ions are trans-
ported inward. These features are consistent with a mode
having a frequency about 200 kHz that has been found
experimentally in the I-Regime and with the observation
that, in this regime, impurities are expelled toward the
edge of the plasma column [3-7]. These modes have a
phase velocity in the direction of the electron diamag-
netic velocity, a feature that was found first theoretically
[2] and that has been later observed experimentally [8].
The mode is dissipative in that its growth rate depends
inversely on the effective finite longitudinal thermal con-
ductivity of the main ion population for which the rel-
ative temperature gradient exceeds the relative density
gradient. Under this condition, the mode driving factor
is a combination of finite impurity temperature and of
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the main ion temperature gradient. The observed spon-
taneous rotation is in the direction of the main ion dia-
magnetic velocity and is assumed, according to the Ac-
cretion Theory [9], to originate from a recoil process at
the edge of the plasma column associated with ejection
of angular momentum in the opposite direction by the
considered mode. The electromagnetic fluctuations [6, 7]
that are observed experimentally together with the den-
sity fluctuations are explained as related to the vanishing
of the fluxes of the main ion and impurity populations in
the saturated stage of the relevant instability. The as-
sumption made that the effects of the longitudinal (to
the magnetic field) thermal conductivity for the heavy
particle population are relatively small are crucial for the
validity of the presented theory. The surprising observa-
tion of significant electron temperature fluctuations [10]
is associated with a process [11] that can decrease the
longitudinal electron thermal conductivity relative to its
collisional value.

This paper is organized as follows. In Section 2 we de-
rive a model dispersion relation referring to a plane geom-
etry simulating relevant confinement configurations. The
longitudinal thermal conductivity of the main ion popu-
lation as well as that of the electrons is considered to be
relatively large. In Section 3 a discussion of the model
dispersion relation is given relating it to that previously
known [1] for impurity driven modes. In Section 4 the
newly found mode with frequency relatively close to the
impurity acoustic frequency is shown to become unstable
as a result of the combined effects of the radial tempera-
ture gradient and of the longitudinal thermal conductiv-
ity of the main ion population. In Section 5 the consid-
ered mode is shown to produce an inward transport of the



main ion population and an outward transport of the im-
purity population [12]. The thermal energy of the main
ion population is transported outward as well. A relative
density gradient of the impurity population toward which
this is expected to evolve and for which the mode growth
rate vanishes is identified. In Section 6 the geometrical
characteristics [13] of the mode that can be excited in
a simplified toroidal confinement configuration are de-
scribed. Then the theory for the density fluctuations of
the main ion population is carried out for the relevant
collisionless regime. In Section 7 we extend the deriva-
tion of the dispersive dispersion relation obtained in Sec-
tion 2 by deriving the normal mode equation appropriate
for the toroidal mode representation [12-14] discussed in
Section 6. In Section 8 we evaluate the effects of the fi-
nite longitudinal main ion thermal conductivity for the
toroidal modes considered earlier and the corresponding
effects of the relevant mode particle resonances. In Sec-
tion 9 we propose an explanation, consistently with the
experimental observations, for the magnetic field fluctua-
tions accompanying the density perturbations that have
been observed. Thus the limitations of the electrostatic
approximation adopted in the previous sections are made
evident. In Section 10 we discuss the experimental obser-
vations of electron temperature fluctuations in the con-
text of the considered mode. In Section 11 we discuss
the processes that can be involved in the onset of the
observed spontaneous rotation. In Section 12 the main
conclusions are given based on the theory presented in
the earlier sections.

2. PLANE GEOMETRY FORMULATION

In order to identify the main characteristics of the
modes of interest we consider a plane plasma configu-
ration where the equilibrium magnetic field B ~ Be,
and all quantities depend on z in the unperturbed state.
The plasma components are the electrons with density
ne(z), the main ion population with density n;(x) and
Z =1 and the impurity population with density n;(x)
and mass number A; > 1. Clearly n, = n; + Zn;. We
use standard symbols and limit our analysis to electro-
static modes represented by E~ ngzAS.

The simplest model of the modes that we shall consider
for a toroidal configuration is of the standing type along
the magnetic field and propagating across it,

¢ = ¢ (x)sin (k,z) exp (—iwt + ikyy) . (2.1)

Since the expected dispersion relation depends on k2, we
may consider, instead of standing modes represented by
Eq. (2.1), propagating modes along the magnetic field,

for which
¢ = ¢ (x) exp (—iwt + ik,z + ikyy) , (2.2)

where, for the sake of simplicity, we consider kf, >
29
dx?

‘é The relevant longitudinal phase velocities are

in the range

vinr < lw/k, \2 < Vs < Ve (2.3)

where Utth = 2T;/m;, j = i, e and I. Under these con-
ditions the key equations that describe the modes of in-
terest are

Zhy ~ fe — 1 (2.4)
0 ~ —ik,neTs + ikyencd (2.5)
0 ~ —ik,n; Ty — ik,en; (2.6)

where Ny, n; and n, indicate the density perturbations of
the involved particle populations. Moreover,

dn

—iwiy + @Ewd—; + ik, ~ 0, (2.7)
tpe = —ikyc b / B (2.8)
and
—iwnymyiy, ~ —ik, (ﬁITI + nITI) - il-c,‘eZm(ﬁ.
(2.9)

The thermal energy balance for the impurity popula-
tion in the limit of negligible thermal conductivity is

3 . dT

—ny | =TT + ’lA}EwiI + iknrTriy, ~0 (2.10)
2 dx

where

Vg 1 dng
i _—
k, nr dzx

Here we assume that T, ~ T; ~ T . Moreover, if we con-
sider the impurity density profile to be relatively peaked,

that is ’i‘&‘ < ’ L dn

Tr dx n; dz |?

‘ Eq. (2.10) reduces simply to

TI 2 fl] .ZA)EI 1 an
— ~ | — —_— 2.11
T3 <n1 t w nyder )’ (2.11)
or
3w T[
gy = = 2.12
UI 2ku TI ( )

T 2 2 A Zed
J:,Lfg @_‘_ﬂ (2.13)
I 5{.«]272(,0114/5 nr T[

where w?, = 5k2T7/ (3my). Then Eq. (2.11) and (2.13)
give rise to

j 2 3 Zed
o = aha) Bt [l (w2 - 2t ) - B | T2 =0



where w!, = (ck,T7/ZeB) (dnr/dx /ng).
By combining Eq. (2.4), (2.5) and (2.6) we have

Ziiy ~ e ﬁ/f“ (2.15)
where ﬁ/l:“ = n;/T; + ne/Te.

Finally, Eqs. (2.14) and (2.15) lead to the dispersion
relation

(w2 — w?A) (W+wsr) = w%l (w — wi*) , (2.16)
where

3 ny f
wi = gw?AA, A= ZZ%TI and  wyr = wl A,

3. DISCUSSION OF THE MODEL DISPERSION
RELATION

We observe that, for the derivation of dispersion re-
lation (2.16), the thermal conductivity of the main ion
population has been considered to be large while that of
the impurity population has been considered to be neg-
ligibly small.

Now we note that the dispersion relation for the known
“impurity” [1] driven modes

W(w+wer) —wi; =0 (3.1)
does not involve the frequencies w? 4 or w!, as it is derived
in the “hypersonic” limit where w? > 2T k2 / my and
W ~ Wyr ~ wgr. In this limit we have an “impurity drift”
mode

wo—w, for wi < wl/4, (3.2)

that has a phase velocity in the direction of the ion dia-
magnetic velocity vg; and an “impurity sound” mode

wowsr — we /2 for wip > w4, (3.3)

that has a phase velocity in the opposite (electron dia-

magnetic) direction. Clearly, the hypersonic condition

applied to the root (3.3) requires that A > 2.

We observe that an evident solution of Eq. (2.16) is

w=wsa zwi*. (3.4)

More generally, if we consider the case where A < 1 and a
mode with a phase velocity in the direction of the electron
diamagnetic velocity (w > 0 for k, > 0) the approximate
solution of Eq. (2.16) is

w:w;A—l—gA (wIA—wi*). (3.5)
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As will be shown this mode can be driven unstable by
the local temperature gradient of the main ion popula-
tion for w!, < wra. In particular, we can argue that (see

Section 5) the transport of the impurity population to-
ward the edge of the plasma column raises the value of
dny/dx /n; until the marginal stability condition (3.4)
is reached.

Finally, in order to analyze the cubic equation (2.16)
in more detail we define w = w/wgy and U = w,y/wsr
and rewrite it as

f@U)=[0*-5/B8A)] (@+U)—(w—U/A)=0.
(3.6)

Obviously, this dispersion function reduces to that in
Eq.(3.1) when A > 1. We observe that there are three
roots of Eq. (2.16) separated by one local maximum and
one minimum of f (w,U). Two of the roots are negative,
and the other is positive as shown in Fig. 1. The positive
root corresponds to the mode in the direction of the elec-
tron diamagnetic velocity represented by Eq. (3.5) in the
relevant asymptotic limit. Fig. 2 shows how the new root
o emerges and how the two roots w; and w3 continue
when A varies from above 1 to below it.

f(w,U)

gl

gl

FIG. 1: Graphic representation of the solution of Eq. (3.6) for
A=03and U = 1.

4. “DISSIPATIVE” EFFECTS

The analysis of the data concerning the I-Regime of
which a sample is given in Appendix indicates that the
main ion population has to be treated as collisionless.
Considering a plane geometry derivation for by the rel-
evant mode-particle resonance (w = k,v,) can be evalu-
ated easily. On the other hand, a good insight on the

- ng - )y

FIG. 2: The arrows indicate how roots move when A varies
from A>1to A<1.



effect of this can be given by considering the effect of fi-
nite longitudinal thermal conductivity in the limit where
Di"k2 > |w|, D" being the main ion longitudinal ther-
mal diffusion coefficient. Then, considering for simplicity
the case where the thermal energy balance equation for

the main ion population reduces to

dT; 2
D Eq 1- ~ —k2DIMT;, 4.1
e (1 ) = -#2DY (1)
where n; = (dInT;/dz)/(dlnn;/dx), and
Az Tz 5 .
i —%——2—6—?(1—1—15;) (4.2)

where ¢} = [wT/(k2D!P)][1—2/(3m;)] and wl; =
(cky/eB) (dT;/ dx) Then the quasi-neutrality condition
becomes

Zhy ~

n (1 +ie;) (4.3)

'ﬂu‘&>

where ¢; = (nﬂi / ﬁTi) el. Consequently, the dispersion
relation becomes

(w? —wiy) w1 +ig) +wi] =

| W

(w — wi*) w?, A,
(4.4)

We consider, for instance, A < 1 and take w = wrg + dw.
Then we have

. 3A
ow [wIA (1 =+ 261') +w*1] ~ TO (wIA — wi*) WrA (45)

that is
3 WA
Iméw ~ —55— (wra — wi*) . (4.6)
(1+ jj;;) +ée2

Therefore, for dT;/dz < 0, 1; > 2 and k, > 0 (phase
velocity in the electron diamagnetic velocity direction)
the dispersion equation gives a positive growth rate when
wra > wf*

The longitudinal thermal conductivity of the impurity
population, when included in the theory, introduces a
damping for the considered mode. In particular, if con-
sider the limit where w ~ wj4 +dw and Df?kﬁ/wm <1,
D! being the longitudinal thermal diffusion coefficient
for the impurity population, we obtain the damping

Iméwp =~ _Bk?\DuI

Finally, we note that considering collisionless regimes
instead of Eq.(4.2) we obtain, for the same plane one

dimensional mc )del7
|k‘| | VUthi 2 nt '

We observe that in this case the one-dimensional nature
of the mode-particle resonance leads to increase the criti-
cal value of n; by a factor 3 relative to that found with the
finite thermal conductivity model as shown by Eq. (4.2).

(4.7)

n;
~
n; T

1+iy/7 (4.8)

5. QUASI-LINEAR TRANSPORT

The directions of the particle flows produced by the
considered mode can be estimated by the quasi-linear
approximation that, for the sake of simplicity, we apply
to the plane geometry model analyzed in the previous
sections. In particular, we indicate conventional averages
over y and z by () and note that, since 7, and ¢ are in
phase,

Te = (felpg) =0 (5.1)

that is, there is no net electron flow.
conservation requires that

Therefore, charge

Z (Aipe) = — (Aidge) (5.2)

and if the transport of the main ion population is in-
ward that of the impurity is outward. In particular, since

(Nilge) = —ny <Tzf1E1¢>/Tz we obtain
1 dTl n; N 2 2
NiVBe) ~ = —— 57 z 1-—, (5.3
(idee) = 724y w2 (loe >< 3m> (5:3)

after using Eq. (4.2). This shows that the main ion trans-
port is inward for n; > 2/3, while the impurity transport
is outward, a feature consistent with the fact that the
impurities are observed to be confined at the edge of the
plasma column in the I-Regime. As indicated earlier, we
expect that the mode will increase (dny/dx)/n; until
the condition (3.5) will be reached.

Clearly, the effective transverse diffusion coefficient,
D(f{ , for the main ion thermal energy that can be in-
ferred from Eq.(5.3) for reasonable estimates (see, for
instance, Ref. [15]) of |0g,| will tend to increase as the
mode transverse wavelengths increase. Therefore it is
important to obtain information on the dependence of
the mode wavelengths on the main plasma parameters
from the experiments and correlate them with the in-
ferred scaling for the corresponding energy confinement
times. Now in spite of the advances made in the investi-
gation of the I-Regime this information is still missing.

Therefore we may consider the condition (3.4) that
gives the perpendicular wavenumber k| ,
ky (5T\'? _ eTr 1 dng 5.4
k. \3m; ZeBng dz’ '

and, since k, ~ lo/ (qRo) (see Section 6), we argue that
the perpendicular wavelength A; = 27/k, has the most
significant and favorable dependence on the magnetic
field. Then we may suggest that fo should depend
on the other plasma parameters mostly through their re-
lationship to the mode mode growth rate Imdéw.

6. TOROIDAL MODES

We refer to the simplest model of a toroidal configura-
tion having magnetic surfaces with circular cross sections



and large aspect ratios (eg = r/Rg < 1) represented by

1

~ 6.1
1+egcost (6.1)

[B¢ (r)ec + By (r)eq] .

The electrostatic modes that are radially localized
around a given magnetic surface r = ry and can be
excited in this configuration, where magnetic shear is
present, are described by the potential

b~ ¢ (ro,0) exp {—iwt +in’ [ —q(r)0] (6.2)

(
+in® [ (r) — q8] F (6)}.

Here ¢ (r) = rB¢/(RBy) is the unwinding parameter, n°
is the toroidal mode number and ¢ (rg,6) is a periodic

function of 6 with

dé
|(5d€ < n’qq,
Q= mo/n0 = q(r=rp), m® > 1 is an integer and

r = rg is a rational surface. Moreover, F'(6) is an odd
function of € that is vanishing for —7 < 6 < 7, with
F (6 = +7) = +1 and ensures that ¢ is a periodic func-
tion of 6 while ¢ (r) # ¢J. In particular, the conditions

$ =0and d(ﬁ/d@ = 0 are chosen for |§| = 7. In previous

literatures this has been referred to as the “disconnected
mode approximation” [12-14] and adopted to describe
ballooning modes for which ¢ (rg,6) is an even function
of # and it has maximum at § = 0. For the radially
localized modes we consider ¢ (r) ~ g3 [1+ §(r/ro —1)]
where § = dIlng/dInr is the magnetic shear parameter.
We note that for —m < 0 <7

A
SIS

Vo~ (6.3)

3l
35

The considered equilibrium distribution for the main
ion population is

fi~ fars 1+ Ay) (6.4)
where
n; (r £
v = exp {— ] , (6.5)
2 Zi0)] Y T; (r)
i = Q’ [nl dr Ty dr \2 T;/)|’ (6.6)

& = (mi/2) (v2+v}) and Q) = eBy/(m;c). Then, fol-
lowing a standard procedure,

fi= _%fMi {¢ +i(w—w)) /O: dt'¢ (tl)} (6.7)

where the integration is taken along unperturbed particle

orbits,
3 £
T — i 1_p[2_ <
i n® ¢T; 1 dn; (6.9)
W= ———— .
* Ry eBg n; dr
and
dinT; /dlnn;
g dr / dr ( )

Modes for which ¢ (o, §) is even or odd in @ have different
characteristics. In particular, the average potential

&@wm:fﬂ$m/ffv

where dl = qRdf, vanishes when ¢ (ro,0) is an odd func-
tion of #. This is the case we consider. Therefore, the
relevant modes will not “see” the locally (in ) unfavor-
able curvature “seen” by the trapped (main) ions. In

particular, we take
2
(m—16])
a3

(6.12)

(6.11)

¢ (r0,0) = do (1) sin (Iof) {1 — exp l—

where g < 1 and [ is an integer, the modes we consider
have frequency

w? < 22, (6.13)

where wy; = vni/ (qRo) is the average transit frequency
for circulating particles. This has the property that
d([)/d@ = 0 for || = 7 where F () = £1.

We observe that an even mode that vanishes at § = £
would be represented, for instance, by

¢ (r0,0) = ¢ (ro) [1 + cos (Io0)]

where [ is an odd integer. As we can verify [see Eq. (8.4)]
this function does not give the expression for T; that is
relevant to the theory presented here.

Then, referring to the circulating particle population
and adopting the form (6.2) for the considered modes we
employ the decomposition

¢ (ro,0 Z¢

[p0>1

(6.14)

(E,A,10) exp [ip°owt (0)], (6.15)

where A = uBy/E, w (E,A) = 2m /74, 11 = ffﬂ d9/’9‘
is the transit period for
tion, ¢(0) =

the main

Jyaolé], & =

ion popula-
Uu/(qRO)7 v, =



o [25/mi]1/2 (1 /2 and o = sgn (v,). Clearly,

o) (&, p) = Tt/_

— AB/By)*

dge ¢Z (T()a 9) exp [—ipotht (6)] .

(6.16)

We neglect the relevant magnetic field curvature and
gradient drifts and obtain

[ o) =i 3 ANEA

[p0|>1
Then, referring to Eq. (6.7),

5A’I“0)
w — paw

dt'é (¢

exp [i (pPowy) t (0)]

cexp [—iwt + in® (¢ — ¢0)] .

e e 3 3 £
- — wi | L= omi+ =i
i Tinz T,Z/dvsz |:w w ( 277 +ﬂn>:|
A
Z (b _5 .70) exp [ipowyt (0)] (6.17)
PR

- exp [—iwt +in® (¢ — qG)] .

Referring to p® harmonics such that w <

5 +imd (w — poawt)] .

1 1
w—pOowy lpoawt (pPowy)

(6.18)

. 3 £
n; ~ T{ O {/dgvfMt( 2m+ﬂm>

QNS( ’) (€, A, o) exp [i (pPowy) t(0)] (6.19)

[p0|>1
6 (w— powy) exp [—iwt +in® (¢ — ¢b)] ] }

For the analysis that follows (Section 8) it is convenient
to evaluate the quadratic form

[irn = Gy |
L i Fe (5) - G20

. Z ‘(/B(PO) (5,A,7~0)‘26 (w —pOO'wt) }(6.20)

[pO>1

150

dAL A 60)

dod*n; ~

where L (A, gg) =T do[1—A/(1+eo (30519)]71/2

- 2 - 2
and Iy = ["_df ‘qb(ro,H)‘ = W‘(bo (ro)‘ for the eigen-
function given in Eq.(6.12). Finally, we observe that
given the sign chosen in Eq. (6.2), the wave number
used for the plane one-dimensional model k,, corresponds
to —m? / r. Therefore, the phase velocity of a mode is
wRy / nY in the toroidal direction and —wrg / mY in the
poloidal direction.

7. SIMPLEST TOROIDAL DISPERSION
RELATION

The simplest theoretical formulation of the modes of
interest for a toroidal geometry can be based on the fol-
lowing equations

fe Ene, (7.1)
i~ (7.2)
Zhg = Ne — 1y, (7.3)
. VET dn[ nr N
- 3 1 I 74
n w dr iwv v (7:4)
where
~ mo C ~
Vi=——— 7.5
) (75)
1 1 du[u ~
iy = < T A 1" 7.6
Vi (qRo i, do ) ! (7.6)
Moreover,
. 1 R -
nrup = fvn |:p[ + Zennﬁ} ) (77)
wmy
5 V dn[
=n;T, Ty~ =T T, -£ )
pr =0T +n;Tr ~ 31n1+31w o (7.8)
where we have considered
1 dn[ 1 dT]
—_ —— 7.9
nr dr Tr dr (7.9)

Ty ~ T; ~ T,,w > D"V? that corresponds to neglecting
the longitudinal ion thermal conductivity for the impu-
rity population and

n— (qR0)2 (Z; do? !

In particular, we retrace the steps that lead to the
dispersion relation (2.16) and we obtain

(7.10)

2

d d?
(w+w*1)<w +W1Ad92>¢+wsz(w wi.) ¢

a2 =
(7.11)

(5/3) TI/(mIqQROQ) and ©%;
(ZQnI/ﬁ) I:“/(mquRo?). Therefore, we may consider

the appropriate solution to be of the form represented in

where ©?, = =



Eq. (6.12), where we take [y > 9 to ensure that w? < (302,
referring to the parameters quoted in Appendix and to
the experiments carried out by the Alcator C-Mod ma-
chine. In particular, for Ry ~ 68 cm, T; ~ 600 eV and
g ~ 2.5 we have wy; ~ 1.4 x10° Hz ~ 8.9 x 10° rad - sec ™!
Therefore we may take Iy > 9. The relevant dispersion
relation is

(W = 82) (@ Hewa) = (w—wl,) 5%, (7.12)
where &%, = w7413, and &%; = ©%,;13, and we have re-
turned to consider a dispersion equation that is very close
to that obtained for the simplest plane geometry model.

8. MODE-PARTICLE RESONANCE EFFECTS

The considered mode can acquire a growth rate by a
resonant interaction with the main ion population repre-

sented by
//ﬂ' IUH

with p’c > 0. We note that the effect of the mode-
particle resonance (8.1) can be simulated by a finite lon-
gitudinal thermal conductivity as was done for the plane
geometry model if odd parity modes are considered. In
particular, for |w| < lop@y;

w = pow; (€, 1) (8.1)

=TT 52
where
s 6)
¢ = ¢(0) pexp {—iwt +in" [¢ — q(r) 0] (8.3)
T; T; (0)
+in’ [q(r) —q0] F(0)},
. 2\ dT; D g2
—iVi (l — 3le> o (qRo)2 Wﬂ (9) (8.4)
and
” cmY -

where ¢ (0) is given in Eq. (6.12).
Therefore, by directly integrating Eq. (8.4) we obtain

2
~ ; w*z (quiz)Ot)h (1 — 32’[h> ng (7"0) SiIl (109) (85)

e

o /Tl

It follows from Egs. (8.2), (8.5) and (6.12) that

L[ w0307 0)

1 (qRo)? 2
14w’ ZD 1-— ) | (8.6)

Then, by virtue of the quasi-neutrality [Eq. (7.3)]

4 en

Z | don;(0)¢(0) = ?10 (1+41&), (8.7)
where
- e’ T T (qRO) 2
= - — 1-— .
&g = T Wy ZQD‘tI? 3,’71 ) (8 8)
and instead of Eq. (7.12) we are led to consider
(w? = &%74) [w (L +1i8) + wa] = (w—wl,) ©%;. (8.9)

Clearly, the conclusions on the mode stability reached in
Section 4 can be extended to this case.

If we consider the collisionless limit where the mode-
particle resonances discussed in Section 6 become impor-
tant, then the dispersion relation (8.9) can be used with
&€; being replaced by

it Z(/AOCZA+/A1 "4 ) L(A, ) (8.10)
L ()5

Z ‘(b (E,A ro)‘ (5(w—p00wt),

[pO>1

Al
|

which can be read off in Eq.(6.20). Here the interval
0 <A< Ay <1— g refers to well circulating particles
for which @y ~ v,/(qRo), p° ~ +ly and q?)(po) (& p) =~
Flo) (&, 11). Therefore,

(i —2) Ao + (i —ni) (L —eo — Ao)] (8.11)

Lot
where 7{ is the threshold for 7); associated with weakly
circulating particles. In this context we observe that in
the case where even modes are considered that involve
resonances with trapped particles [14] we have a contri-
bution represented by

T 2
B il (1 2
i - =2 3 )’
Woi Wy, i

where @wp; is the average bounce frequency of trapped
main ions. Clearly, in this case the value of threshold
parameter 7. is reduced by a factor 3 relative to that
found for £g = 0 and is equal to that found when the
effects of finite longitudinal thermal conductivity prevail
as shown by Eq. (8.5).

(8.12)



In the rest of this section, we evaluate &; defined in
Eq. (8.10). We note that

L (A, 60)

—p° = U — Uy 1
) (w P th) 0 on 0 (D — Ures) (8.13)
where v = 1/ &/T; and
- w
Ures = mL (A, e0) . (8.14)
Eq. (8.10) can be rewritten as
_ 2\/7? Wl 1=eo
& = o Z/ dAL? (A, &) (8.15)

oG]

L 156" (3 7A,TO)‘25(5—%).

Upon performing the trivial v-integral, Eq. (8.15) reduces

to
3 l1—e
_ 2 0
5 = T :,j |0|/ (8.16)
0 te o |pO|>1 p
(A 50) Ures exp( res)

3, . 2
’ (1 - 5,’72 + vresni> ‘¢ »’ res’A TO)‘

Denoting the two types of A-integrals in Eq. (8.16) by

mo=2ry Y

o |p>1

1 1760
W / dAL2 (A,Eo)
‘2

(E)(po) ( rcst TO)

1)2 s €XP ( Ecs)

and

1—¢
I, = 2772 Z |p0|/ dAL? (A, &)

o |p°|>1

' fes exp ( 1?es)

30" (32, A ro) |

)

Eq.(8.16) can be cast into the form analogous to

Eq. (8.8), i.e
5 = —acli (1 m) : (8.17)
Wts 771
Where
. 114
af =w 8.18
Ton§ (8.18)
and
30 IL\ °
e=(2_22 1
w=(3-1) (5.19)

The A-integrals in II; 5 can be evaluated analytically in
the large aspect ratio limit in which § = A gp/(1 — A) <
1. We notice that

0w 041 — 1+80CO59_aw“v\/l—A\/l—i—écosﬂ

1 1 302§ 362
— 1+ - = + 2 cos (2
- |: 16 2 COS 9 16 COS ( 9):|

6 2

do 1 36
to)= [ 2~ 1 1422 )
(6) /0‘9‘ wti@\ﬂ—AK 16)

] 362
—3 sin 0 + 57 sin (29)}

and

§ . 3 5.
wtt(ﬂ)_9—551n9+3—25 sin (26) .

Thus,

0 52

exp [—ipowtt (9)] ~ exp (—ipOQ) . [1 - i3p sin (29)}

32
P00\ p°0
{1- <4) [1 —cos (20)] + 17 sin 6

for ’p0| 0 < 1. Furthermore, we note that to the order

of (l0€0)2 in the evaluation of &; the only relevant (5(”0)
in Il o are those with p® = £ (lp,lp £ 1). For the trial

function ¢ (8) = ¢g sin (Ioh), Eq. (6.16) gives

(10) (5 Ay m 20 [ _ (108
@' (v, A) 0o 1 <4)] (8.20)
and

PUoED (5, A) ia%% (8.21)

Other factors in 1I; o can also be expanded in orders
of §. In particular,

L(Aeo) > —— <1+352> (8.22)
y<0) — ].7A 16 ) .
2
/(:)IQ‘CS - UTQCSO (]‘ + 32) ’ (823)



and

_ 362 _
’ErQesO) (1 - 8vr2es0> (824)

=2

exp (_Ures) ~ exp (—

where

w \ 1
=2
Vreso = <M> 1A (8:25)
(¢")
We denote each p’-th component of ITy 5 by I} 57, re-

(")

spectively. All A-integrals in II; ,
into A = 02 -integrals of which the integrands are prod-

can be transformed

ucts of certain polynomials in A and exp (—A). For in-
stance,
T2 1—¢o 2 1
i ~ 7| ¢o| / dA( w > _
lo Jo lowsi ) (1 —A)
R ﬁ 2 _ =2 2
1 ) (QZO 6 + 3vros()) exXp ( rcsO)
2 2
] / d e —A[ — (5 -6+3)) (b—)\)285£2}
b

lo

where b = w?/I2&?%. Likewise,

T 19 EL 2
) o Tl / Tae 1= (B -9430) (- N o
L ) 8b2
mldol? B2 [ A\
ot ~ 270 o 0/ dA (1— ) e
lo+1 16 J,, by

where b, = wz/ [(lo +1)? 077521} )

b+ 2
ety ~ rldol” ZOSO/ (1= 2) e
lo+1 16 Jy, by
[Gol? B3 [ %
- ~ %o 050/ dx(1- 2 &
1 lo—1 16 J, ) €

where b_ = w2/ [(ZO - 1)2@21} , and

b_ )\ 2
/ d A\ (1—) e .
b b_

Upon performing all the A-integrals, to the leading or-
ders of b and (lpeo/b)* we obtain

7| o ? lofo
lo—1 16

Hélofl) ~

1, = {4 e et

I() 35%
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(8.26)

and
H2 — Hél()) + Hglo_l) + H(l0+1)
IO 9 50
~ — b ———+b 8.27
lO eXp( ) |: 4 b2 + :| ( )
where we have assumed that lpeg < b < 1.
Thus,
VT 9¢ep
¢~ 1+-——3b .2
Q; o, + 152 3 (8.28)
and
. 3l
7S 22< —b2°+26>. (8.29)

We have recovered the critical value for n; for the plane
geometry as the second term in Eq.(8.29) is neglected.
The last term in Eq. (8.29) corresponds to the correction

proportional to w? / (k,,vthi)Q, which can be included in

Eq. (4.8). For the values of gy such that 3¢3 > 2b but
still compatible with egly < b, we have nf < 2.

9. POLOIDAL MAGNETIC FIELD
FLUCTUATIONS

In order to justify the observed electromagnetic fluc-

‘tuations, we note that EA’” = —ik‘,dg + iw fl“ ¢ and up

to this point we have neglected iw A, / c. The estimated

density fluctuations are [16] fi./n. ~ 1072 x «,,, where
ap ~ 1, while the estimated poloidal magnetic field fluc-
tuations are [17] By ~ (3 —8) x 107* T . Then we may
compare

Ne/ne  to  |w/k,|[e/(cTe)] /Bgdr. (9.1)
If we consider |w/k,| ~ vp; and T, ~ T; ~ 600eV, we
may take |w/k, | =~ 2x 107 cm/sec in Eq. (9.1). Moreover,

for
AH

~

/égdr ~ é@AT (9.2)

where Ar ~ 1cm [16] the comparison (9.1) becomes
e o lw/k] By
— t 1.7x1073 [ —=L —
Ne © . <2x107cm/sec> <5G>

Ar 600eV
lcm T, ’
Thus the electrostatic approximation used in the previous

sections is acceptable but the estimated values of By have
to be justified. Clearly,

drd,
ck?

v-J.
ck2k,

/AL, ~ ~ —idm

(9.3)



In particular, V-J, = V-[(n; + Znr — ne) ] = 0 at the
stage where the linear description of the mode is valid.
We argue that in the saturated state fio/n. remains

~ e(ﬁ / T. while the electron radial velocity is ¥g,. Thus

Tex = (Rebps) = 0. Consistently with the experimen-
tal observation that injected impurities are promptly ex-
pelled, the impurity radial flux is considered to become
greatly reduced relative to that estimated by quasi-linear
theory that is valid at the start of the mode evolution.
Consequently, [Tiz| = [(7;0%)] < [(fi0p,)|, where & is
the main ion radial velocity in the saturated state. As-

suming that 7; remains of the form
e

Ay =~ _fni (1+iej),

in the saturated state, starting from the initial stage
where 7i; ~ —e¢n; (1 +i&;) and &; is given by Eq. (8.17),
we argue that

where A9¢ ~ —iefip,. Correspondingly,

S S T
Uy ~ Upg + Al
and
AL ~ —ief = pp
T 1 ﬁTz z

since Zny ~ fie — n;. Then a current density

Jr ~ e (nlAﬁ;, + ZnIAﬁi)

, Zn;T
= —icien; Vg, <1+ el >

nT;
C s A
~ —igien gy

has to be considered. ~We shall take V - J, =~
o ajw/ax ~ oy jw/Ar and in view of Eqgs (9.2) and
(9.3) we obtain, for df = ¢*/w?;,
= 47r5*f"eni(£
© = "kArk,ArB
1 B
 kArk,Ar eB d?Q;
For k, =~ ly/(qRo) ~ 2/35 cm~* (1p/10) (2.5/q)
(70 ecm/Ry), Ar ~ lem, k ~ 2em™t, T; ~ 600eV,
n; ~ 1.25 x 10" cm™3 and B ~ 5 x 10* G, referring to
the relevant experiments, Eq. (9.4) reduces to

1 s _a] 2 2/35
~ §><gixan><a!]><10 |:kA’/‘:| |:]€,A’I“:|

: {Zﬁ/(m x 106 Cm?/sec)] [35?}2

2.4 x 108 rad/sec
Qci

X €5 X ay X oy x 107%(9.4)

B
B
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and we can see that the resulting values of ég are in
the range that has been estimated from the experimental
observations.

10. ELECTRON TEMPERATURE
FLUCTUATIONS

If we include the electron temperature fluctuations in
the plasma quasi-neutrality condition, this becomes

n— (10.1)

It is clear that when considering the ratio of the relevant
collisional longitudinal thermal conductivities or of the
relevant linearized mode-particle resonances Ty, /T, can
be neglected. On the other hand it is possible that, since
other microscopic modes may be present, the longitudinal
electron thermal conductivity may be depressed and that
electron temperature fluctuations become significant. In
fact, recently A. White concluded that electron tempera-
ture fluctuations of 1 ~ 2 % were observed in the Alcator
C-Mod experiments on the I-Regime [10].

Indicating the mean free paths of ions and electrons
by A; and A, we note that for the regimes we con-
sider kA ~ kA ~ 4.0 x 102 [k‘,/(2/35 cm_l)] .
{/\Z— ~ 7.0 x 103 cm (73/600 eV)Q} - (10"em™3 /n;) refer-
ring to a series of relevant Alcator experiments. Taking

this into account we write an effective longitudinal ther-
mal energy balance equation as

. dT, N
k“?De ﬂ‘Te” + ’lA)EI% + ngTeVnuen = 0;

le:

(10.2)

implying that DS is due to the effect of microscopic

modes that should be present. Then we have

Tel\ 0 x e 1 dTe <
ne o Lz e~ (1— 77) (10.3)

k2 D¢gT. d Ne

where 0. = (dInT,/dx)/(dIlnn./dz) and n¢ has to be
evaluated on the basis of the processes that determine
De¢ 4. Consequently, the condition for the instability
of the mode we consider will depend on the difference
(j-‘iu/Ti) n; — (Ten/Te) Ne.

Finally we note that if we refer to regimes for which
k,A; < 1, another class of collisional modes can be found
with longitudinal phase velocities

w
(ki) vens < = < Vthi-

11. SPONTANEOUS ROTATION

The “spontaneous rotation” of the plasma column ob-
served in the I-Regime is in the same direction as that



of the main ion diamagnetic velocity (co-current). The
range of this velocity is [6] 20 — 90 km/sec. According to
the Accretion Theory [9] of this phenomenon the pres-
ence of two processes is required:

i). a process to scatter angular momentum to the wall
generating a plasma recoil in the opposite direction, that
of the main ion diamagnetic velocity;

ii). an “inflow” process to transport the generated an-
gular momentum from the edge of the plasma column
toward the center.

The heavy particle mode that we introduced and that
is excited at the edge of the plasma column can provide
the scattering of angular momentum in the same direc-
tion as that of electron diamagnetic velocity to the wall.
For this the formation and launching of plasma blobs may
be envisioned.

As for the inward transport process we envision it to
be represented by a composite transport equation involv-
ing a “diffusion” term and an “inflow” term as described
in Ref. 9. During the transient phase, when the rotation
velocity profile is peaked at the edge of the plasma col-
umn the diffusion term produce inward transport. When
the velocity profile is settled and is peaked at the center
of the plasma column the diffusion term is counteracted
by the inflow term. According to the theory given in Ref.
9 the main inflow is associated with the ion temperature
gradient and it is the result of the excitation of modes

with |w|2/kf >3

12. CONCLUSIONS

We have identified a new mode that can be excited
in a multi-component plasma with a massive particle
(impurity) population, embedded in a relatively strong
magnetic field. Among the salient characteristics of the
new mode there are: i) its phase velocity that is in
the direction of the electron diamagnetic velocity, ii) the
outward transport of the heavy particle population con-
nected with the inward transport of the main (light) ion
population that it can produce, iii) the driving factors
for the mode being the combined effects of the light ion
population temperature gradient and of the relevant ef-
fective thermal conductivity along the magnetic field and
iv) having a frequency that exceeds slightly the acoustic
frequency of the heavy particle population. These char-
acteristics and the fact that the mode is shown to pro-
duce measurable electromagnetic fluctuations make it a
suitable candidate to explain the features of the 200 kHz
density fluctuations found experimentally in the so-called
I-confinement Regime. In particular, in this regime where
the main ions and the electrons are well confined, impu-
rities have been observed to be localized around the edge
of the plasma column.

One of the strongest limitations of the theory that has
been presented is its formulation for a toroidal confine-
ment configuration having magnetic surfaces of a circular
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cross section. In fact, a closer comparison with the ex-
periments that would require a more accurate description
of the mode poloidal profiles, with the characteristic odd
parity that we have identified, will require an extension
of the analysis to geometries like that of characterizing
the Alcator C-Mod machine that have an X-point.

Moreover, given the promising confinement character-
istics of the I-Regime in view of future experiments on fu-
sion burning plasmas, it is worth considering the possibil-
ity to influence the onset and the evolution of the “heavy”
particle mode that we have investigated. In fact, an ex-
perimental effort in this direction is being undertaken by
T. Golfinopoulos. The presence of the electron temper-
ature fluctuations associated with the observed density
fluctuations will require further investigations on the pro-
cess by which the effects of finite electron thermal con-
ductivity are substantially stronger than those expected
from existing theory.
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Appendix

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

e Frequency Range

f =200 kHz, w > 1.25x10° rad-sec .
e Spontaneous Rotation Velocity [6]
ugp ~ 10-120 km - sec™ !,

which corresponds to the direction of the main ion dia-
magnetic velocity.

e Toroidal Mode Number, estimated from the experi-
ments [17]

n’~25+5
e Major Radius of the Plasma Column
Rop ~ 68 cm
e Mode Localization Radius
R;, =Ry + AR ~88.5 cm
e Unwinding Parameter at R ~ Ry,

q(¥r) ~2.5



e Electron Temperature at R ~ Ry,
T, ~ 600 eV
e Electron Density at R ~ Ry,
Ne 102 m—3
e Dominant Impurity
O+6

e Impurity Parameter

Z2n5 (ne ng\
A= — 4+ — ~ 0.3
T (Te - T)

for T, ~ T; ~ T and considering Z.¢r¢ >~ 1.5 at R >~ Ry.
e Poloidal Wavelengths

2

= Ty

~3-6cm

if the flux surface averaged wavenumber (kg), =~

1-2 cm~! as indicated by the experiments [8].

e Toroidal Wavelengths

21 Ry Ry 20-30
Ay = = (14-21) cm {68 cm] [no}

e Inferred Main Poloidal Mode Number

5q (m)} [no}

12 25

q (1) n° = 60 {

We note that the flux surface averaged poloidal mode
number, (m), can be connected to (kg), by (m), =
(ko) Co/(2m) where Cp is the poloidal circumference of
the magnetic surface whose outermost radius is Ry. If
we take Cp/(27m) ~ 30 cm, we obtain (m), ~ 30-60
for (kg),, =~ 1-2 cm~". The largest value would be
consistent with the inferred main poloidal mode number

q(Yr)n’.

e Thermal Velocities

SIS

T
Vehs =~ 2.4 X 107 5006V cm - sec ! deuteron
e
_ o1
T, 2 116
v ~ 8.5 x 10° _GOOIeV_ { mTInp} cm - sec” limpurity
9 [ T. 2 -1
Vihe =~ 1.5 x 10 500 eV cm - sec electron
e

12

e Collisional Frequencies

deuterons

3
N 3 n; InA| [600eV |2 _1
vit =35 % 10° [ {5 | [15][ 7

impurity - deuteron

Vi Z1% [ my
iel2x10t | 12 i
v x [3.5>< 10° sec—l} [6} [Zmp]

1
: [ GmP} sec !
mr

impurity - impurity

Z%n; AT [6006V]?
1014 cm—3 15 T]

1

Z1% 116 z
1o ] s
6 mr

vir ~ 4.4 x 10* {

e Mean Free Paths

[ Uthi
Aii ~ 6.9 x 10
2.4 X 107 cm - sec™! |

[3.5 x 10%sec™1]

Vig

cm

[ Uthl
A~ 7.1 %10
! . 8.5 x 106 cm - sec™!

[1.2 x 10*sec™1]

cm
L Vri J
[ Vthl
Arr =~ 1.9 x 10
" x 8.5 x 108 cm - Secl}

(4.4 x 10* sec_l}
| ——— | cm

vir

e Main Ion Collisionality Parameter

gRo 1 [10 6.9 x 103 cm {i} Ry
lo)\“‘ o 10 lo )\ii 2.5 68 cm
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