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Abstract

Anomalous guasi-linear fluxes induced by the
curvature drift rescnance and trangit resonace are
evaluated in a rotating helical plasma. The radial
electric field makes the Doppler shift, but does not
contribute to the anomalous fluxes. The curvature drift
resonance induces the new curvature term in the gquasi-
linear fluxes. The effect of helical magnetic field is
through this curvature of magnetic field lines, and
contributes to the inward transport. The ion heat
diffusivity due to the curvature drift resonance is
obtained in the form of modified gyro-Bohlm coefficient,
and is compared with experimentally observed cne in
CHS Heliotron.
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§1. Iatroduction

Transport coefficients observed in Tokamaks (1) ang Heliotron
/Torsatron{z) are larger than those coefficients predicted by
necoclassical thecory more than one order of magnitude. Anomalous
transport phenomena seem to dominate the plasma transport processes
in variocus toroidal confinement fusion devices.

The anomalous trangport coefficients are usually evaluated by
assuming the existence of certain micro-instability, i.e., the
existence of unstable discrete time eigenvalue. In addition to the
discrete eigenvalue, the basic Vlasov eguation has the continuous
eigenvalue(3)(4) induced by the wave-particle resonance condition.
Although this continucus eigenvalue does not affect the instability
or the discrete eigen mode, it contributes to the plasma transport.

In a pevious report(S)(G), the effect of continuous eigenvalue on
ion transport has been studied, and successfully interpreted the
experimentally observed phenomenon in a tokamak. In this report, we
will apply the same theory to the interpretation of experimentally
observed transport coefficients in CHS Heliotron.

In the torcidal ccoordinate system (r,8,9), the magnetic field in
the toroidal-helical configuration is given by B=Bo({l-gcosé-
gpcos (I6-mp} ) . In the CHS Heliotrom, the toroidal effect ee=r/Rg is
smaller than the helical effect ey=¢,I;{mr/R,) except near the
plasma center regicon, where I is the modified Bessel function. We
consider, therefore, the helically symmetric system neglecting the
toroidal effect. This helical magnetic field may modifies the
equilibrium distribution by the neoclassical effect. FPor the sake
of simplicity, we will neglect this effect, and consider the
Maxwellian plasma. The helical magnetic field modifies the particle
motion through the curvature drift and the local magnetic mirror
effect. We will take into account these helical effects in
evaluating the continuum contributions for the quasi-linear
electron, ion and energy fluxes. The curvature drift effect induces
an inward transport term in the fluxes. It, however, does not

affect the diffusion and heat diffusivity coefficients.



§2. Cross Field Ion Fluxes
We start with the gyrokinetic solution which includes the
effect of electric potential &:
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where wg=kgVg with Vg=cE./B, Er=-®', and other notations are
standard as defined in Ref.({6). We assume the helical effect is in
the precessional drift frequency;
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where 8 is the eikonal., For the low-f plasmas{p<<i) .k=®. V)b =
V1nB, we have wp#@p (vy 2/2+vi2) with £D= 2epws= CTKg/eBLp, &n=Ln/Ln
,l/Ln=—dlnn/dr and 1/Lp=-dlnB/dr. In the toroidal-helical
configuration, the equilibrium distribution may be modified by the
neoclassical effect. For the sake of simplicity, however, we will

take the lowest order Maxwellian distribution: Fy=(xven) 3/2exp(-
E/T) with E=MvZ/2+ed.
We calculate the quasi-linear flux defined by(7)

T =fd3v<:rx;> (3)

where the angular brackets means the ensemble average for the
fluctuations and GX=—ikﬂd&Bis the perturbed radial component of
the ExB drift welocity. Substitution of eq. (1) into eqg.(3; yieids
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where the normalized flux is defined by
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w=e+wg and E=E/T. By the same manner, the energy flux

Q=fd3v<:rx; > (6)

can be expressed in the form



~ 2

v T, s$
Q-gneB% = | Bl (7)

oo
Notice that the mumerator in eq. (5) can be written in the form
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where the electric field term comes form the rotation freqguency
wp=kgCEy/B. Bach term in the right hand side of eq. {8) corresponds
to Shaing*s neoclassical expression‘s) although our resonance
denominator is different.

When certain instability, for example the nj-mode, is excited,
the flux ¢4 may be given by the growth rate y of the unstable

discrete eigenvalue wg=wp+iy:

of = [ v B IRt 52 ) m (9)
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In the CHS, the experimentally observed plasma density and
temprature profiles are expressed by(9):

nx = (no-nb)-é- a—x“n)f’n{:— t-g) a~x°‘n)ﬁn“}+nb (10)

T = (T~ Tp) §- 1) P74y, (11)

where g has been defined in Ref. (9). The parameters Ons fn, o, Dp,
ap, Py, To and Tp are all tabulated in Ref. (9) for the low and high
density dicharges. The dencity profile is peaked in the periphery
which may be one of the characteristics of the CHS plasma. The
important profile parameter n=dlnn/dlnT becomes negative in the
central region. The n;-mode may(lg), therefore, be stable at least
in the central region of CHS. When the discrete mode is stable,
the coresponding flux ¢4 should be zero.

Neglecting the transit freguency k,y=0, we evaluate the continuum
contribution to the flux induced by the curvature drift resonance
condition w=wp, which always exists independently of the discrete
mode. We assume the existence of electrostatice fluctuations which
may be induced by some instablities such as resistive g-mode(11)
and MHD modes or subcritical nonlinear chaos(12),

If we consider passing particle alone, the velocity integral may
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be written in the fom

J‘c?vF —~——f J'dEf v At J'dEf E, (12)

If we assume wD—-wDE as in Ref. (1}, applymg eg. {12), the flux (9)
induced by the resonance condition w=wp can be written as
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If we consider both component vand v, in wp, ¢4© may be expressed

by the double integral :Lnstead of the single integral as in
eq. (13), which may only be calculated numerically.

We introduce the frequency power spectrum S(w) by
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In this case, fluxes given by egs.(4) and (7) can, respectively, be
written in terms of moments Ij:
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where the moment integral is defined by

Ij=f Swwi 26 S orw- wg) (17)

From the definitions of wp, w+ and ws«n, egs.(15) and (16} can be
written in the neoclassical forms:
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where the following relation has been used:
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Notice that the electric field Ep term disappeared in egs.(18) and
(19), It is involved implicitly in the moment integral in eq. (17).
The frequency spectrums S${w) in the rotating plasma measured form
the labolatory system may also suffer Doppler shift by wg. In
this case, wg in the moment integral (17) may disappear, and we
have no electric field effect in egs.(l5) and (16) as in the linear
dispersion relation.

The last curvature term -B'/B in egs.(18) and (19), is the new
term. This term comes from the frequency o term with the curvature
drift resonant condition w=wp. Since the curvature term is
negative, it contributes to inward transport.

We now evaluate the moment integrals assuming a simple cut-off
frequency spectrum: S=1/2vg for |wi<wg with wg being the half
width of the frequency spectrum. In this case, we have

I3'=J?S/|lede+lﬁe_w (21}
If we assume that the width is much wider than the curvature drift
frequency, wg>>lwpl, the moments may be approximated by infinite
integral, and yield IO=J;/2wS, Il=3J;/4wS and IzzlSJ;/sms.

Introducing these moments into eqs. (18) and (19), we have
- 12
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In eq.{22), T' term is exactly canceled out. The helical effects

in egs.{22) and (23), are in the curvature term B'/B and Jg;.
Since diffusion coefficient D is the coefficient of n', it is given

by
f z:,_i —_
m Bl wg (24)

k
The heat diffuscivity x is the coefficient of aT’ in eqg.{23), it
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can ‘be given by
~ 2
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If we assume wg=3uwp=6CTky/eBLp, pijk. =1/5, le%]Tlﬂ(kLL)'l and
L2=Lqlm, bearing in mind the relation (20), we have
2
x=125—f (t-yen) ‘;_l:i
where vi is the ion thermal velocity and Ly is the scale length of
temperature gradient defined by 1/Lq=-T'/T. The assumption LZ=Lmqlp
corresponds to the assumption L2=LpR in Ref.(10). With this

(26)

assumption eq.(24) may be proportional to the interchange type
driving force wpw«nj Gue to the n,-mode.

Equation (26} may be applicable when the trapped particle effect
ig neglected. For trapped particles, the bounce rescnance and the
curvature drift resonance may be possible. We neglect the bounce
regonance continuum contribution assuming low bounce freguency
wp<<wp. The heat diffusivity due to the curvature drift resonance
for trapped particles may be, by the same mammer as in the above
for passing particles, given by xﬂqnlfzvipiz/LT. In this case, the
trapped particle contributicn may be cancelled out in eg.{26), and

we have

.=Vj‘°iz= vl | (o9 V' B 2..?_ (27)
W 1 a B | Lg

where (£), means the value of f at x=0. We assume (vipj2/a)g=l

m2/sec and plot the profile of yj, by applying eqg.(ll) and
B{x)=Bo(l-&,(x)) to eq.(27).

The radial profile of heat conductivity given by eq. {(27) is
almost determined by the temperature profile. The radial variation
of x;j is presented for various values of the temperature profile
parameter fp in Fig.l by a surface graphycis for the case of low
density case. As seen in Fig.1, x4 increases meonotcnically toward
the periphery when fp{l. For the case of high density discharge,
the surface graphics of x; is similar to Fig.l.

The ion heat conductivity given by eg. (27) is compared with the
experimentally measured cne denoted by Xiexp for both low and high
dendity cases in Fig.2. 8Since the numerical coefficient in eq. (27)
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may depend on many assumptions such as the constant kgpi and L, the
numerical coefficient may be considered as an adjustable parameter.
The theoretically calculated xi is adjusted at the intermediate
position to the experimental values in P1g.2. As seen in Fig.2, the
modified gyro-reduced Bohm coefficient given by eq. (27} agrees well
with experimental results if we choose fqgl.

§3. Electron Fluxes due to Transit Resonance
We proceed to the evaluation of electron guasi-linear fluxes. For

electrons, the tramsit frequency wr=k, Ve may be much higher than
the drift fregquency wp, where vy is the electron thermal velocity:
Te=Move?/2. As in section 2, the suffix e for electron will be
deleted, because of simplicity and all results are essentially
applicable alsc to ions. In the case of electron, the transit
resonance w=k; v, may be more important. From eq.(l) to eq. (%) in §2
are applicable also to the electron transport due to the transit

resonance.
The normalized flux for the transit resonance can be written in

the form

c___%_ -x2 i _i -y? 2 2 -2 _ 2
¢j—J;J:dxxe J'; dy{w u*[1+v{x2+y2 zn}e Y e+ vy 3@ c,tyz)
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Carrying cut the integration with respect tc y, we have
e dz] [ 3
=2 1Ky B0 1-— -ws Nk, 28
where the moment integral Ky 1s defined by
Kfrzduuje‘“ (29)
Uy
Here the the integral limits are u;={wwt)? and up=u; (1+1/ep).

Introducing eq.{(28) into egs. {(4) and (7) applying eqg. {14), we
have the fluxes in the forms:

= Z'J—HE CTkﬁ r d(.lS((.O){K{(IJ_OJ*[I“'ET)]]‘OJ*HKI} (30)
=18 SN NI
T kﬁode(W)J\Kl W= (1 ?nD w*r]Kg} (31}

If the helical effect is neglected, up—>°. In this case,

CT kq
=2J‘_T —
Q=2vymry ;{:eB%

Kj+l=uj+le'ul *jK4. In particular, Kg=e Y1, Kj=e Ui(u;+l) and
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Ky=e Ul (1+(u;+1)2). When the spectrum S is even with respect to
the Doppler shifted variable &, the fregquency term in egs. {30) and
{31) wvanighesg, because the mcoment integrals Kj are even. If we
consider the freguency range wsuw:<<w, the electrorn thermal flux
may be approximated in the form

s §2 5\
e
Qe_zJ;nTeE_&_&_i w*e{1+£J (32)
X eB wte Te k 2
In view of the relation (20), eqg.{32) can be written in the
neoclassical form
~ g2
C i n' 11!
Qe'—'zJ;nTeZ—E"Q‘ ____[____.._2.} (33)
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Notice that the electric field term disappeared in eq. (33) by the
same reason as discussed in section 2.

2pplyving the same assumptiong for fluctuations as in section
2:IC§B/BI2=912V12/4LBLT: from the coeificent of T'y in eqg.(33) we
have the electron heat conductivity

x e,
Xe > q. THB.Xl {34)

where x4 has been given by eq.(26) , =Tg/T; and g=27/1 is the
safety factor.

Due to the factor of mass ratio, the electorn heat diffusivity xe
given by ed. {(34) induced by the transit resonance continuum is much
smaller than xi given by eq. (26), and may be neglected as compared
with the ion heat diffusivity. The smallness of xo given by
eg. {34) is due to the smallness of the perturbed distribution for
the circulating electrons:fego(w*/wte).

§4 Trapped Electron Contribution

We now consider the quasi-linear fluxes induced by electrons
trapped in the helical magnetic field. The non-adiabtic portion of
the trapped particle distribution is given by

~

Q- QR+ me =P
ff=—Fy— (35)
@ - wpgtlvers T
where the electron : collision freguency for trapped particle is
given by voff=ve/en. In this case, the normalized flux defined by

eg. {5) is written by
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where the integration region T means the trapped particle
region:v, <Ehl/2YL . In view of eqg.(8), the guasi-linear fluxes
corresponding to egs. (4) and (7) may be written in the neoclasical
expressions:

-2
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where T4 has been defined by
— FyE’ (39)

Tj =de3v
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From the coefficent of -n' in eq.(37), by making use of egs.(14)

and (20), the diffusion coefficent ig expressed by
-~ 2
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From the coefficient of -nT' in eq. (38), the heat diffussivity is

Veff

given by
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For the sake of simplicity, we apply the same approximation as
used in section 2: LJD:{SD"E': In this case, eg.{3%) is rewritten in

the form

E]_!e-E
Ty = Ehveffﬂ_l:dE (42)
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where vaffo=vVo/th 1s the effctive collisin fregquency at thermal
velocity. When veff>>wp, the moment integral (42) may be
approximated by

Sk J;ﬁdEEj*2e"E (43)

Yeffo
In particular, from eq.(43), we have TO=2ehl/2/veff0, T 1=3Tg and
To=4T7 .




If we assume the cut-off type frequency spectrum as used in
section 2, from eq. (40), the diffusion coefficient becomes

/2
—22 E:‘ (44)

By the same manner, the heat diffusivity becomes

/2
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In view of the relation (20), if we apply the mixing length

relation ledTl=(k, L} ! with L2=LnLT, eq. (44) can be written as
3/ 2

w?q
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It is interesting to note that the diffusion coefficient (46) can
be expressed by the discrete eigenvalue of the dissipative trapped
electron mode (DTEM) (13),
The perturbed ion density is given by

ni= _l+ dSV':'"@":"‘?:'E}"—“FM _@n;.ui;_e_gn (47)
@~wpi~Ks Vi T ® T
For the trapped electron density, we have
J'd? —BTre 1S9y (48)
@~ Wpg *LVegs T
The quasi-neutrality condition, ﬁezﬁi, vields the dispersion
relation
Des=1- _O7dite  pog (49)
V- Wpe ¥1Vegs

The imaginary part of the integral in eg. (49) is equivalent to the
normalized flux ¢ defined by eq. (5). Making use of the dispersion
relation, which is alsc eguivalent to the ambipolarity relation, we
have

do &, @) = {50)

@° y‘

r
where w=w,+iy is the discrte eigenvalue determined by eq. (49).
Introducing eq. (50) into eq.(4), applying the mixing length
relation and assuming e,%w, , the familiar formula for the

diffusion coefficient is obtained:
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The approximate growth rate determined from the dispersion relation

{51)

(49) may be given by y=sh3/2wr2ne/v“3). Substitution of this
approximation into eq.{(51), we have eq. (46).

Equation (46) may be written in the gyro-Bohm form:
i 3/2

2voLy

where 3jo=vipi2/Ly is the ion thermal diffusivity obtained in

D =¥%o {52)

gsection 2. The diffusion coefficient induced by the dissipative
trapped electron mode given by eq.{46) has been applied for the
interpretation of experimental results for several kind of
discharges in the CHS Heliotron(14). Due to the factor Ly ! in
eqg.(52), xe tends to zero at the peak point, n'=0, near the
periphery, which is the one of the characteristics of the CHS
discharges(9). Since the experimentally observed xe does not show
such behavicr, eq.(52) or eq.{4¢€) alone may not apply to the
interpretation of the experimental phenomena.
Let us consider the opposite case of the collisionless limit.

Applying the formula

lim ——2ff 5@ -wp) (53)

Ye£ 0 e’ + (@-wp)?

for eq.(39), we have

e
L .&J m{_w_] (54)
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Introducing eg.(54) into eq. (41), we have
~ g2
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where I has been defined by eq. (21). Applying the mixing length
approximation with k,p#0.1, from eg.(55), we have the electron
heat diffusivity in term of the modified reduced gyro-RBohm coef-

toda
Re 327
where =Tg/Tj. Since the numerical coefficent in eq. (56} 1is

ficient in the form

€h X0 (56)

approximately equal to unity, the electron heat diffusivity induced



by the collisionless trapped electrons given by eq.(56) is
approximately equal to g;l/2y ;.

Applying eq.(11) for ion and electron temperatures, the profileof
Xe given by eqg.(56) are shown by a surface graphics in Fig. 3 for
various values of the electron temperature profile parameter fye.
In this case too, the numerical coefficient and (vipi2/alg in
eq. (56) have been assumed to be unity. The profile of x, shown in
Fig. 3 seems te be similar to the experimental one shown in Fig.2,
although the value is smaller than xj by th/z/r.

If we apply eg.(25) for passing electrons, neglecting the
electron transit frequency kv, >0, and add the trapped electron
contribution given by eg. (55}, since the trapped electron
contributicn may approximately cancel ag in the case of ion, we
have a similar simple formula

Xio

Xe¥— {57}
T

In this case, the electron heat diffusivity shows similar (smaller
by 1/1) behavior as the ion heat diffusivity shown in Figs.l and 2.
which seem to be consistent with the experimental results.

§5. Summary

Assuming the existence of electrostatic turbulence or scalar
potential fluctuations, 3, the quasi-linear cross field particle
and heat fluxeg induced by the curvature drift resonance and
transit resonance have been evaluated in the CHS helical system.
The radial electric field makes the Doppler freguency shift which
makes no contribution to the cross field fluxes when the freguency
spectrum of the fluctuaticns is symmetric. In other words, the
electric field term disappears in the anomaluos fluxes when
integrated over the resonance continuum with respect to the
frequency. Due to the curvature drift rescmance, the fluxes have
the curvature term B'/B which contributes to inward transport.

From the coefficient of T', the ion heat diffusivity yxi has been
derived in the simple form as given by eq. (27} which increases
toward the periphery as experimentally observed in the CHS and
tokamaks (1) discharges.

The quasi-linear fluxes induced by the transit resonance



continuum have also been evaluated for passing particles as in
Ref. (8), and found that the tramsit resonance continuum
contribution for electrons is negligiblly smaller than the
curvature drift resonace contribution.

The curvature drift regonance continuum contribution to fluxes
for trapped particles has also been calculated, and the similar
simple result for the electron heat diffusivity as given by eq. (56)
wag cbtained. Although this result is smaller by the factorehl/2
than x3, it seems more suitable for the interpretation of
experimental results as compared with the ome induced by
dissipative trapped electrons.

When the curvature drift resonance continuum contribution is
applied for electron flux neglecting the transit frequency, the
trapped particle effect is cancelled out, and the similar simple
formula has been obtained as given by eq. (57). This coefficient may
be applicakble to interpretaticn of experimental results. There is,
however, theoretical difficulty in the treatment of electron
transit freguency which may be toc large to neglect in usual
situations. To compare with experimental obserbations, the
ancmalous resultsas well as neoclassical theory have to be taken
into account because the asymmetric¢ neoclassical effect may not be
neglected in the toroidal-helical configuration.
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Figures Captions

Fig.1l: Radial profiles of ion heat diffusivity x; given by eq. (27)
for various values of ion temperature profile parameter Brpq .

Fig.2: Comparison of ion heat diffusivity xi given by eg. (27) with
experimental values denoted by Xiexp for low and high density
discharges in CHS Torsatron.

Fig.3: Radial profiles of electron heat @diffusivity xe induced by
trapped electrons given by eq. (56) for various values of
alectron temperature profile parameter Bra -
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