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Abstract

The ion temperature gradient driven (n;) mode is proposed as a candidate for the
cause of anomalous transport in high .current reversed field pinches. A ‘four-field’ fluid
model is derived to describe the coupled nonlinear evolution of resistive interchange and 7;
modes. A renormalized theory is discussed, and the saturation level of the fluctuations is

analytically estimated. Transport scalings are obtained, and their implications discussed.

~In particular, these results indicate that pellet injection is a potentially viable mechanism

for improving energy confinement in a high temperature RFP.

Invited Presentation at the 7th Symposium on Compact Toroid Research, May 21-23, 1985,
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1. Introduction

In present temperature and current regimes, the resistive interchange (g) mode is
a good candidate for the cause of anomalous transport in the Reversed Field Pinch. This
mode may also play a role in thermal transport in spheromaks. A theory?? of g-mode
turbulence pr‘edicts saturation at a level of convective diffusion of pressure consistent with
a mixing length estimate, which is: Deopy = Dy k;f]&ﬂ"’/Awku = L?nkfBe/L,. Here
k = 1/R. ~ 1/a refers to curvature, 7 is the resistivity, and L, is the pressure gradi-
ent. The associated magnetic fluctuation 6B, /B ~ ﬂ;/35_2/3 causes thermal conduction
losses with conduction coefficient xg = (1/47r)1/2(e/q'a)3ﬂg/2vTea/S, where ¢ = a/R, ¢
is the safety factor, vy, is the electron thermal speed, and § = (7r/7a6) is the inverse
Lundquist number. Balancing thermal losses with Ohmic heating indicates a constant
Be = (¢'a/¢)(me/m;)'/® ~ 10%, and the scaling T, ~ IZ/N.1%* This result is in good
accord with that observed in current RFP experiments. However, a crucial underlying as-

sumption of the resistive MHD theory is non-adiabatic electron dynamics, namely that

T &= kE JAve <<10 Since & & T9/3n~2/3 B it is very likely thata > Tin

Il
proposed future RFP experiments. Indeed, for ZT — 40, (a = 20cm, By = 4k Gauss,

n = 0.6 x -1014/cm3, T = 100 ~ 400ev), 0.2 < & < 2. Using proposed ZT — H parameters,
(@ = 40cm, By = 10k Gauss, n = 1.2 x 10" /em®, T = 2kev), a ~ 4.2. It is therefore
important to consider adiabatic electron dynamics regimes. Furthermore, a rather broad
density profile has been experimentally observed in RFP’s. In addition, significant ion heat-
ing occurs because of anomalous processes and thermal equilibration (Tg conf. ~ 7E eqil 2t
high current in ZT — 40)%. Moreover, it is unlikely that magnetic stochasticity associated
with dynamo activity will flatten the resulting ion temperature gradient. Thus, it is quite
possible that the ion temperature gradient parameter n; = dénT;/dén n is sufficient for the
onset of ion temperature (pressure) gradient driven (n,) instabilities. Since n;-mode growth
increases with magnetic shear strength (large in RFP where L, ~ L), these instabilities
appear to be strong candidates for the underlying cause of confinement degradation in high
current RFP’s. They are especially important in discharges where the macroscopic MHD
activity is coherent. We are thus motivated to investigate the coupled resistive interchange

(g)-ion temperature gradient driven (n;) system® for RFP.
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II. Model
Starting from the two-fluid theory®, a four-field model to describe (coup]ed) non-

linear evolution of g and n; (above threshold) modes was derived. The basic system is

o o . .
[ 2+ (4 Vo +p,Cib X V6V, |52016

3 7 " ~ v%e 27
+vc.--a—y[(1+f)(h+¢)+ﬁ] - <Vijh=0 (1)

3¢ oh vZ
( L ¢) + psCsb X V¢ V_Lh = —Vpe— ¢ —Ve— — V”‘UH1 -+ ———V”h (2)

ot dy dy
1o) . T; ~ - - -
(a + Ps CbXVd) VJ_)'U”,': —;V”[(1+T)(h+¢)+ﬂ'] +V||(;L“V||v||,-) (3)
9 2_ . 0
<8t +pChx V- V.L) = —§V||U|]i - niVDe(_?z/‘ (4)

where Vp;. = +cTi.(dln n/dz)/eB, V. = ¢T:/eBR., ps = Cs/02i, Cs = (Te/mi)*/?,

; = eB/me, 7 = T,/T;, and n; = dfn T;/den n. To simplify notation we have written <;~5

- fo r e(;/Te,fL for ﬁ/n_o,_an_d ,;';fjorvj"'l/ Tl l_ier e ;L: ﬁ—_ $ lsvthe non- adlabat;é part O f - t_}_l e e e e

density fluctuation.

II1. Conservation Relation

Define the total energy
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Noting the Vp and V terms contribute pieces odd in y, and using the property of the

-~ 1 3 T -
v.é # gl + S R ). 5

4T; + T,

convective nonlinearity (fb X Vd; . V_]_f) = 0, for any function f, we can directly prove

the following conservation law from the basic equations:
OE ¢c (T; 3 T. .o+ VA =12
—=—-——=l|lgt:77— AY - =2 (|V)h
at eB<RC_+ 2 (1 +r)LT,-> <T ”¢> Ve <| il >

c T; T. ~ - 1 7
- =X 4 & 6
eB <Rc + Ln> (hvy¢> 147 < | Hv” I > ( )
where Ly, = —(dén T;/dz)~', L, = —(dfn n/dz)~?, and g is the parallel ion viscosity

(or Landau damping coefficient, in collisionless regimes). The source terms are in the form
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of radial fluxes <7’iqu~S> and <;lqu~5> mu]tiplied by curvature (1/R.), ion temperature
gradient (1/Lr;), and density (1/L,). One sink term is due to the resistive field line
diffusion, the other is due to parallel ion viscosity (or Landau damping), which results in
ion heating. In the pure g-mode limit 3'” = (Te/er]”)V,|(—e$/Te + fi/ng) — E”/n“, L~
(w.e/'y)g{S < é. In the pure n; limit h — 0. In the h — 0 limit, the only significant source
term is duc to the flux <'f,-qu~5>, to which curvature (1/R.) and temperature gradient

(1/L;) drives couple additively.

IV. Linear Instabilities
Linearization of (1)-(4) leads to the eigenmode equation
2 T 2 7 !
P w+w,»e?(]+m)}Vl¢+(S/D)¢=O (7)
where S = wa[(] + 7)(w.e —wpT + 1K) + (wee/w)ni(w — wpT + iKe)] — 1K, [kﬁ(gTi -

Te)/mi = w? + ki Ti(w.e/w)(n: = §)/mi + weew], D = kP (3Ti + Te) /mi = w* + (K. —

solved numerically by a shooting code. Typical results are shown in Fig. 1-4. In Fig. 2
and 4, the potentials are defined as (S/D)/[w + w.e(1 + 1:)Ti/Te).

Analytical progress can be made in the pure 7, mode limit by noting K. =
kﬁv%e/ue — 00, so that h = —q~$ = 0. For w << w,e, the growth rate is v =
(n: 4 1)V %(n; - %)1/2kyUTiai/Ls, and the mode width is A = (1 + #;)'/2a;, where a; =
vr:/f2;. Shooting code results indicate very strong additional destabilization of 7; modes
by unfavorable curvature found in RFP. In the pure ¢ mode limit, the growth rate is
v ~n'/3(—phk/BZ)*/3(k,Ls)**, and the mode width is A ~ n1/3L?/3k;1/3(—p6n/B§)1/6,
where k = 1/R..

It is instructive to compare the 7; mode to the semi-collisional resistive inter-
change mode, the high temperature analogue of the g-mode. The ratio of mode widths
(An;/Asc ~ 10) indicates that pressure (and temperature) mixing due to n; modes is much
more significant than that due to the semi-collisional g-mode. Hence, it is likely that the
n; mode will dynamically dominate the semi-collisional resistive g-mode in high current

RFP’s.




V. Renormalized Equations
Consider the nonlinear evolution of a test n; mode in the presence of a spectrum
of multiple-helicity turbulence (due to other modes) in a sheared magnetic field. Fourier

transforming in the y and z dimensions, the basic (convective) nonlinear interactions are

. i I . ¢ .
[bxVe- V_L)Ti]]_( =1 [-a—m Z by —xr Fan + ky Z (sz Tiku]
k! k'

'K .- 8%yt -
- - k’ 1_ ! 17 "
z[az; yTi-k' Pk +ky§ 9z % }

etc., where k" = k + k’, and k = (ky, k). The equations are renormalized by iteratively

substituting the second order nonlinearly driven fields &51(‘%,), ﬁl(lil)‘" and ‘fi(lf,), for @y, )ik

and 7;x» respectively. The driven fields q~5]((2,,) etc. are determined by the direct beat interac-
tion of the test mode k with background k’.® The result of this renormalization procedure
can be schematically summarized by the substitution psc, (b x Vd;) -V, f— —3-‘9; (Dk-‘;—g)

in Egs. (1)-(4), where random convection is replaced by turbulent diffusion:

0 0 g

15] . 2v2
5, T (1+ )V, 5y~ 5Dk |PsVid
;| - ~ ~ ~ :
+VC5§[(1+T)(h+¢)+¢i] - Vys1/ne=0 (8)
(7] 7] d\. _ 2 T h it = v Vv 9
o7 = 3=Dug o = —oh V(1 + 1) (A + @) + 7] + Vi Vi) (9)
8 a8 _ a\. 2_. 9¢
—_— — B — ;I —— ; iV e a 10
<6t .akaax>T, 3V||‘U||; nivD ay ( )

Dy is defined as Dy = Y ., k;zlq;k: |2/Awyn, and (Awyn)~? is the coherence time of modes

k and k'.




VI. Saturation Level

The saturation level can be estimated for high‘ R_eyno]ds number R, =
(Dk/Az)/lu“(lcﬁ rmsAE] ~ 0f 77,) by requiring balance of soﬁ;ce with nonlinearity:
@E/dt = 0. For the g-mode limit, the previous result’»? is modified by inclusion of d7}/dz:

D%Lﬁn(/c—f?

> (7 e/

For the n;-mode (i~z = 0), it follows that

. oF _ c T; 3 T. I -
0=% = eB(RC+2(1+T)LTi> <Tz y¢> 157 < 2| V0] >

For high Reynolds number, this mixing length estimate indicates that Dy = [1 + 3 (1 +
;)Ln /Rcm] 1/2 n2vria?(ky/ai)rms/Ls. In comparison to the pure n;-mode limit, this result
contains an extra driving term due to curvature 1/R.. A recent, more detailed (two point)

theory of 7; mode turbulence yields the result? D = (n/2)?[¢n(Re))*n?vria?(kya;)rms/Ls,

~ where (kyai)rms = 0.4. In that analysis, the interaction of gradient drive, nonlinearity,and

sink (ion viscosity) was addressed in detail. Saturation occurs by nonlinear coupling to
damped (by pj) short wavelength modes. In this more detailed calculation, it was shown

that mixing length theory yields a good estimate of the mode saturation level.

VII. Transport Scaling

An estimate of n; mode induced thermal conductivity can be obtained using the
results obtained above: x = (kya;)rmsn?e@?vri/Ls, Tion = a?/x. For ZT — 40 parameters,
taking (kya;)rms ~ 0.3, n; ~ 2, we find 7j,, = 0.5 msec, which lies within the range of cur-
rent experimental results 0.3 < 7g < 0.7 msec. For the case of rapid thermal equilibration
Teq ~ TE, balance of thermal loss with Ohmic heating (riop = a?/x = (NT)/(r;Ig)) yields

the scaling relation
T, ~ I,/NY4 ~ (I,/N)N¥/* (11)




VIII. Summary and Suggestion

1. n; modes 'cvaﬁ be St,rdng]y unstable in RFP, because of broad denSity profiles, ion
healing, unfavorable average curvature, and strong shear.

2. n; modes couple to ¢ modes. The curvature and temperature gradient drives
combine additively.

3. n; modes are broader than, and thus dynamically supress, semi-collisional resistive
interchange modes, when both are present.

4. Reynolds number estimates indicate that x ~ nZa?vri/Ls, (eqz/Te)rms ~
nf’/Qai/Ls.

5. n; modes can be a major channel for thermal loss in high T and I, RFP’s. Con-
finement times .3 < 7p < .6msec are prediclted for ZT — 40, and T, ~ IP/N]/"
scaling is indicated.

6. Results 1-5 suggest that pellet injection!® is a potentially viable mechanism for im-

injection is interesting for three reasons: a) to decouple I, and N; b) to stabi-
lize n; modes by steepening of the density profile; ¢) to possibly reduce g-mode
losses by driving the plasmé into the w, > ~ regime, where g-mode growth rates’
are reduced.!’ It may also be possible to achieve this end by low-Z impurity

injection.!?
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