Anomalous particle pinch for collisionless plasma
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The particle transport arising from the convection of nonadiabatic electron density by ion
temperature gradient driven turbulence is examined for trapped electron collisionality regimes.
In the lower temperature end of this regime, trapped electrons are collisional and the particle
flux is outward ( in the direction of the gradients). When the trapped electrons are
collisionless, there is a temperature threshold above which the electron temperature gradient
driven particle flux changes sign and becomes inward. The magnitude of the nonadiabatic
electron contribution to the growth rate is found to be potentially of the same order as the ion

contribution.

It has long been recognized from efforts to model equi-
librium density profiles in tokamak discharges that inward
particle flow is frequently needed to counter particle losses
resulting from outward diffusion in regions where the parti-
cle source is negligibly small. This requirement follows
straightforwardly from the radial particle balance, dn/
9t + r~ 1 9(rT") /Or = S, where n is the density, I is the flux,
and S is the particle source. In the absence of a source, the
steady-state solution of this equation constrains the net par-
ticle flux to be uniform. A flux, which consists only of
outward diffusion, I" = — D dn/dr, is inconsistent with this
constraint. It has been popular to model the flux with an
inward convection in addition to the outward diffusion:
I'= — Ddn/dr — Vynr/a. Under a model assumption of
constant D and ¥, a Gaussian steady-state density profile
n = nyexp[ — (V,/2D)7r*/a] follows from the particle bal-
ance when S =0. While a transport model representing
outward fluxes with diffusion, inward fluxes with convec-
tion, and using constant coefficients is not entirely consistent
with observed transport, this modeling exercise nevertheless
illustrates the need for inward particle flow in characterizing
steady-state particle transport which incorporates outward
diffusion in regions without any source.

This view is further supported by nonstationary trans-
port analysis techniques. Using a modulated gas feed, and
assuming there is no source, coefficients for D and ¥, have
been determined independently.’ The diffusivity is found to
be on the order of 1 m?/sec while the convection velocity lies
between 1 and 20 m/sec. Both have similar scalings with
respect to global parameters. The magnitudes of these trans-
port coefficients are sufficiently large that a description in
terms of neoclassical diffusion and the Ware pinch is inade-
quate, suggesting that anomalous processes play the domi-
nant role. It is worth noting that the above statements re-
garding the need for an inward particle flux follow from
analyses, which assume that the particle source away from
the edge is zero. A nonzero source of particles could effec-
tively reduce the magnitude of inward flux inferred from
stationary and nonstationary transport analyses. At present,
the particle source in interior regions has not been measured
experimentally, although neutral recycling codes suggest
that it is not zero.

One mechanism for inward particle flux is the ion mix-
ing mode,” which incorporates the effect of nonadiabatic
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electrons in ion temperature gradient driven turbulence. Be-
cause the dissipative nonadiabatic electron response com-
prises the only part of the fluctuating density which is out of
phase with the potential, these electrons determine the parti-
cle transport (both ion and electron since the transport is
ambipolar). It is assumed that the nonadiabatic electrons
produce only minor changes to the basic ion temperature
driven growth (an assumption that must be verified a poster-
iori). This is an important consideration since the phase shift
of density relative to potential required for inward transport
also gives a stabilizing contribution to the basic ion growth
rate. Ion mixing mode transport has previously been consid-
ered for electron dissipation associated with passing elec-
trons,>™ including the collisionless parallel electron Landau
resonance and collisionless dissipation, and for dissipative
trapped electrons.* For passing electrons it was found that
the part of the flux proportional to the electron density gra-
dient produces outward flux while the part proportional to
the electron temperature gradient gives inward flux. Thus
the direction of the net flux depends on the ratio of gradients
1. as well as the real part of mode frequency. For dissipative
trapped electrons the flux is outward for all centrally peaked
temperature and density profiles.*

The dissipation mechanisms associated with passing
electrons apply for relatively low temperatures correspond-
ing to v, =v,/€w, > 1, where v, is the collision frequency
of thermal electrons, € is the aspect ratio, and w,, is the elec-
tron bounce frequency. Since electron temperatures in the
regions where the particle source is negligible tend to be larg-
er in present-day and future tokamaks, it is important to
examine the ion mixing mode for temperature regimes with
v, < 1. For these temperatures, trapped electrons dominate
the dissipative response and their dynamics must be consid-
ered in order to determine the particle transport.

In this Brief Communication, quasilinear particle fluxes
for the ion mixing mode in trapped electron regimes are doc-
umented.® The calculation of fluxes from nonlinear theory
will be considered elsewhere. Preliminary examination of
resonance broadening effects indicate that the fluxes in both
trapped electron regimes are not significantly altered by
nonlinear decorrelation, unless the rate greatly exceeds w,,.
The fluctuation level, |e¢/ T, |2, which enters the quasilinear
flux formulas, is taken to be a known quantity. Its value can
be obtained either from experimental observation, as has
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been done for comparison with measured fluxes,® or from
theoretical predictions for ion temperature gradient driven
turbulence.*”® Attention is focused on the sign of the ther-
mal gradient driven flux term, which in the quasilinear de-
scription does not depend on fluctuation level. For modes
rotating in the ion diamagnetic direction (or the electron
direction with rotation below the electron diamagnetic fre-
quency) the density gradient driven flux is always outward.
Hence the thermal gradient driven flux offers the only possi-
bility for inward particle flow. Both trapped electron re-
gimes are considered, the collisional regime, v
=v,/€>w,, which corresponds to the dissipative trapped
electron branch of electron modes, and the collisionless re-
gime, v <w,. Transport in the dissipative regime (v
> w,, ) has been shown to be outward,* as would be expected
on the basis of the instability of dissipative trapped electron
modes. For the collisionless trapped electron limit, drift
wave fluxes have also been calculated.® However, there has
not been, to the knowledge of the author, any discussion in
the literature of mixing mode transport in the collisionless
trapped electron limit, where, as will be shown, an inward
pinch is possible.

_ The quasilinear particle flux is given by the E X B con-
vection of the fluctuating density,

re = (VEﬁe>

cT, ed _
= —ano( — )ky( ¢Te")1mfd3vhk(v), (1)

where A, (v) is the nonadiabatic part 9f the linearized elec-
tron phase space density, £, (v) = (edy /T, )F . + hi (¥).
The nonadiabatic electron density satisfies a gyrokinetic
equation, which for the trapped electron regime (v, <1) is
given® by
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where o, = (cT./eB)k,/L,, 7.=L,/Ly=dInT,/
dlnn,, wp=w,,(L,/R), and the other symbols have their
usual definitions. Toroidal effects are not considered in this
simple treatment but are left to future work.

First the dissipative trapped electron regime is consid-
ered. Because the dissipative trapped electron mode is unsta-
ble, it follows that the ion mixing mode particle flux in this
regime is outward. Both the density gradient and the tem-
perature gradient driven fluxes have this property, provided
the gradients are in the same direction (77, > 0). Assuming
that the mode rotates in the ion direction (no drift reso-
nance), for v > ,., the imaginary part of the propagator
Im(w — 0, + iv,v2/ev®) ! is approximately — ev®/v,v?
for the bulk electrons. Using this propagator for electrons of
all energies, the flux is given approximately by
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This expression differs from the exact quasilinear flux (un-
approximated integration over velocity) by terms of order
v)’0,./kv, and v%w,, /v, which are required to prop-
erly take account of low energy (passing electrons), and
terms of order (Vq/®,,)exp[ — (Ve/w,. )], which ac-
count for high-energy collisionless trapped electrons. As
found previously,* Eq. (3) indicates that the density gradi-
ent driven flux is positive for frequencies w <w,, (which
includes modes propagating in the ion direction) and that
the temperature gradient driven flux is always positive for
7. >0.

When the electron temperature is such that the bulk of
the electron distribution scatters less than once in a wave
period (v <@, ), the flux is determined by electrons with
V2> V2 (veg/@,,.)*". For these electrons the propagator is
given approximately by

V2 ive Vz -1
Im|lo —wop —+——

3
v, € Vv
3 —
~ U, Ve ® ® V2 2
€V v2

and the nonadiabatic distribution is expressed as
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Substituting this expression into Eq. (1) and integrating
from v =v, (vg/®,.)""? to infinity gives the particle flux,
correct to order (@,./Veg)exp[ — (@,./vy)*?]. While
there is no simple closed-form expression for this integral
when (vz/@,,.)*? is of order unity, it can be expressed in
terms of special functions. When (v4/0,.)*’> becomes
small, this flux can be approximated by a power series expan-
sion with leading-order logarithmic terms.® For arbitrary
Ve /@, the flux is given by

2n,€e'? (T Vs (wz ) ed,. |?
r = e e ef *e
¢ w2 ( eB)kzyky (a)*e) w? T,
x[(1+ | )El(ts)—"?e
@ye
3
X(‘;:El(%) — exp( -—t3))], (5)

where E,(t,) = f°dt t ~* exp( — 1) is the exponential inte-
gral, t; = (v4/0,, y?/3, and rotation in the ion direction,
o = — ||, has been assumed. Because of this negative rota-
tion, there is no curvature drift resonance, and contributions
from the curvature drift, of order v, /@, ~O(L,/R), have
been neglected.

From Eq. (5), itis clear that the density gradient driven
particle flux is outward (the lowest-order curvature drift
correction decreases this flux, but it remains positive as long
as L,/R <0.6). The temperature gradient driven flux, on
the other hand, can be either inward or outward. For suffi-
ciently small £, E,(;) ~ — In #;, while exp( — ;) ~1 and
the flux is clearly inward. For #;=1, however,
exp( — t3) > E,(t;) and the flux is outward. The value of ¢,
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at which the temperature gradient driven flux becomes in-
ward is t; = 0.85. Accordingly, this part of the flux is inward
for vz /®,, <0.78. On TEXT,'® this threshold corresponds
to a temperature in the neighborhood of 0.6 keV for dis-
charges with a significant trapped particle population (L,
= 15cm, n, = 1X 10" em 3, kyp, = 0.1; for higher den-
sity discharges the wavenumber increases, so the threshold
does not increase significantly). Because of the factor v/
o, outside the curly brackets in Eq. (5), it is clear that the
magnitude of the pinch decreases with increasing tempera-
ture above the threshold (however, so does the density gra-
dient driven outward flux). Thus the temperature gradient
driven particle pinch is largest at temperatures just above the
threshold. Numerical evaluation of the flux in trapped parti-
cle regimes has also been carried out and is in agreement
with the analytic results given here."!

It is useful to write down an approximate expression for
the particle flux that is valid over the entire trapped particle
regime, v, < 1. This is accomplished by performing the en-
ergy integral for the entire trapped particle regime, but using
the approximate propagators in the collisionless and dissipa-
tive subintervals. This corresponds to retaining upper or
lower limits at the transition from one regime to the other.
The flux is

Fe=2ne€”2(cTe)2ky(v,ﬁ)(coie) ed, 12
2 \eB )% Wye ) \ & T,
X(il(1+ﬂ) [2— (23 +26+ 2)exp( —13)
3 3 3 p )]
{3 [0
+ 37,1 — ?ts +7t3 + ¢+ 1)exp( — t3)
+(1+ el )E,(ts)—ne
Dye
3
X('Z—EI(%) — exp( —13)))~ (6)

It is apparent from this expression that bulk electrons must
be collisionless in order to have an inward temperature gra-
dient driven flux. ,

We now discuss these results. Consideration of trapped
particle electron responses for the ion mixing mode, appro-
priate for higher temperature conditions than those of pre-
viously considered responses,”™ allows for the possibility of
an inward pinch. This fact may be of some help in accounting
for the pinch needed to model steady-state discharges in re-
gions of outward diffusion where the particle source is negli-
gible. However, this pinch only occurs for the higher tem-
perature collisionless extreme (v /@, < 1) of the trapped
electron regime. In TEXT, this threshold is in the neighbor-
hood of 600 eV. This leaves significant portions of the plas-
ma volume in the dissipative trapped electron regime where
this model predicts a flux that is positive definite (all por-
tions of the flux are outward). It should also be cautioned
that while such temperatures are achieved on TEXT, the radi-
al location is sufficiently close to the ¢ = 1 surface that it is
not clear what relevance this result has to TEXT, even in the
higher temperature part of the plasma. Moreover, because
Ues /@, varies as L, /r, the collisionless regime does not nec-
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essarily extend to the ¢ = 1 surface in all discharges (al-
though for low-density discharges there is definitely a colli-
sionless trapped electron regime with temperatures above
the threshold for the inward pinch). Thus, on the basis of
these considerations, it must be concluded that a viable theo-
retical model for anomalous inward particle transport has
yet to be established.

It is also important to check to what extent the basic ion
growth is counteracted by the stabilizing electron contribu-
tion, which accompanies a pinch in the ion mixing mode.
From Eq. (5), it is seen that vy /w,, is the determining
factor in the magnitude of the phase shift between » and 4.
This is to be compared with w,, /& v; in order to estimate the
relative importance of the ion and electron contributions.?
For TEXT parameters, o, /k;v; > v .4/, at temperatures
near the pinch threshold; however, the difference in magni-
tude is not large. This raises the possibility that in the colli-
sionless trapped electron collisionality regime, the instability
is significantly weakened by electron effects. However, it
should also be pointed out that as far as transport and the
requirements for stationary density profiles are concerned, it
is sufficient for the inward flux component to balance the
outward component. In this case, the electron contribution
to the growth rate is marginal and the ion instability mecha-
nism is unaffected by the nonadiabatic electrons.

ACKNOWLEDGMENTS

The author thanks P. H. Diamond, A. J. Wootton, J. D.
Callen, and D. W. Ross for useful conversations. The assis-
tance of David Newman in numerical evaluation of the
fluxes with nonlinearly broadened resonance is also ac-
knowledged.

This work was supported by U.S. Department of Energy
Contract No. DE-FG02-86ER-53227.

'K. W. Gentle, B. Richards, and F. Waelbroek, Plasma Phys. Controlled
Fusion 29, 1077 (1987).

B. Coppi and C. Spight, Phys. Rev. Lett. 41, 551 (1978).

T. Antonsen, B. Coppi, and R. Englade, Nucl. Fusion 19, 641 (1979).

*G. S. Lee and P. H. Diamond, Phys. Fluids 29, 3291 (1986).

SP.W. Terry, Bull. Am. Phys. Soc. 33, 2020 (1988).

%A.J. Wootton, M. E. Austin, R. D. Bengtson, J. A. Boedo, R. V. Bravenec,
D. L. Brower, J. Y. Chen, G. Cima, P. H. Diamond, R. D. Durst, P. H.
Edmonds, S. P. Fan, M. D. Foster, J. D. Forster, R. Gandy, K. W. Gentle,
R. L. Hickok, Y. X. Hey, S. K. Kim, Y. J. Kim, H. Lin, N. C. Luhmann, S.
C. McCool, W. H. Miner, A. Ouroua, D. M. Patterson, W. A. Peebles, P.
E. Phillips, B. Richards, Ch. P. Ritz, T. L. Rhodes, D. W. Ross, W. L.
Rowan, P. M. Schoch, D. Sing, E. J. Synakowski, P. W. Terry, K. W.
Wenzel, J. C. Wiley, X. Z. Yang, X. H. Yu, Z. Zhang, and S. B. Zheng,
Plasma Phys. Controlled Fusion 30, 1479 (1988).

P. W. Terry, J. N. Leboeuf, P. H. Diamond, D. R. Thayer, J. E. Sedlak,
and G. S. Lee, Phys. Fluids 31, 2920 (1988).

*H. Biglari, P. H. Diamond, and M. N. Rosenbluth, Phys. Fluids B 1, 109
(1989).

°W. Horton, Phys. Fluids 19, 711 (1976).

'9C. P. Ritz, D. L. Brower, T. L. Rhodes, R. D. Bengtson, S. J. Levinson, N.
C. Luhman, Jr., W. A. Pecbles, and E. J. Powers, Nucl. Fusion 27, 1125
(1987).

""R. W. Waltz and R. R. Dominguez, Phys. Fluids B 1, 1935 (1989).

Brief Communications 1934

Downloaded 09 Feb 2007 to 128.104.165.60. Redistribution subject to AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp



