
• f' /

__.._/j PREPARED FOR THE U.S. DEPARTMENT OF ENERGY,
UNDER CONTRACT DE-AC02-76-CHO-3073

PPPL-2865 PPPL-2865
UC-420,427

KINETIC STUDIES OF MICROINSTABILITIES IN TOROIDAL PLASMAS:
SIMULATION AND THEORY

BY

W.W. LEE, T.S. HAHM, S.E. PARKER, F.W. PERKINS, ET AL.

DECEMBER, 1992
=

Q



NOTICE

_t

This report was prepared as an account of work sponsored by an agency of the United
States Government. Neither the United States Government nor any agency thereof,
nor any of their employees, makes any warranty, express or implied, or assumes any
legal liability or responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would
not infringe privately owned rights. Reference herein to any specific commercial
produce, process, or service by trade name. trademark, manufacturer, or otherwise,
does not necessarily constitute or imply its endorsement, recommendation, or favoring
by the United States Government or any agency thereof. The views and opinions of
authors expressed herein do not necessarily state or reflect those of the United States
Government or any agency thereof.

NOTICE
el,.

this report has been reproduced from the best available copy. '
Available in paper copy a,ld microfiche.

Number of pages in this report: 9

DOE and DOE contractors can obtain copies of this report from:

Office of Scientific and Technical Information
P.O. Box 62

Oak Ridge, TN 37831;
(615) 576-8401.

This report is publicly available from the:

National Technical Information Service ,,
Department of Commerce

5285 Port Royal Road
Springfield, Virginia 22161

(703) 487-4650



PPPL--2865

DE93 005725

• KINETICSTUDIESOF
MICROINSTABILITIESIN TOROIDALPLASMAS:
SIMULATIONAND THEORY*

W.W. LEE, T.S. HAHM, S.E. PARKER, F.W. PERKINS, S. RATH,
G. REWOLDT, J.V.W. REYNDERS, R. A. SANTORO andW.M. TANG

PrincetonPlasma PhysicsLaboratory,PrincetonUniversity,
P. O. Box451
Princeton,New Jersey, USA 08543

" Presented at the FourteenthinternationalConferenceon Plasma Physicsand
ControlledNuclear FusionResearch,
Wurzburg, Germany, Septemer 30 - October 7, 1992

ABSTRACT
" A comprehensiveprogram for the development and use of particlesimulation

techniques for solving the gyrokinetic Vlasov-Maxwell equations on
massively parallel computers has been carried out at Princeton Plasma

* PhysicsLaboratory. This is a key elementof our ongoingtheoretical efforts
to systematicallyinvestigate physics issuesvital to understandingtokamak
plasmas. In this paper, our focus is on spatial-gradient-driven
microinstabilities. Their importance is supported by the recent progress in
achieving a physics-based understandingof anomaloustransport in toroidal
systems which has been based on the proposition that these drift-type
electrostatic modes dependent on ion temperature gradient (ITG) and
trapped particle effects are dominant in the bulk ('confinement") region.
Although their presence is consistent with a number of significant
confinement trends, results from high temperature tokamaks such as TFTR
have highlightedthe need for better insightinto the nonlinear properties of
such instabilitiesin long-mean-free-pathplasmas. In addressingthis general
issue, we report important new results including(i) the first fully toroidal3D
gyrokinetic simulationof ITG modes and (ii) realistic toroidal eigenmode
calculations demonstrating the unique capability to deal with large scale
kinetic behavior extendingover many rationalsurfaces. The effects of ITG
modes (iii) on the inwardpinch of impuritiesin3D slabgeometry and (iv) on

° the existenceof microtearingmodes in2D slabare alsodiscussed.Finally,(v)
sheared toroidalflow effects on trapped-particlemodes are presented.



With the advent of simulation techniques [1-3] for the gyrokinetic Vlasov-Maxwell

equations and the progress made in simulation algorithms utilizing massively parallel

architecture, we have dev_>lopedan efficient 3D gyrokinetic particle code in toroidal
Q

(x=rcose, y=rsine, r,=-Roq_! :_eometry implemented on the Connection Machine

(CM200) for the systematic kin,.,.._investigation of ITG instabilities. In order to gain a
(11

better understanding of the linear and nonlinear behavior of these modes, we have

carried out three types of simulations: linearized [2], partially linearized [2] and fully

nonlinear [3]. In the linearized simulation the most unstable modes with

ballooning-type mode structures of moderate (m, n) with kr << k0 have been

observed to dominate the time evolution of the instability as shown in Fig. 1. This is

basically a benchmarking procedure in that it involves comparisons with results from

realistic linear toroidal eigenmode calculations [4]. Good agreement is found with

respect to both the magnitude of the eigenvalues (within 25%) and the characteristic

features of the eigenfunctions, which exhibit strong ballooning in the poloidal

direction and radially extend over many rational surfaces. In the partially linearized

simulation, the ExB advection is the only nonlinearity kept and is the mechanism

responsible for the nonlinear saturation of the instability. The results in the nonlinear

stageof development indicate that (i) the fluctuations become much more isotropicas

shownin Fig. 1, but the ballooningstructurepersists; (ii) the energy cascades to both

longer and shorter wavelength modes; (iii) the fluctuation spectrum in the ballooning ,

region peaks at kep i = 0.1 2 and krP i = 0; and (iv) the energy flux from the toroidal

simulation, which is greatly enhanced over its slab counterpart, scales more like

gyro-Bohm and peaks slightly toward the outside of the region of maximum growth.

Fully nonlinear simulations are also carried out with results compared to those from

the papally linearized simulation. The objective here is to look for insights into the

possible origins of ITG transport in steady state. A recent 1D simulation, in which only

the velocity-space nonlinearity is kept, has shown the importance of resonance

overlap and particle stochasticity in relation to anomalous transport and entropy

production in the steady state. This observation is consistent with the previous 2D

simulation, where particle stochasticitydue to the combined ExB and velocity space

nonlinearitieshas been investigatedas the possiblecause for transport [5].
0

In addition to providing valuable self-consistent benchmarks for the

aforementioned gyrokinetic simulations, realistic kinetic toroidal eigenmode

calculations have been carried out to support a proper assessment of the influence of

long-wavelength microturbulence on transport in tokamaks. This is a very relevant
2



issue in that scattering diagnostics have generally indicated that the largest

fluctuation amplitudes occur at the longest measurable wavelengths. New

diagnostics [beam emission spectroscopy (BES) and reflectometry] have recently

been implemented on TFTR to address this problem. Motivated by these

considerations, we have calculated the fully 2D (r,e) mode structures for

long-wavelength trapped-ion and toroidal ITG modes using a comprehensive toroidal
l

finite-element code with the unique capability for evaluating large scale kinetic

behavior extending over many rational surfaces. Improvements over previously used

numerical procedures [1] were necessary in order to tractably evaluate eigenvalues

for realistic tokamak parameters. An important new result from the present studies is

that, in contrast to the long-accepted picture predicted by lD radial eigenmode

calculations and supported by earlier idealized (very weak magnetic shear) 2D

calculations [4], we find that trapped-ion eigenmodes are not strongly localized

between rational surfaces. In fact, even for very long wavelengths the eigenfunctions

generally exhibit a strong ballooning character with the associated radial structure

relatively insensitive to ion Landau damping at the rational surfaces. This trend is

further supported by results obtained from the most comprehensive existent lD

kinetic ballooning code [6] which shows agreement within less than 50% with the

eigenvalues from the 2D code. The linear growth rate spectrum for a representative

TFTR plasma is displayed in Fig. 2. Results of this type demonstrate that employed

• together, our 2-D and 1-D codes provide a unique capability for calculating the linear

properties of toroidal microinstabilities over the entire spectral range of interest, lt is

worthwhile to note that very recent BES measurements in TFTR plasmas have

indicated a possible peaking of the spectrum just beyond kep i - 0.1 -- a trend

qualitatively similar to that displayed in Fig. 2. Results from the present studies of

particular relevance to the development of nonlinear models of microturbulence

include a significantly revised picture of the radial extent of long-wavelength

instabilities such as trapped-ion modes and a demonstration of the capability to

provide a realistic picture of the driven versus damped (inertial) regions of the

spectrum.

Impurity transport properties in the presence of microturbulence have also been
B

studied using gyrokinetic simulations. In particular, results from 3D sheared slab

simulations have provided insight into the physics responsible for the inward pinch of

" impurities in the presence of ITG modes, lt is found that the parallel acceleration in the

poloidal direction and the ExB advection in the radial direction give rise to the

observed inward pinch of the impurity ions in both the linear and nonlinear stages of
3



development. This is true even when both the bulk ions and impurity ions have a flat

density profile. However, the pinch is sensitive the temperature gradient of the

impurities as well as the rli (=Ln/LTi) value for the bulk ions. Because particle diffusion.

is intrinsically ambipolar, the inward flux for the impurity ions is compensated by the

outward flux of the primary ions for an instability in which the electron response is

nearly adiabatic. Since the concentration for the impurities is usually very low, their
lP

average inward velocity is, therefore, much higher than that of the primary ions.

Simulations with heavier impurities have also confirmed this trend as well as the Z/M

scaling predicted by our theory. Comparisons with results from ongoing toroidal

simulations of this type as well as with those from experimental studies of impurity

transport [7] are encouraging.

In order to make further progress in simulating realistic tokamak plasmas, it is

necessary to include finite-r} physics as well as non-adiabatic trapped-electron

dynamics in our toroidal code. Electromagnetic codes in 1D and 2D slab geometry

have been developed to study the influence of magnetic perturbations on the

stability and transport of microinstabilities in general and on ITG modes in particular.

The results have confirmed the theoretical prediction of finite-r} stabilitization due to

finite-Larmor-radius effects. Furthermore, we have found that higher radial harmonics

of the ITG eigenmodes cannot be fully stabilized by the finite-r} effects, and,

consequently, we have observed the existence of microtearing modes near the •

rational surfaces in the simulation. The investigation of microtearing effects on

anomalous transport and the building of a finite-r} toroidal gyrokinetic code are

ongoing projects. With respect to non-adiabatic trapped-electron dynamics, a

bounce-averaged response is the most efficient representation since the

characteristic frequencies of interest are well below the electron bounce frequency.

For collisionless trapped-electron modes we have developed a fluid-type model in

which energy and pitch-angle distributions are fixed but the dispersion of toroidal

precession velocities with energy is retained. This captures the main destabilizing

driving mechanism, retains the dominant ExB nonlinearity, and is computable in a

three dimensional space.

In light of their large radial extent, it is important to examine the sensitivityof

trapped-ion eigenmodes to sheared toroidal flow effects. We begin by noting that
,m

valuable insightintothe single-particleionorbitpropertiescan be gained by usingthe

action-variationalmethod in an extended phase space. Sheared flow is shown to

induceellipticityof the Larmororbitwhich modifies the first adiabatic invariant_. The
4



gyrokinetic equation is thereby also modified and can be expressed in terms of the

effective potentials, A*=A + (m/q)vllb, and _* = • +(m/2q)vE2. New analytical

formulas for the second adiabatic invariant J, the bounce frequency, the precession

frequency, the banana radial width, the transit frequency, and the fraction of trapped

particles are obtained for flow values up to Mach one. These results indicate th_:ltin

the context of the simplest local theory, toroidal plasma rotation can increase both the

° fraction of trapped particles and their precession drift velocity and thereby tend to

enhance the destabilization of trapped-ion modes [8]. With respect to

trapped-electron modes, we find that toroidal shear flow can enhance the nonlinear

ion Landau damping of moderately long-wavelength dissipative trapped-electron

modes not only by modifying the beat wave-ion resonance condition but also by

changing the radial dependence of the linear susceptibility. At saturation the spectral

of the fluctuations is found to scale with flow shear as (_V_/_r)"2 and decaysintensity

according to a power law k0l [9]. Toroidal rotation can also increase the precession

drift frequency influencing the collisionless trapped-electron mode. Here the

enhanced trapped-electron Compton scattering results in a stronger forward spectral

transfer. Therefore, the longer wavelength part of spectrum is expected to be

suppressed. The implications of these new trends are under investigation.
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FIGURE CAPTIONS
Figure 1. Poloidal cross section of the electrostatic potential during the linear phase

_i t- 500 (left) and the saturated turbulent state _i t= 12,500 (right) of the
ITG instability for the 128xl 28x64 grid with 1,048,576 particles (LT= 50pi,

_x=,_y= 1.5pi, a=96pi).

,_ Figure 2. Representative linear spectrum (growth rate vs. toroidal mode number) for
realistic TFTR L-mode discharge parameters.
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