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Abstract

The confinement improvement in reversed-shear experiments on the Tokamak Fusion Test Reactor [Plasma
Phys. Controlled Fusion 26, 11 (1984)] is investigated using nonlinear gyrofluid simulations including a
bounce-averaged trapped electron fluid model. This model includes important Kinetic effects for both ions
and electrons, and agrees well with linear kinetic theory. Both reversed shear and the Shafranov shift reverse
the precession drifts of alarge fraction of the trapped electrons, which significantly reduces the growth rate
of the trapped electron mode, found to be the dominant instability in the core. Two positive feedback
transition mechanisms for the sudden improvement in core confinement are discussed: (1) Shafranov shift
suppression of the trapped electron mode, and (2) turbulence suppression by radially sheared E x B flows.
While both effects appear to be playing roles in the transition dynamics in most experiments, we show that
Shafranov shift stabilization alone can cause atransition.

PACS numbers: 52.65.Tt, 52.35.Qz, 52.55.Fa, 52.35.Ra



. Introduction

In this paper, we investigate the improved confinement with reversed magnetic shear'? using nonlin-
ear gyrofluid simulations extended to higher accuracy® and including a bounce-averaged trapped electron
fluid model.# This nonlinear electron fluid model includes the kinetic effects of the trapped-electron pre-
cession resonance and retains the full pitch angle dependence of the electron response. Retaining the pitch
angle dependence is essential to describe the suppression of Trapped Electron Modes (TEM) in Enhanced
Reversed Shear (ERS) discharges where the dominant stabilizing effect isthe reversal of thetoroidal preces-
sion drifts of barely trapped electrons. This modé has been validated by detailed linear comparisons with
the most comprehensive kinetic calculations,> and has extended our simulations to include the ERS and
supershot core in the Tokamak Fusion Test Reactor (TFTR),® where the dominant instability is the TEM.
In the core of RS plasmas (before the transition to ERS) and supershots, our simulations predict fluxes in
rough agreement with TRANSP, and the ion heat transport is convection dominated. After the transition
to ERS, the TEM is strongly suppressed by the combination of negative magnetic shear and the Shafranov
shift. In ERS, the Shafranov shift becomes very large, and is more important than negative magnetic shear
in reversing the drifts of the trapped el ectrons. After the transition, a shorter wavelength TEM isstill weakly
unstable, but nonlinear simulations find that the transport is reduced by about afactor of 40, in rough agree-
ment with experiment, although the electron heat transport is underestimated. In contrast to magnetic shear,
the Shafranov shift stabilization is a positive feedback mechanism and is a possible trigger for the sudden
transition to ERS, since steeper pressure gradients lead to larger shifts, more drift reversal, less transport,
and in turn, to even steeper pressure gradients. Another potentially important mechanism is stabilization
via radially sheared electric fields.2%13 We find that in ERS, the amount of electric field shear is usually
near the level required to completely stabilize the TEM, but that without the Shafranov shift stabilization,
the growth rates are too high for the measured levels of E x B shear to stabilize the turbulence. Therefore,
both stabilization mechanisms seem to be important in causing the transition. Further studies are needed to
elucidate the relative importance of these two mechanisms.

[I. Basic modd and linear results

To accurately describe the core confinement improvement in ERS discharges, kinetic effects are crucial.
Our basic model consists of six-moment toroidal ion gyrofluid equations® for each ion species (typically
D, C, and a Maxwellian beam component), and bounce-averaged fluid equations for the trapped electrons,
coupled by quasineutrality. These equations employ the electrostatic approximation, which is supported
by previous results®’ showing that the dominant finite-B effect comes through variations in the magneto-
hydrodynamic (MHD) equilibrium, and the effects of coupling to magnetic fluctuations are much smaller
for the B values considered here. The toroidal ion equations include the kinetic effects of parallel'* and
toroidal drift phase mixing, Finite Larmor Radius (FLR) effects,'® and trapped ion effects. The electron
eguationsinclude toroidal precession drift phase mixing, and because the electron moments are functions of
pitch angle, we use a pitch angle scattering operator for electron-electron and electron-ion collisions.* With



this collision operator, the electron equations are continuously valid from the collisionless regime, where
the non-adiabatic electron response is driven by the trapped electron precession resonance, to the plateau
collisional regime where the el ectrons become adiabatic. These equations have been carefully benchmarked
against linear kinetic theory. Figure 1 shows a comparison of the linear growth rate from this model with
fully kinetic calculations® for the parametersne =M = 3, Ln/R=1/3,e=1/6,8=1,q=1.5,and B =0,
asthe collisionality is varied, demonstrating good agreement.

We now examine the linear instabilitiesin an ERS mode. Figure 2 shows linear growth rates and real
frequencies vs. minor radius well after the transition to ERS. The measured experimental parameters at each
radius (from TRANSP) are used asinputsfor the calculations. The eigenfrequencies shown arefor thefastest
growing mode, withy maximized over kgp;. Inthe coreregion, r /a < 0.45, the dominant instability isahigh-
ke trapped electron mode, and alower kg lon Temperature Gradient (1TG) driven modeisdominant for r /a >
0.45. When the trapped electrons are turned off by assuming an adiabatic electron response, the measured
profiles are stable for r /a < 0.45. This behavior istypical of RS modes, ERS modes and supershots: the
TEM isthe dominant instability in the core region where the density gradients are steep, outside thisregion
the ITG mode dominates, and aso in L-modes. Both the kinetic and gyrofluid calculations use general
magnetic geometry, but the kinetic calculation uses a slowing-down beam distribution function while the
gyrofluid calculation uses a Maxwellian beam distribution. The ITG mode is stable in the core because of
the steep Vn; and low m;. Although the TEM in the core has a larger peak growth rate, it causes much less
transport than the I TG mode whichisunstablefor r /a > 0.45, sincethe I TG modeisunstable at significantly
longer wavelengths. Across the transition from RS to ERS, the longest wavelength trapped el ectron modes
are stabilized, reducing the transport.

IIl. Finite- Stabilization of the trapped electron mode

We now discuss the physical mechanisms which stabilize the trapped electron mode in the core. Both
negative magnetic shear and the Shafranov shift cause favorable precession of all but deeply trapped elec-
trons and can stabilize the TEM. The precession reversal due to negative § is relatively well known, and
its stabilizing influence has been thoroughly discussed recently.® The finite-B drift reversal effect was first
pointed out in Ref. 17. We begin by using the §— oo model equilibrium to demonstrate this effect, where the
Shafranov shift effects are measured by o. = —g?Rdp/dr. The precession drift is the the bounce-average of
the VB and curvature drifts, and in the §— o model is given by:
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where Go(x) = 2E(k?) /K (¥?) — 1, Gs(x) = 4[E(k?) /K (k?) + k> — 1], and G (k) = (4/3)[(1— 2k E(k?) /K (K?) +
x2 — 1], where E and K are complete elliptic integrals, and x isapitch angle variablewhich is zero for deeply

trapped electronsand one for barely trapped € ectrons, as defined in Ref. 4. Figure 3 showsthese threeterms.



Since Gs > 0 and G, < 0, both negative § and positive o, reverse the precession of barely trapped electrons.
This drift reversal is stabilizing, as the reversed electrons can no longer resonate with the TEM.

For TFTR ERS core parameters, the Shafranov shift induced drift reversal (o) actually dominates, since
the shear is only weakly negative, S~ —1/4, but the shift becomes very large, o ~ 2, typical parameters of
the second stability regime to MHD ballooning modes. We show thisin Fig. 4 by varying § and a, keeping
other parameters fixed, for r/a= 0.25at t = 3s of TFTR shot 84011. Using $= 0.25 and o = 0.3, values
typical of the supershot regime, very few electrons have reversed precession, as shown in Fig. 4(a). The
corresponding growth rates for the trapped electron mode are shown in Fig. 4(b). Reversing the magnetic
shear to values typical in the reversed shear mode before the transition (RS), § = —0.25, but before the
shift has become large, o = 0.3, reverses the precession drifts of more of the barely trapped electrons and
stabilizes the TEM somewhat. Using the measured parameters after the transition, §= —0.25 and oo = 2.5,
we find much more drift reversal. The long wavelengths are stabilized, and the remaining high-k TEM is
quite weak and causes little transport. Thus, the effect on the growth rates of reversed shear aloneis rather
weak, but the combined effects of reversed shear and the Shafranov shift are very strongly stabilizing.

To more accurately describe this effect, we have extended our simulations to general magnetic geom-
etry. Using the output of an equilibrium code, we numerically compute the dependence along the field
line coordinate, 6, of the geometric terms which enter the gyrofiuid equations, as described in Ref. 18:
®4(0), k.(8), b-V(B), and B(6). In addition, we numerically bounce average wq(8) to calculate the to-
roidal precession frequency for the trapped electrons: (wq), (k). To show the effects of full geometry on
the precession frequency, we calculate equilibria using JSSOLVER!® and the measured TFTR profiles after
the transition, at t = 3.0s. We can aso artificially reduce the Shafranov shift, by repeating the equilib-
rium calculation with all densities reduced by a factor of 10. We then numerically calculate the bounce
averaged curvature and VB drifts using the JSOLVER output. The toroidal precession frequencies are com-
pared for these two cases in Fig. 5. Because the q profile changes dlightly when the density is reduced,
we compare at r/a= 0.3, where § = —.17 and A’ = .53 for the full density case (A’ = dA/dr, where A is
the Shafranov shift), and at r /a = 0.26 for the reduced density case where the shear isthe same, §= —.17,
and A’ = .07. The €ffect of the Shafranov shift is quite striking, and is significantly different from that
given by the §— a model, though the basic trend is similar. Because of the pitch-angle (k) dependence
of the Jacobian of the transformation to v, k variables, the fraction of electrons with drift reversal is given
by ne/nep = 1— ff’tet(de/4) \/l— (B/Bmin) (1— ZSBK(Z)), where (®ge)p, (kK0) = 0, 6 is the turning point for
a particle with ¥ = kg, and other notation is defined in Ref. 4. From Fig. 5, we find 75% drift reversal at
A" = 53 and 60% drift reversal at A’ = .07. We have also calculated the case with A’ = .07 and §= 0, at
r/a= .29, and find 40% drift reversal.

Some of the differences between the full geometry results and the §— o model can be understood by
looking at the precession drift frequency in the low-, small € = r /Rlimit, where p ~ O(e?) and A’ ~ O(g).
The combined curvature and VB drift frequency is (for 6g = 0):
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and for low B and small €, this becomes:
(odzcose—(A’—|—s)—|—%—|—§esin6—m”sin26 (3)
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Comparison with Eqg. (1) shows that the §— o model only keeps three of these terms, the coso term, the
$0sind term, and the —rA”sin’6 term, which corresponds to the asin®6 term in Eq. (1), because A’ o
(Ii/24Bo)r and oo = —q?R(dB/dr) o< A". The §— o model misses the reduction in precession frequency for
all particles (not just the deeply trapped particles) from A’. This A’ reduction of wg arises from compression
of the flux surfaces and a change in the tilt of the field lines, which comes from variations in By, over
the surface. This reduces kg in the bad curvature region and increases kg in the good curvature region, in
addition to asin® variationin k; proportional to A’. These pieces combine with the 6 cos6 + f sin variation
of B x VB to give the constant A’ reduction in wg4(6), which after bounce averaging leads to a constant A’
reduction in (wq),, (k), independent of pitch angle. In this ordering, B ~ O(e?), which is reasonably well
satisfied for TFTR, the changes in B are subdominant. The Shafranov shift also reduces the field line length
in the bad curvature region and increases the field line length in the good curvature region, but this does not
affect the constant A’ reductionin (®q)y, since the bounce averaged drift (@q), = (§ dl @a/|vy|)/($dl /v ])-
Using dl = (rB/Bp) d6 ~ qRo(1 — A’ cos) d6, wefind 1, = $dl /|v)|| o< [1 - (A" - £/2)GolK (x?), and
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where the G's are defined following Eq. (1) and are plotted in Fig. 3. The unusual feature of Shafranov shift
stabilization of the TEM isthat it becomes more stabilizing for steeper pressure gradients, and allows access
to what could appropriately be called the second stability regime to the TEM. This feature also makes
Shafranov shift stabilization a potential positive feedback mechanism to produce the sudden transition to
improved confinement in ERS.

V. ERStransition mechanisms

To get a sudden transition or bifurcation to the improved confinement in ERS, transport must decrease
as the driving gradients are increased, providing the positive feedback necessary for the core density to run
away. There appear to be two potential mechanisms which can produce this positive feedback:

1. The stabilization of the TEM from the Shafranov shift,2° and
2. Radia E x B flow shear stabilization of the turbulence.1°

Asdiscussed below, it appears that both of these effects may produce atransition individually, or in tandem.
Both of these effectsare stronger in ERS plasmas than in other tokamak regimes. ERS modes have unusually



large A’ since both q and B are large in core, so Shafranov shift stabilization is enhanced. This becomes
a positive feedback mechanism when the Shafranov shift stabilization is strong enough to overcome the
increased instability drive from the steeper gradients. Then as Vp increases, A’ increases, the transport
decreases, and the pressure gradients steepen further.

When the shearing rate, wg, from radial E x B flow shear is on the order of or larger than the maximum
linear growth rate, wg > v, the turbulence can be completely stabilized.’? When the radial electric field
is driven by the pressure gradient, this is also a positive feedback mechanism, since as Vp increases, E/
increases, the transport decreases, and the pressure gradients steepen further. This effect is also strong in
the ERS regime, since ERS modes have large Vp. The appropriate shearing rate in general geometry®! is
og = (RBy/B)d/dr(E;/BpR), and since By issmall inthe core of ERS modes, the shearing rate s enhanced.
In addition, the Shafranov shift enhances wg. Turbulence suppression by radial E x B flow shear has been
shown to be consistent with the transition to improved confinement in ERS in Ref. 21.

Figure 6 compares the measured E x B shearing rate within the good confinement zone, at r = .25a,
to the maximum linear growth rate calculated at the same radius, for an ERS mode which transitioned at
t = 2.71s. The measured E x B shearing rate is larger than vy after the transition, demonstrating that mg
is large enough to substantially suppress the turbulence. Also shown are the linear growth rates without
Shafranov shift stabilization (A’ = 0), where the linear growth rates are too large for mg to completely
stabilizethe turbulence. Therefore, in thiscaseit appearsthat both mechanismsare playing arole: Shafranov
shift stabilization keeps the linear growth rates from increasing with the pressure gradient, and eventually
g overcomes viin- It is difficult to perform experiments which clearly separate these two effects, since
both are proportional to Vp, and both A" and E/ usually increase dramatically across the transition. Back-
transition experiments on TFTR?? varying the co-counter beam fraction indicate that decreasing E! can
cause the plasma to drop out of ERS, indicating that E/ is playing a key role in maintaining the transport
barrier. There are cases, however, where the criterion g > y does not correlate well with the transition.?3
The observed B scaling of the threshold power, o B2, also seems more consistent with a transition induced
by Shafranov shift stabilization, since A’ < j3.

We now describe a theoretical experiment which shows that the Shafranov shift appears to be able to
produce a transition independently, without wg stabilization. To cause a transition, Shafranov shift stabi-
lization must overcome the increased transport from steeper gradients. To test this effect, we generate a
series of equilibiausing JSSOLVER,!° starting with the measured profiles at t = 3s, and gradually decreasing
all densities. This gives a series of equilibria with A" «< n, and very similar q profiles. We then calculate
the particle flux, I' = —DVNn, for each of these equilibria, either by using fully nonlinear simulations or by
estimating the particle diffusivity D from the maximum over kg of y/k?, which correlates well with our
nonlinear simulations.?* The results are shown in Fig. 7, using D = (5/3)y/k3 from linear calculationswith
the §— a model and with full geometry, and two nonlinear simulations in full geometry. The two nonlinear
simulations agree well with they/ ki estimate with a proportionality constant of 5/3. Fig. 7(a) is within the
good confinement zone, at r /a= 0.3. At small density gradients, we find the usual situation where steeper
density gradients cause more transport. But at roughly 60% of the measured density gradient at t = 3s,



the stabilization from the Shafranov shift overcomes the increasing density gradient and causes a transition,
since beyond this point steeper densities cause less transport and the density runs away. Fig. 7 shows the
same calculation, at r/a= 0.5, outside the good confinement zone. Here, transport continues to increase
with increasing density, so ho runaway occurs. Thus, this result correlates well with the observed transport
barrier location in the experiment.

In the experiments, however, the entire density profiles do not increase; the density only increasesin the
core. We thus repeat the above experiment only changing the density in the good confinement zone, out to
the “knee” in the density profile at r /a = .45. This series aso decreases L, = (n—lo%)—l, and increases the
instability drive at the sametimethat A’ isincreased. These results are shownin Fig. 8. The Shafranov shift
still overcomes the increased drive and causes atransition at about half the measured gradient. In Fig. 8 we
have also schematically indicated the effects of wg, which are not included in these calculations, by reducing
the flux by a contribution proportional to Vn/(1— A")2, including the Shafranov shift enhancement of wg.
Since E x B shear is dso « Vn, the stabilization from wg increases with Vn, and reduces the threshold
gradient by shifting the peak of the flux vs. Vn curve to lower Vn.

V. Nonlinear Simulations

We now describe nonlinear toroidal gyrofluid simulation results, including deuterium, carbon, and
trapped electrons for an ERS discharge within the good confinement zone, at r/a = .25, where the tur-
bulence is driven by trapped electron modes. The results just before the transition, at t = 2.66s, are shown
in Fig. 9(a). We find reasonable agreement with measured fluxes. the predicted fluxes are about three times
the measured values from TRANSP. In addition, the ion heat flux is convection dominated, as seen exper-
imentally. A simulation using measured input parameters after the transition is shown in Fig. 9(b). The
turbulent fluxes drop by about a factor of 40 compared to the pre-transition simulation, and the fluctuation
levels drop dramatically. However, this run has not yet reached a satisfactory steady state, which would
require a much longer run with these small growth rates. Another caveat is that so close to margina sta-
bility, the simulation results are very sensitive to input gradients. Although the electron heat flux is below
experimental measurements after the transition, the dramatic confinement improvement across the transition
is reproduced.

V1. Conclusionsand Discussion

To summarize, we have investigated the confinement improvement in ERS regimes using nonlinear
gyrofluid simulations. Our comprehensive gyrofluid model 34 agrees with kinetic cal cul ations, wherewe find
that a high-Kkg trapped electron mode isthe dominant instability in the steep density gradient coreregion, and
that alower-kg ITG modeisunstablefor r /a> 0.45. Our pitch angle dependent trapped electron model was
required to capture precession drift reversal, which greatly reduces the growth rate of the TEM in the core.
The Shafranov shift accountsfor much of thisdrift reversal, and we have extended our simulationsto general
geometry to accurately capture this effect. Shafranov shift stabilization is also a potential positive feedback



mechanism to produce the sudden transition to enhanced confinement in ERS. We a so show that turbulence
suppression via radial electric field shear is often important, and usually find yiin ~ g at the transition.
It appears that both effects are working together to produce the transition: Shafranov shift stabilization
keeps the growth rates from increasing with the driving gradients, and keeps the turbulence weak enough to
allow the increasing pressure driven E x B shear to further stabilize the turbulence. Finally, our nonlinear
simulations capture the main features of the transition to ERS, even though they do not include equilibrium
scale sheared E x B flows. The calculated pre-transition fluxes are in rough agreement with TRANSP, the
core ion heat transport mostly convective, and we find a sharp drop in transport at transition, as the long
wavelengths are stabilized, and the remaining high-k TEM causes little transport.

Many questionsfor future work remain. Perhaps some high-k mode or subcritical ¢/ wpe scale turbulence
is causing the residual electron transport after the large scale turbulence is stabilized. We plan to include E/
in our nonlinear gyrofluid simulations to investigate parametric dependences of the approximate criterion
Yin ~ @g. A crucia question for future experiments is whether we can find a regime where Shafranov
shift stabilization alone gives turbulence suppression. The Shafranov shift has a more favorable scaling to
reactors than E/, since the Shafranov shift is independent of machine size, while E/ effects become weaker
in larger machines. An exciting aternative is to drive E/ with lon Bernstein Waves instead of pressure
or velocity gradients. We are also beginning to investigate other geometries which may more transition
more easily. Oblate reversed triangularity?® tokamaks, which have stronger Shafranov shifts at the same
as conventional tokamaks, are one possibility. Low aspect ratio tokamaks, such as the proposed National
Spherical Torus eXperiment, have naturally large drift reversal from low R/a and high A’, and Shafranov
shift stabilization should be quite strong. Finally, perhaps stellarator configurations can be optimized for drift
reversal to take advantage of the confinement improvement in ERS. Our resultsindicate that obtaining steep
density gradients may be crucial, since it appears to be easier to stabilize the TEM (through the Shafranov
shift and precession drift reversal) than the ITG mode.
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4 Precession frequency (a) and corresponding growth ratesvs. kg (b) asSand o are varied. For
typical supershot values (§ = 0.25 and a = 0.3), very few trapped electrons precess in the
favorable direction and the TEM growth rateisfairly strong. For RS values, where the shear
is reversed but the shift is not very large (§= —0.25 and a = 0.3), more electrons precess
in the favorable direction, and the TEM growth rate is reduced somewhat. For ERS values,
where the shift has become quite large (§ = —0.25 and o = 2.5), the mgjority of trapped
electrons precess in the favorable direction, and the TEM growth rates are dramatically
reduced. The longer wavel engths, which cause more transport, are completely stabilized. . .
5  Toroidal precession frequency vs. pitch angle using full geometry, for A’ = 0.53 (solid) and
0.07 (dashed). In full geometry, the Shafranov shift is dramatically stabilizing. In contrast
to the §— o model, the precession frequency of all trapped electronsis reduced by A', for all
pitchangles. . . . . . . . . . . e e e
6  Comparison of maximum linear growth rates (closed circles) and measured E x B shearing
rate, g (open circles). Before the transition, the maximum linear growth rate exceeds the
E x B shearing rate. After the transition, the linear growth rate is significantly less than
the E x B shearing rate, so the turbulence is suppresed. Without the stabilizing effect of A’
(dashed), however, the linear growth rate increases as the density gradient steepens, staying
above we. Thusin this case, both effects appear to be playing rolesin the transition dynamics.
7  Calculated particleflux as Vnisvaried. (a) Within the good confinement zone, at r /a= 0.3.
For low density gradients transport increases with the gradient, but beyond acritical density
gradient of about 0.6 the measured value at t = 3s, Shafranov shift induced stabilization
of the trapped electron mode overcomes the increasing density gradient, and the particle
flux decreases. Thus beyond 0.6, the Shafranov shift becomes positive feedback, causing a
transition. Once this critical gradient is exceeded, the density would run away. (b) Outside
the good confinement zone, at r /a= 0.5, the particle flux is still increasing with increasing
density gradients so there is no transition. This correlates well with experiment, where the
density isincreasing linearly in timeonly withinr/a< 0.4, . . . . ... ... ... .....
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Calculated particle flux as Vn is varied, now only changing the densities within the good
confinement zone, r /a < 0.4. Again, beyond some critical density gradient, Shafranov shift
stabilization of the TEM overcomes the increasing instability drive from the increasing gra-
dient, causing atransition. Including g stabilization would decrease the critical gradient,
as shown schematically (dashed line), by shifting the peak of theflux vs. Vncurve. . . . . .
Nonlinear simulations of an ERS discharge at r /a = 0.25 (a) before the transition, and (b)
after the transition. Before the transition, the predicted fluxes are in reasonable agreement
with power balance measurements, and the ion heat flux is convection dominated. After the
transition, the transport is greatly reduced, as the longest wavelengths are stabilized by the
large Shafranov shift. . . . . . . . . . . . e
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