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Abstract The response of plasma parameters and broad wavenumber turbulence
(1-40 cm™, kpg = 0.1-8) to auxiliary electron cyclotron heating (ECH) is reported on.
In these plasmas the electron temperature responds most strongly to the ECH while the
electron density and ion temperature are kept approximately constant. Thermal fluxes and
diffusivities increase appreciably with ECH for both electron and ion channels.
Significant changes to the density fluctuations over the full range of measured
wavenumbers are observed. This range of wavenumbers encompasses that typically
associated with ion temperature gradient, trapped electron mode, and electron
temperature gradient modes. Changes in linear growth rates calculated using a
gyrokinetic code show consistency with observed fluctuation increases over the whole

range of wavenumbers.
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1. Introduction

Anomalous electron heat transport is an important and unresolved issue that directly
impacts the understanding and prediction of fusion reactor performance [1,2]. Although
lower wavenumber turbulence and resulting transport are thought to be fairly well
understood [1,2], the interaction of low, intermediate, and high- k£ fluctuations and their
combined impact on transport is a potentially complex system that calls for
measurements over a broad wavenumber range [3-5]. Turbulence measurements over a
range in wavenumbers have been undertaken on a variety of fusion research devices
including DIII-D [the results reported here and references 6,7], FT-2 [8,9], Tore-Supra
[10], and NSTX [11]. These efforts generally employ some type of scattering to access
the wavenumber range of interest, from forward far infrared (FIR) and mm-wave
backscattering [DIII-D, reference 6], enhanced upper-hybrid resonance backscattering
[FT-2, reference 8], far-forward FIR scattering [Tore-Supra, reference 10], to forward
FIR scattering [NSTX, reference 9]. These experiments have found fluctuations over a
large range in wavenumber corresponding to the wavenumber ranges of low-k ion
temperature gradient instability (ITG), trapped electron mode (TEM), up to and including
high- k electron temperature gradient instability (ETG). The question of how much
transport can be attributed to high-k, ETG type modes is currently an unresolved
question. Since these modes can interact with, and perhaps be driven by, the lower k
fluctuations it is important to measure the turbulence over as broad a range as possible. In
this regard, work on DIII-D indicates that the high £ ETG scale fluctuations can evolve
independently of lower k fluctuations in some cases [7]. However, many more plasma

regimes, parameters, wavenumbers, radial locations, etc. as well as utilization of different



research devices are thought necessary before a firm understanding of these higher k
fluctuations is achieved.

In this paper the effects of electron cyclotron heating (ECH) upon Ohmic discharges
are examined from the point view of plasma parameters, turbulence, and transport.
Turbulence measurements over a broad range in wavenumber (1-40 em™!, kpg = 0.1-8)
from multiple scattering diagnostics are presented. The measurements cover this
wavenumber range with a significantly higher number of wavenumber points than
previously reported on DIII-D due to upgraded and new diagnostic systems. In general,
the density turbulence increases in level with ECH over the range of wavenumbers
studied. The plasma parameter most affected by the ECH is the electron temperature,
with the electron density and ion temperature roughly unchanged. Various stability
parameters (e.g. a/Ly,, a/Lte, a/LTi) are found to vary with ECH. Gyrokinetic stability
calculations using the GKS code [12] are performed using the measured plasma
parameters. Some consistency between increase in measured fluctuation levels and
increased calculated linear growth rates from GKS is found over the wavenumber range
studied. The plasmas examined here have some similarities to the plasmas described in
the first part of reference [7] but also some significant differences. Both are principally
Ohmic plasmas with auxiliary ECH heating, however the power levels differ by a factor
of ~1.7 and the density changes significantly in [7] with ECH. Other, more quantitative,
differences will be discussed later. It is nevertheless found that there is significant
congruence in the resulting measurements and interpretation for the two different plasma

conditions.



2. Experimental Results
The experiments described here were performed on a lower single-null, diverted

DII-D discharge, with plasma parameters Bp= 2.1T, I;= 0.75MA, nchord =

1.8x10" m2, and deuterium working gas. A moderate amount of 110 GHz ECH
(1.4 MW) was applied to these Ohmic discharges during the plasma current flat top
(figure 1). The heating location was located near normalized radial location p = 0.6, with
a heating deposition width of approximately +0.1 in normalized radial units. The density
was well controlled during this time period by feedback control of the gas puff using the
CO; interferometer signal (figure 1). Short duration neutral beam blips (10 ms) were
injected at different times on repeat shots to obtain ion temperature and density
information from charge exchange recombination (CER). The major change to the
plasma due to the ECH was an increase in the electron temperature (figure 1). The
analysis presented here focuses on two times during these discharges, the Ohmic time
period at 1800 ms and the ECH time period at 3465 ms. Based upon the time histories of
the various plasma parameters these times appear quite stationary. The plasmas examined
here have some similarities to the plasma described in the first part of reference [7] but
also some striking differences. The similarities being both are principally Ohmic plasmas
with auxiliary ECH heating. The major qualitative differences are lower ECH power for
the plasmas herein (~1.4 MW compared to ~2.4 MW in [7]) and the operational
difference that the plasma density was allowed to decrease in [7] whereas it was kept
relatively constant here [e.g. figure 1(a)]. Other, more quantitative, differences will be
discussed later. In addition to these differences a much improved fluctuation data set was

obtained for the plasmas reported upon here. This improved fluctuation data set consists



of a larger number of monitored wavenumbers enabled by upgraded and new diagnostic
systems.

Profiles of electron and ion temperatures, electron density, and magnetic safety factor
q for the two times of interest are shown in figure 2. The electron temperature is obtained
from a combination of multipoint Thomson scattering and electron cyclotron emission
and shows the largest change due to the ECH. Note that although the ECH is applied at
normalized radial location p =0.6 the electron temperature increases significantly inside
of this location indicating an inward thermal transport. This phenomenon has been
previously reported upon in various machines [13-16] and was concluded to be
inconsistent with purely diffusive transport. The error bars shown are from multiple
automatic spline fits to the data and indicate the one sigma error bar from the resulting
distribution. For each fit the data are randomly varied within the measurement error and
the profile refitted. The ion temperature is obtained from charge exchange recombination
measuring the fully stripped carbon impurity. Electron density is obtained from a
combination of Thomson scattering and density profile reflectometry. The magnetic
safety factor ¢ is obtained using the magnetic equilibrium code EFIT [17] constrained by
motional Stark effect (MSE) measurements of the on-axis magnetic field [18]. The
parameters (other than 7,) show little variation with the possible exception of the
electron density at the edge that does show a small increase with ECH. In contrast to this,
the inverse scale lengths (a/L,, a/Lte, a/Lti) do vary with the addition of ECH with
the largest changes in a/Lte being found in the deep core while a/L,, and a/Ltj vary in
both the edge and core. Here a= 0.65 m is the minor radius of the plasma on the

outboard midplane. The magnetic safety factor ¢ and the magnetic shear § = (r/ q)(aq/ ar)



do not vary significantly with ECH [figure 2(d,h)]. Z.r 1s approximately constant in
radius with a value of 1.25+0.1 (calculated from charge balance using the measured
electron density and the fully stripped carbon impurity density from CER) and did not
change appreciably with ECH. These parameters, as well as those derived directly from
them (e.g. T./T;, collisionality, etc.) enter directly into stability calculations of the
various modes believed responsible for anomalous plasma transport (e.g. ITG, ETG,
TEM) [12,19-21].

The radial electric field E; and its radial shearing rate yg,p at these two times is
shown in figure 3. The radial electric field is determined from the force balance equation
using CER measurements of the fully stripped carbon temperature, density, and vertical
and tangential velocities [22]. The radial electric field E, and its radial shearing rate
YExp do appear to decrease on average with the application of ECH. However, within the
uncertainties there is no clear difference between the two times of interest. Additionally,

the magnitude of the shearing rate yg, g is quite low at both times (especially in relation

to the growth rates of the various plasma instabilities as will be seen later).

Thermal fluxes and diffusivities were calculated by the ONETWO transport code [23]
using the measured profiles (figure 2) and the ECH power deposition location (r/a ~0.6)
for both ions and electrons. Thermal diffusivities are of interest as they indicate how fast
the plasma transports thermal energy whereas thermal fluxes are of interest since they are

most directly related to the turbulent fluxes through standard flux relations, e.g. the
turbulence induced diffusive heat flux g, = n<feE3> / B OcnkeTez(ﬁ/ n)2 / B. Two different

times are shown in figure 4 corresponding to no ECH (t = 1800 ms) and 1.4 MW of ECH



power (t = 3465 ms). Both the ion and electron thermal fluxes and diffusivities increase
with ECH. The increase in the electron channel is most noticeable since there is a large
increase for r/a >0 and a decrease for r/a <0.6. This decrease is a manifestation of the
phenomenon discussed earlier (and reported in [13]) where although the ECH is
deposited locally at r/a~ 0.6+0.1, the electron temperature increases interior to that,
even though the temperature gradient is negative in that region (i.e. the diffusive transport
should be down gradient). Since the ion temperature did not increase significantly the
increase in the ion thermal flux may be consistent with an increased fluctuation driven
flux due to increased fluctuation levels (see below). The picture for the electron thermal

flux i1s more complicated. The strong increase in electron temperature [figure 2(a)] can

account for much of the increase in g, = n<feE3> / B OcnkeTez(ﬁ/ n)2 / B, but not all. This is

because the maximum increase in T2 is ~4 compared to a maximum increase in electron
heat flux of ~6 [figure 4(b)]. Again one potential explanation is an increase in fluctuation
driven transport due to increased fluctuation levels (over all wavenumber ranges). The
electron and ion thermal diffusivities are shown in figure 4(b). Both are seen to increase
with ECH. At all times the ion diffusivities are well above the neo-classical ion
diffusivities. The Ohmic electron diffusivity is significantly below the ion diffusivity
except near the edge. In contrast, the electron diffusivity during ECH approaches the ion

values indicating a significant change in transport character.

The response of the turbulent density fluctuations was measured over a broad

wavenumber range using a combination of FIR scattering and mm-wave backscattering

diagnostics [6]. FIR scattering was utilized to monitor the wavenumber ranges 1 cm™!



[figure 5(a)] and 8-15 cm™! [figure 5(b-d)]. A scan of the intermediate wavenumber

range 8-15 cm™!

was obtained by scanning the receive angle (proportional to the
detected wavenumber) on reproducible shots. The FIR scattering diagnostic is aligned
along the tokamak midplane and principally detects fluctuations with a poloidal

wavenumber in the region near the midplane. The instrument function for these

wavenumbers is quite broad in real space being approximately the full diameter of the

plasma for 1 cm~! and the minor radius for the 815 cm~!. The FIR scattering system
measures the fluctuations in the laboratory frame of reference, including both intrinsic
fluctuation frequency and any E x B Doppler frequency shift that may be present [24,25].
The spatial variation of the combined intrinsic fluctuation frequency and the ExB
Doppler frequency shift has been utilized to improve the spatial resolution of similar
measurements [25]. In this picture higher measured frequencies are mapped to regions of
larger total frequency that typically occur towards the mid-radius of the tokamak (the
total frequency being the sum of the intrinsic fluctuation frequency and E x B Doppler
frequency shift). This prescription gives rise to ambiguities since low frequencies can
occur at both the edge and r/a=0. This ambiguity is partially resolved by noting that
fluctuation levels generally peak towards the edge. Thus, the edge region will tend to
dominate the low frequency part of the power spectrum.

For the higher wavenumbers, k= 20 cm™!, two channels of mm-wave backscattering
are utilized. One channel detects ~20 cm™! and integrates from the edge plasma inward

I and is

to approximately r/a=0.2 [figure 5(e)]. A second channel detects ~39 cm~
spatially localized to the edge (r/a = 1.0+0.15) [figure 5(f)]. This spatial localization is

accomplished by crossing a probe beam and a detection beam at an angle of ~12 deg. A



more complete description of the backscattering diagnostic can be found in [6,7]. These
backscattering channels principally measure radial k and so are different from the FIR
scattering in that respect. Two other channels of high-k at ~39 em™!, spatially localized
to r/=0.6 and r/a=0.35, are available on these discharges however the plasma towards
the edge is concentrated upon here.

For reference, the density wavenumber ranges in terms of normalized wavenumber,

kps (pg 1s the ion gyroradius using the local electron temperature) are kpg ~ 0.1-0.2 for
1 em™!, kpg~ 0.8-1.6 for 8.2 cm™!, kpg~ 1.2-2.4 for 12 cm™!, kps ~ 1.5-3.0 for

15 cm™!, kpg ~ 2—4 for 20 em™!, kpg ~ 4-8 for 39 cm~!. Here we have used values of
the gyroradius (pg = 0.1-0.2 cm) relevant to the outer region of these plasmas, r/a>0.7 .
It is noted that pg increases to values of ~0.3 cm at the core. This provides a total
variation in kps of 0.1-8 for the outer plasma region (r/a= 0.7-1.0). This range in
wavenumber is typically associated with ITG driven modes ( kpg roughly 0.1-0.5), TEM
(kps ~ 0.5 to 2 or greater), and ETG driven modes (kps ~ 4 and larger).

The fluctuation spectra shown in figure 5 are broad and generally featureless with the
exception of the k=8.2 and 12 cm’! [figure 5(b,c)] data which show a rather wide low
frequency peak. The frequency width of the spectra tends to increase with increasing
wavenumber with the largest width (~1.5 MHz) occurring for the k= 39 cm! data.
These plasmas were relatively free of MHD type activity and this is reflected in the lack
of coherent modes in the fluctuation data. In all cases the total fluctuation level 7
(integrated over the individual frequency ranges shown) increases with ECH (the
percentage change in 7 is indicated in each figure). Note that this 7 is not a normalized

level (i.e. it is not 7i/n). The increase is not a constant change over each frequency range

10



but instead can be somewhat complicated. For example, the change in the k= 12 cm!

data [figure 5(c)] occurs principally at low and high frequencies with the intermediate

frequency range showing little variation. In contrast, the data for k= 8.2 cm!

[figure 5(b)] shows an increase at the higher frequencies only. This variation with
frequency is likely due to the spatial variation of the fluctuation level that is mapped onto
frequency as discussed above. The more spatially localized channel [figure 5(f)] shows
an increase at all frequencies up to the point that the instrument noise floor is reached.

As mentioned earlier, these plasmas show some similarity to those presented in the
first part of reference [7] with some striking and important differences. The density and
density profile were approximately constant here while they varied in [7]. The radial
electric field and shear were both low and unchanged within error bars in contrast to the
variation in E; and, significantly, the increase in electric field shear reported in [7].
These differences are attributed to a combination of lower ECH power and, possibly
more importantly, the relatively constant density that was obtained in these plasmas. The
fluctuation data presented in this paper covers the same total range in wavenumber space
but with a much larger number of monitored wavenumbers. The fluctuation levels are
found to increase at all wavenumbers whereas those in [7] increased only at the highest
k. There the lack of change at lower wavenumbers was attributed to the increase in
electric field shear offsetting the increase in calculated growth rates [7]. It will be seen
that the changes in fluctuation levels reported here are qualitatively consistent with the
calculated growth rates for ITG-TEM-ETG type instabilities and, interestingly, are also

consistent with the picture developed in [7].
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3. Comparison with Linear Gyrokinetic Calculations

Comparisons of the above data to linear gyrokinetic simulations were performed
using the GKS code [12]. GKS is a gyrokinetic stability code, which calculates linear
growth rates and frequencies for toroidal drift waves corresponding to poloidal
wavenumbers. Code inputs were the measured 7T,, T;, n., impurity profiles (assuming
that the fully stripped carbon is the major impurity), and magnetic equilibrium (the
profiles used are shown in figure 2). The effects due to up-down plasma asymmetries or
Ex B velocity shear flow (E and B are local electric and magnetic fields) are not
included in GKS. Linear calculations do not simulate the fully developed turbulence but
they can provide a guide as to where particular instabilities might appear. The GKS code
calculates poloidal wavenumber characteristics, however the mm-wave backscatter data
[k=20 and 39 cm’!, figure 5(e,f) respectively] are principally radial k (as contrasted
with the FIR scattering which is principally kg). Nonlinear simulations of coupled ITG-
TEM-ETG turbulence have recently shown isotropy in k; — kg from kpg ~ 6 to ~20 [4,5]
approximately encompassing the experimental high k range reported here and indicating
that such comparisons may be valid.

The results of the GKS simulations are summarized in figure 6, which shows growth
rates and real frequencies versus radial location for a range of wavenumbers. The
convention used in GKS is that positive growth rates indicate instability. Positive and
negative frequencies correspond to propagation of the instability in the electron and ion
diamagnetic drift directions respectively. The wavenumber ranges were chosen to
encompass the experimental measurements shown in figure 5. The growth rates and

frequencies are plotted in this manner to better show the variation with radial location as

12



well as with ECH. Examination of figure 6(a,b) shows that the linear growth rates
respond in a somewhat complex manner, generally increasing towards the edge and
decreasing or constant in the deep core. Note that the electric field shear shown in
figure 3(b) is much lower than the calculated growth rates and so is not expected to
significantly affect the fluctuations. Both the low and high k& growth rates increase
outside of r/a ~0.8, while tending to decrease interior to this. The increase outside of
rla~0.8 is in qualitative agreement with the observed increase in fluctuation levels
(figure 5) if the measured signals are assumed to arise principally from the outer regions.
As discussed earlier the FIR scattering signals have been argued to be dominated by the

high edge fluctuation levels consistent with this picture. The highest k signal, k=
39 cm™! [figure 5(f)], is spatially localized to the edge and so poses no interpretation

issues in this regard. The k= 20 cm™! signal is less clear as it is a chord average from
the edge into r/a ~0.2. However, if the fluctuations at this k peak towards the edge then
there is reasonable agreement. The predicted increase in real frequency with increasing
wavenumber [figure 6(c,d)] is in qualitative agreement with the increased spectral widths
with increasing wavenumber shown in figure 5. It is interesting that the real frequencies
at higher k [figure 6(d)] decrease in magnitude with ECH even though the growth rates
increase. As mentioned earlier, GKS does not contain any effects of electric field or
electric field shear and so the effects of shear must be evaluated separately. The small
electric field and shearing rates of these plasmas (figure 3), and also the lack of variation
in these in going from Ohmic to ECH thus greatly facilitates the comparisons with
measurement. The increased electric field shear reported in [7] was conjectured to be the

underlying cause of the lack of increase in measured lower k fluctuation levels as

13



compared to the predicted increase. The data presented here appear to be consistent with
that picture since the fluctuations increase in a broadband manner similar to calculated
growth rates while at the same time there is no strong variation in shear [it may in fact
decrease, figure 3(b)].

Calculations of the critical gradient for ETG were performed using GKS. These
showed that the outer plasma region (r/a>0.4) of these discharges is unstable to ETG
type modes, and that the difference between the experimental and critical gradients
increases with ECH. This is indicative of a stronger level of ETG drive consistent with
the measured increase at high k presented in figure 5(f). ITG type modes are predicted to
be unstable by GKS towards the edge of these plasmas in the Ohmic case. With ECH this

appears to change and an electron type mode, possibly TEM, appears.
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4. Summary and Conclusions

In order to better understand plasma turbulence and the resulting transport selected
plasmas were perturbed in a controlled manner while measuring a broad range of
turbulence and plasma parameters. A data set suitable for comparison to theoretical
predictions was an important goal and result of these experiments. Electron cyclotron
heating was injected into a diverted, Ohmic DIII-D discharge and the plasma response
measured. The density was well controlled and the resulting change to the gross plasma
parameters was limited mainly to the electron temperature. The response of the density
turbulence over a broad range in wavenumber (1-40 em’!, k 1Ps = 0.1-8) was measured
utilizing an increased number of higher wavenumber channels. The turbulence level
increased significantly during ECH as did the thermal flux and diffusivity for both
electron and ion channels. The observed fluctuation increases are consistent with changes
in linear growth rates calculated using a gyrokinetic stability code over the whole range
of wavenumbers if the fluctuation signals are assumed dominated by radii r/a greater
than approximately 0.7. Experimentally, the changes in the ion and electron thermal
fluxes require an increase in fluctuation levels similar to the measured increases. The
electron thermal diffusivity increased to near the ion diffusivity levels during ECH.

From an operational point of view these types of plasma perturbations are quite useful
as they result in changes to principally one parameter, in this case the electron
temperature. The resulting changes in the various turbulence related stability parameters
(e.g. a/L,, a/Lte, a/Lri, etc.) were more varied. In particular, the variation in a/Lt;
was larger than one would like. Nevertheless, by measuring the relevant parameters

significant comparisons to theory and simulation can be performed. Future experiments
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will seek to further separate and clarify the interactions and dependence between the low

k and high k turbulence.
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List of Figure Captions

Figure 1. Time histories of (a) chord averaged electron density current from a CO»,
interferometer, (b) electron temperature from electron cyclotron emission from three
radial positions, p=0.3, p=0.4 and p=0.6, and (c) electron cyclotron heating power

(heating location p =0.6).

Figure 2. Profiles for two times: 1800 ms Ohmic (solid line) and 3465 ms ECH (dashed
line). Representative uncertainties are indicated by the dotted lines. (a) Electron
temperature from multipoint Thomson scattering and electron cyclotron emission, (b) ion
temperature from charge exchange recombination spectroscopy, (c) electron density from
multipoint Thomson scattering and profile reflectometry, and (d) magnetic safety factor

q from magnetic equilbrium reconstruction code EFIT. The corresponding inverse scale

lengths scaled by the minor radius a are shown in (e) through (g), (h) is the magnetic

shear §=(r/q)(dq/dr).

Figure 3. (a) Radial electric field and its (b) shearing rate for the two times: 1800 ms
Ohmic (solid line) and 3465 ms ECH (dashed line). Representative uncertainties are

indicated by the dotted lines.

Figure 4. Electron and ion (a) thermal fluxes and (b) diffusivities for the two times:
1800 ms Ohmic and 3465 ms ECH. The neo-classical ion diffusivities are shown in (b)

for reference.
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Figure 5. Power spectra (ﬁz) for (a) k=1 cm'l, (b) k= 8.2 cm'l, (c) k=12 cm'l,
(d) k= 15 cm™!, (e) k= 20 em™!, and (f) k= 39 cm™! for the two times: 1800 ms
Ohmic (black) and 3465 ms ECH (red). The change in the integrated fluctuation levels
relative to the Ohmic time is indicated for each wavenumber. The range of integration is

the range shown in each figure.

Figure 6. GKS calculations of linear growth rates for (a) kgps = 0.1-1 and (b) kgps =

2-10 for the Ohmic and ECH times. The upper and lower bounds of each area generally
corresponds to the upper and lower range of kgps used. The matching real frequencies

are shown in (¢) and (d).
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