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Abstract. Density fluctuation measurements over a broad wavenumber range (low-k, 0-2 cm1, intermediate-k,
8-15 cmL, and high-k, ~35 cm™1) have recently been performed for the first time on DIII-D which provide a
new, more complete picture of turbulence behavior in a tokamak. This wavenumber range corresponds to
kgps=0.2 - 10, a range relevant to ITG, TEM and ETG type instabilities. Calculations using the GKS linear
instability code indicated the plasma was indeed unstable to ITG, TEM, and ETG and therefore consistent with
the observed turbulent activity. Additionally, qualitative agreement between the predicted frequency ranges and
measurements were found. Detailed plasmainstabilities tests were performed by separately using short duration
neutral beam blips and electron cyclotron heating to modify the plasma parameters. These perturbations
modified the background temperature and density as well as the density fluctuation behavior. It was found that
both the measured and calculated response to these perturbations varied with wavenumber, supporting the need
for broad wavenumber comparisons. The measured fluctuation changes and predicted growth rates results
showed both similarities and differences. These observations could be due to complex interactions not contained
in the linear code and are under investigation using more complete non-linear turbulence simulations.

1. Introduction

The understanding of anomalous electron and ion transport leading to development of a
predictive transport capability represents a significant experimental and theoretical challenge.
It is generally acknowledged that long wavelength turbulence in the form of ion temperature
gradient (ITG: kgps ~ 0.1) driven modes is likely responsible for anomalous ion transport.
Anomalous electron thermal transport is often theoretically attributed to shorter scale, trapped
electron (TEM: kpgps ~ 1) or electron temperature gradient (ETG: kppg ~ 10) driven
turbulence, which are little affected by ExB shear suppression. Furthermore, the interaction of
these instabilities may prove crucial to improved understanding. Progress will result in
improved confidence in extrapolation to next-step fusion devices and, potentially, lead to
improved transport control and enhanced fusion performance. Detailed comparison of
transport properties and broad wavenumber range turbulence measurements to theoretical
predictions is essential in developing this predictive capability. Due to the possible interaction
of these various wavenumber ranges and the possibility of their differing response to plasma
conditions it is important to make these measurements simultaneously or near simultaneously.

A broad wavenumber diagnostic set is being developed at DIII-D to address anomalous
electron and ion transport. The UCLA FIR scattering system has been upgraded to probe low
(0-2 cm'l) and intermediate wavenumbers (8-15 cm 1) and a new concept high-k
backscattering system has been added for high-k ( ~ 35 cmr1). The U. Wisc. beam emission
spectroscopy system (BES) was recently upgraded for improved sensitivity and probes
0-3.5 cm1 while fluctuation and correlation reflectometry probe 0-5 cml. The MIT phase
contrast imaging system (PCI) has been upgraded to probe the core plasma with wavenumbers
in the range, 0-8 cm1 and 20-100 cm-L. Shown in Fig. 1 is a schematic representation of the
diagnostic wavenumber range covered along with the relevant instability wavenumbers. The
diagnostic k space is large and covers much of the relevant wavenumbers.



In this paper are presented experimental
measurements of density fluctuations over a
broad wavenumber range (0-35 cmr1). The
focus will be on the FIR scattering system
and mm-wave backscattering system. Later
reports will expand these results to include

EX/P6-23

k (cm™)
0.10 1.00 10.0 100
B BES, Reflectometry, PCI
FIR Scattering - 1

the other available diagnostics. An outline of L Bac:nsga;% -
the paper is as follows. First a brief -
overview of the fluctuation diagnostics used i 1
is given, followed by initial measurements :

and comparisons to linear growth rate I =

calculations from the GKS code [1]. These 1
initial measurements are found to be p,=03cm
qualitatively consistent with the linear GKS oW
calculations. A discussion of these findings oL o0 0 100
is then presented. Following this are data
from experiments which modify the
theoretical growth rates using neutral beam
injection and electron cyclotron heating.
Here the goal was to deliberately modify the plasma parameters so as to change the predicted
growth rates. Comparisons between these calculated growth rates and the measured
fluctuation levels are then made and discussed. It is found that there is some agreement with
predicted changes but also some interesting differences.

Fig. 1. Diagram showing wavenumber and kpg space
comparing diagnostic wavenumber ranges on DIII-D
with representative plasmainstability wavenumbers.

2. Low and Intermediate Wavenumber M easurements Using FIR Scattering

A far infrared (FIR) forward scattering system operating at 288 GHz was used to monitor
density fluctuationsin the range 02 cm1 and 8-15 cm-1. The split wavenumber range covers
the low-k part of the turbulent spectrum where much of the turbulent power is thought to
reside while the intermediate k range (8-15 cm-1) covers the transition region between the
trapped electron mode and electron temperature gradient modes. The system utilizes solid
state sources, quasi-optical beam focusing elements, and flat and parabolic metal mirrors.
Forward scattering at small angles (+1°) probes long wavelength turbulence (k~0-2 cnrl)
while also allowing for interferometric phase measurement. Forward scattering at larger
angles (8-15°) probes larger wavenumber fluctuations (k~8-15 cnrl). The wavenumbers
detected are dominantely poloidal wavenumbers. The system has a wavenumber resolution of
approximately +1 cm-1 and a frequency response to more than 10 MHz for the low-k and
45 MHz for the intermediate-k. The FIR probe beam is oriented radially along the tokamak
midplane. The low-k channel samples a chord average along this beam while the intermediate-
k channel is more spatially localized depending upon the wavenumber chosen.

A primary concern in such asystem is that the relatively large amplitude, low-k signals do
not contaminate the low amplitude, intermediate-k signals. Very good separation between the
low and intermediate-k signals was found in both the laboratory and with plasmas. The low-k
and intermediate-k signals had quite different qualitative behavior, i.e. Doppler broadening,
differences in response to L-to-H transitions, pellets, etc. For example, during neutral beam
injection the low-k signal has a much smaller Doppler broadening than the intermediate-k
consistent with their different wavenumbers. The coherency between the low and
intermediate-k signals was found to be near zero (the coherency is a frequency resolved
measure of the linear correlation between the two channels and the small value indicates
extremely low to no cross-contamination of one signal by the other) indicating that the two
channels were observing different wavenumbers. It was also important to verify that the
signal from the intermediate-k channel was due to plasma fluctuations at the desired
wavenumber. A test of thiswasto vary the intermediate-k wavenumber while viewing afixed
radial position. This should result in avariation of the Doppler shifted frequency, Aw =k [V,
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which is proportional to the wavenumber chosen, where V isthe local ExB poloidal velocity.
It was found that the ratio of the Doppler broadening of the signals is approximately the same
(within about 10%) as the ratio of wavenumbers indicating that the intermediate-k channel
was detecting the correct wavenumber.

3. High Wavenumber Measurements Using mm-Wave Back Scattering

A mm-wave backscatter approach was EC Resonance

used to monitor high-k (30-40 cm-1) Location\,
fluctuations. The physics of the measure- P
ment method is the same as the FIR forward To Opticsand //%
scattering described above with the Detectors 7
exception that the observation angle is very =11 H]
near 180° with respect to the probe beam .

(whereas the FIR scattering angle is 0-15°).
A high power (200 mW) 94 GHz solid state
source was employed together with standard
waveguide receiver and coupling com-
ponents. Figure 2 shows the integration of
the mm-wave backscatter and FIR low-k
systems. The 94 GHz incident and
backscattered radiation are shown asasingle
solid red line in Fig. 2. Only a single line
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Fig. 2. Diagram illustrating the diagnostic geometry

occurs because in this 180° backscatter
geometry the scattered radiation retraces the
incident radiation path. Also in the figure the

for the low-k FIR forward scattering and the high-k
mm-wave backscattering systems. The electron
cyclotron resonance location is shown.

solid blue line corresponds to the FIR 288 GHz incident and scattered radiation. As indicated
in Fig. 2, the 2fce resonance acts as an internal “beam dump” absorbing both the incident and
forward scattered radiation from low k turbulence. The exact location of this beam dump can
be varied by changing the toroidal magnetic field strength. The back scattered radiation
retraces the propagation path of the input radiation and is detected. Any unwanted O-mode
radiation that is launched strikes the inner wall at an angle and is not reflected back to the
receiver. The signal from the mm-wave backscatter diagnostic then comes from a chord
which starts at the plasma edge and ends at the electron cyclotron resonance location. Finaly,
it should be noted that backscatter observes principally radial k while the FIR scattering is
principally poloidal k.

Multiple tests of the mm-wave backscattering were performed. The backscatter signal was
clearly different from the lower-k signals, for example showing none of the coherent modes
often seen at low-k. No coherency was found between the low-k FIR and backscattered
signal. Interestingly, the concept of wavenumber matching provided an excellent test of the
system performance. In scattering theory, if the wavenumber being probed does not
physically align in such away as to satisfy the momentum balance then no scattering occurs.
More detailed cal culations show that wavenumber matching can occur for non-zero mismatch
angles (Eg. 11 in [2]). Backscattering measurements were made with different incident angles
which tested this prediction. The results of this angular scan agreed well with the theoretical
instrument response confirming the operation of the diagnostic.

4. Initial Measurement Results and Comparison to Linear Instability Predictions
(GK S code)

Utilizing these new DIII-D diagnostic capabilities, initial measurements of low (0—
1 cmY), intermediate (15 cm1), and high-k (40 cm1) density fluctuations relevant to the ITG,
TEM, and ETG wavenumber ranges were made. These data were acquired in an Ohmic,
diverted plasma, I, = 1 MA, g avg = 2.6x1019 m'3, By = 2.1 T. High-k (~40 cnrl) data from
the new backscattering system show broadband fluctuation activity out to ~1 MHz [Fig. 3(a)].
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Fig. 3. Frequency spectrafrom: (a) backscattering diagnostic, radial-k dominant, k, ~ 40 cmL. (b) intermediate-
k FIR scattering, kg = 15 cm1, and (c) low-k FIR scattering, kg = 0-1 cm L. Red lines are Gaussian fits to the
data while the noise floor isindicated by horizontal lines.

Intermediate-k data (~15 cmr1), from the upgraded FIR scattering system, is less broadband
than the 40 cm1 data, with the k range consistent with ETG/TEM [Fig. 3(b)]. Low-k (O-
1cm 1) FIR [Fig. 3(c)] and reflectometry (0-5 cmrl) data are in an ITG wavenumber range
with spectra more narrow still. Shown in Fig. 3 are Gaussian fits to the data as well as noise
floors. The high-k data are well fit by two Gaussians, one relatively narrow with a width of
~50 kHz, and the other broad with a width ~490 kHz. The Gaussian widths of the 15 and 0-
1 cm-1 data are 260 kHz and 24 kHz respectively. Not shown are spectra from reflectometer
systems showing frequency widths of 2070 kHz. The observed trend is for increasing
frequency width with increasing wavenumber. The relatively narrow, low frequency (f <
200 kHz) peak in the high-k data [Fig. 3(a)] is different in spectral shape and time behavior
from the broader part of the high-k spectrum. This interesting observation may be due to a
spatial variation of the turbulence intensity and is under investigation, experimentally and
theoretically.

Calculations using the GKS linear 1.0
stability code indicate that these discharges
are unstable to a wide range of instabilities:
ETG, ITG and TEM. Figure 4 shows the

40 cmt

predicted real frequency of the unstable T 05
modes over the radial range r = 0.1-0.9 for >3
different k values. Note that negative rea 3
frequencies indicate propagation in the ion g
diamagnetic direction, consistent with ITG g 0o

features, while positive frequencies are

consistent with electron type modes, e.g. 1 om 2cm

TEM and/or ETG. Figure 4 indicates that the L I T
frequency range predicted at 40 cml is 00 02 04 06 08 10
larger than that at 15 cm 1 which isin turn Radial Position r/a

larger than the 1 cm1 prediction. The
predicted frequencies are somewhat smaller
than those seen experimentally but are
nevertheless in qualitative agreement with the measured spectra [Fig. 3(a-c)]. The GKS
calculations of the frequency are only an approximate indication of how the fully developed
turbulence would behave, but they do provide a guide as to how the instabilities might appear.
In addition, while the GK'S code calculates poloidal wavenumber characteristics, the high-k
data (40 cm-1) are principally radial k. If the fluctuations are isotropic in ki-kg then the
simulation and experiment are directly comparable. However, if there is a significant
anisotropy, for example due to streamer activity, then nonlinear simulations are needed to
estimate the expected frequency range of the backscattered signal. Nonlinear simulations

Fig. 4. GKS predictions of real frequency for 1, 2, 15
and 40 cm1 for the plasma conditions of Fig. 3.
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(GS2) are underway which will both address this issue as well as extend the experiment-
simulation comparisons.

5. Testing Theoretical Predictions Using Perturbation Techniques: Comparison of
Experimental M easurementsand Linear Instability Calculations

Linear growth rates of the various plasma instabilities are predicted to vary with the local
variables, Te, T, Ln, LT, Zeff, €tc. Theoretically, the ratio of electron to ion temperature T¢/T;,
density and temperature scale lengths, Ly, L1, and impurity concentration are expected to
affect the growth rates of the low and high k fluctuations in different ways (e.g. see [3-5]).
For example, increasing T¢/Tj is believed to increase the ITG growth rates while decreasing
the ETG growth rates (with all other quantities held fixed). Decreasing L, (while keeping LT,
either constant or increasing it) can theoretically turn off the ETG modes. The experiments
described below were designed to modify one or more of these parameters, to measure the
fluctuation response over a broad wavenumber range, and to compare these measurements to
predictions of various turbulence and instability codes. The measured profiles (ne, Te, €tc.) are
used as code inputs. It is difficult if not impossible to modify one plasma parameter without
affecting some or many more. The experimental approach was to attempt to modify only one
parameter, but to measure all important ones, and to use these measurements as input into the
codes.

5.1. Short Time Duration Neutral Beam Injection

Short time duration neutral beam blips Nexitral Beam Injection Power ¢ Density Profile
were used to selectively heat the electrons 5 2% @3, ©
while providing little or no ion heating or "z 1000 2
density change. Figure 5 shows the neutral o 0

e . : Electron Temperature 00 0408 12
beam injection times, response of the elec- = 8] I 5 i Ifr N
tron temperature, and response of low and 3 O_AM 15— e(f)
intermediate-k scattering signals. The o J\gzo_n 110
neutral beams were injected into a moder- OO st oo L K= o gﬁ

ately low density Ohmic plasma, with the 0.20
beam duration increasing from 10 ms, to

E (©] 00 04,0812
20 ms, and finally to 30 ms. The plasma : ;

pararneters were BT =21 T1 |p =038 MA! 000 Density Fluctuation Level, k = 11 cm™t

Nilde (@2U.)

Nchord = 2.8x1019 m3. Due to the low 3 o, @
electron temperature the beam heating was S o

predominantly on the electrons. A precise = Lisse
measure of the ion heating is difficult to e om0 300
make since the beams are used to deter- Time (ms)

mine Tj, however, no consistent changein  Fig. 5. Time series of (a) neutral beam injection,
T; was found for the beam duration in- (b) electron temperature response, (c) integrated fluctu-
creasing from 10 to 30 ms. The electron ation level for k=1 cm1 from FIR scattering, (d) inte-

increased with in- grated fluctuation level for k=11 cmr? from FIR scatter-
temperaturg respocr;sealtncr with n ing, (e) density profiles from two times shown by the
creasing beam duralion as seen In arrows in (b), and (f) electron temperature profiles for
Fig. 5(b). Density and electron tempera-  sametwo times.

ture profiles are shown for the two times

indicated by the red and black arrows. The density does not change appreciably while Te
increases across the whole radius [Fig. 5(e) and 5(f)]. The electron temperature increases in
time up till the turn off of the beams then decreases. The low and intermediate-k signals,
labeled ntjjge shown in Fig. 5(c) and 5(d) are RMS levels integrated across the frequency
range where the fluctuations appear. These levels are seen to respond quite differently, with
the low-k increasing to a maximum after the beam turns off and the intermediate-k decreasing
to a minimum. Both signals then return to the pre-beam levels. Not shown are the Doppler
broadening of the scattering signals due to the neutral beams. The low



and intermediate k signals see a frequency
change of approximately 30 kHz and 400
kHz respectively at the third beam blip. This
is an indication that the neutral beam is
affecting the plasma rotation and con-
sequently the radial electric field. Figure 6
shows low and high-k data from a different
discharge, but with similar beam blips.
There the low-k fluctuations increase as they
do in Fig. 5(c). Interestingly the high-k
fluctuations also increase, in contrast to the
response of the intermediate-k shown in
Fig. 5(d).

Linear growth rate calculations using the
GK 'S code were performed for the two times
indicated by the arrows in Fig. 5. The major
difference in the code inputs was the
electron temperature profile. The density, Tj,
etc. were essentially identical for the two
times. The results of the calculation are
shown in Fig. 7 for the three different
wavenumbers measured. Plotted are growth
rates and real frequency versus radial
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Fig. 6. Time series of (a) neutral beam injection,
(b) electron temperature, (c) integrated fluctuation
level for k=1 cm! from FIR scattering, (d) integrated
fluctuation level for k=35 cm-1 from mm-wave
backscattering from a shot similar to that in Fig. 5.

position. Positive growth rate indicates
instability and positive frequency indicates propagation in the electron diamagnetic drift
direction. The low-k (k = 1 cm 1) shows an increase in growth rate over much of the radius
consistent with the increase flucuation level seen in Fig. 5(c). The real frequency is negative
for the majority of the radius indicating a mode propagating in the ion diamagnetic drift
direction. Interestingly, the k = 11 cm-1 growth rate increases for large radii and decreases for
the middle radii. Note that the intermediate-k scattering was centered roughly upon the
magnetic axis so that the majority of the signal comes from aradial range centered near p =0,
with diminishing sensitivity out to p = 1. Thus the intermediate-k would likely observe any
increase in fluctuation levels at the edge, but with reduced response compared to the more
central locations. The GKS calculation shows an increase with neutral beams at the edge for
the k = 35 cm-1 wavenumber. Thisis qualitatively consistent with the observations shown in
Fig. 6 but it should be noted that the cal culation was done for the plasma parameters shown in
Fig. 5.

5.2. Electron Cyclotron Heating

Electron cyclotron heating (ECH) was applied to a low density, diverted, Ohmic
discharge, BT =1.9T, Ip=0.7 MA, and nchord = 1.5%1012 m3, Short neutral beam blips of 10
ms duration were applied every 100 ms for diagnostic purposes. The response of the plasma
to the ECH was an increase in electron temperature and a slight decrease in density [Fig. 8(b)
and 8(c)]. Also shown in Fig. 8(d—f) are the integrated fluctuation signals from low,
intermediate and high k. From the figure it is seen that the low-k did not change appreciably
with ECH while the intermediate-k decreased somewhat (~10%) and the high-k increased
(~10%—-15%). The high-k fluctuation level decreases rapidly after ECH turn-off, similar to the
Te signal from the outer part of the plasma [Fig. 8(b)]. It should be noted that T; did not
change appreciably during the ECH.

Linear growth rate calculations were performed for the two times indicated by the arrows
in Fig. 8(a) and are shown in Fig. 9 along with the measured fluctuation spectra for the
different wavenumbers. For k = 1 cmr1 the linear growth rates increase with ECH everywhere
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Fig. 7. GKS calculations of linear growth rates
versus radial position for plasma shown in Fig. 5. (a)
k=1cml (b)k=11cml (c) k =35cml Red
frequencies versus radial position for the same
wavenumbers are shown in (d)—(f). Dashed line is
ohmic phase, 1450 ms, solid line is near peak in Tg

Fig. 8. Time series of (a) electron cyclotron heating,
(b) electron temperature, (c) chord averaged density,
(d) integrated fluctuation level for k=1 cm™1 from FIR
scattering, (e) integrated fluctuation level for k =
8 cm1 from FIR scattering, (f) integrated fluctuation
level for k=35 cm™! from mm-wave backscattering,
(g) electron temperature profiles from two times
shown by the arrows in (a), and (f) density profiles

response at 2050 ms. for same two times.

except near p = 0.6. This appears to be inconsistent with the experimental measurement of
little change in fluctuations at this k with ECH [either Fig. 8(d) or Fig. 9(a)] however,
preliminary calculations of the ExB shearing rate show it to be far above these growth rates
except around p = 0.6. Such a large shearing rate could suppress the low-k fluctuations
everywhere except near p = 0.6 where there is little change in the growth rates. Interestingly,
the predicted real frequency isin the ion direction only near p = 0.6, being in the electron
direction everywhere else. The growth rates for k = 8 cm-1 both decrease and increase
depending upon the radial location [Fig. 9(e)]. While the total fluctuation signal from k = 8
cm-L decreases [Fig. 8(e)], the k = 8 cmr1 frequency spectrum response varies with frequency,
increasing for negative frequencies, and decreasing for positive frequencies [Fig. 9(b)]. Since
the signal comes from different radii, the different frequencies may be associated with
different radial positions, thusindicating aradia variation in the fluctuation response. Finally,
the k = 35 cm1 growth rates decrease everywhere except near the edge where an increase is
observed [Fig. 9(f)]. The experimental data clearly shows an increase [Fig. 8(f) or Fig. 9(c)]
which appears inconsistent with the signal coming from a radial extent of p = 0.4 to 1.0. It
should be noted that earlier data from various conditions are consistent with the high-k signals
originating from a radial location of p = 0.8 and greater. Such a spatial distribution would
bring the linear growth rate calcul ations into better agreement with the measurement. Thisisa
very interesting observation with more work needed to fully understand it. One speculation is
that interactions of the high-k fluctuations with lower k’s might change the saturation level
(e.g. see[6]).

6. Conclusions

In conclusion, density fluctuations measurements have been obtained on DIII-D over a
very broad wavenumber range (k = 135cm-1 or kpps=0.2 - 10). These measurements show
fluctuation activity over this wavenumber range, a range relevant to ITG, TEM and ETG,
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Fig. 9. Experimental power spectra versus frequency for the two times shown by arrowsin Fig. 8 (black ohmic,
red ECH). (a) k=1 cm! spectra from FIR scattering, (b) k=8 cm 1 spectra from FIR scattering, (c) k=35 cm!
spectra from mm-wave backscattering. (d) through (i): GKS calculations for the same times and wavenumbers.
Linear growth rates versus radial position: (d) k =1 cm1, (€) k = 8 cmL, (f) k = 35 cmL. Real frequencies versus
radial position: (g) k =1cml, (h) k=8cm1, (i) k=35 cmL.

which have qualitative agreement with linear gyrokinetic code calculations for the non-
perturbed, Ohmic plasma case. Short duration neutral beam injection and ECH were used to
modify the theoretical micro-instability growth rates as well as the experimentally measured
fluctuation levels. The short duration NBI was found to be particularly effective in modifying
only Te. Experimentally, it was found that the fluctuations did not respond to the
perturbations in the same manner across the wavenumber range, e.g. increasing at some k’s
and decreasing at others. The predicted linear growth rates also varied with wavenumber.
Such variation confirms the need to concurrently measure a broad wavenumber range for
comparison to simulations. Additionally, the predicted change in growth rates and measured
variation in fluctuation signals for these perturbed plasma are in some cases inconsistent
indicating the need for comparison to full non-linear simulations. These simulations are
currently underway utilizing the GS2 [7] and GY RO [8] codes.
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