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Recent experiments on C-mod seeding nitrogen into ohmic plasmas with g5 = 3.4
found that the seeding greatly reduced long-wavelength (ITG - scale) turbulence. The
long-wavelength turbulence that was reduced by the nitrogen seeding was localized
to the region of r/a ~ 0.85, where the turbulence is well above marginal stability
(as evidenced by Q;/Qcp >> 1). The nonlinear gyrokinetic code GYRO was used
to simulate the expected turbulence in these plasmas, and the simulated turbulent
density fluctuations and turbulent energy fluxes quantitatively agreed with the exper-
imental measurements both before and after the nitrogen seeding. Unexpectedly, the
intrinsic rotation of the plasma was also found to be affected by the nitrogen seeding,
in a manner apparently unrelated to a change in the electron-ion collisionality that
was proposed by other experiments. This important observation remains the subject

of future studies.
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I. INTRODUCTION

The energy confinement time 7z in ohmic tokamak plasmas exhibits two characteristic
scaling regimes: the low-density linear ohmic confinement (LOC) regime in which the energy
confinement time scales linearly with the density, and the high-density saturated ohmic
confinement (SOC) regime in which the energy confinement time is independent of the
density!.

Turbulent fluctuations are well-known to be the primary contributor to energy transport
in current tokamaks®?. The magnitude of the energy transport driven by turbulence is in-
fluenced by several parameters, in particular the inverse of the local gradient scale-length
of the temperature profile normalized to the minor radius: a/Ly = aVT/T where a is
the minor radius, and 7" is the temperature. The relationship between the a/Ls; and the
turbulence-driven energy flux, @), is primarily defined by two parameters: a critical gradient
(the minimum value of the gradient for the turbulence to become unstable), and a stiffness
(the rate of increase of () with increasing a/Lr when a/Lr is above the critical gradient).
The exact values of the stiffness and critical gradient will depend on a number of factors,
including the ratio of the main ion species density, in this case deuterium, to the electron

density, np/ne.

Main-ion dilution, meaning the reduction of np/n. to less than 1, has been previously
found®* in both experiments on the Alcator C-Mod tokamak® and simulations with GYRQO®
and TGLF7 to reduce turbulent energy transport. In particular, dilution in controlled ex-
periments was achieved through seeding of nitrogen gas into ohmic plasmas on C-Mod while
a cryopump held the overall electron density fixed throughout the seeding?. Those experi-
ments were performed at safety factors go5 of 3.9 and 4.5, which corresponded to magnetic
fields of 5.4 T, and plasma currents of 0.8 and 1.0 MA, respectively. The nitrogen seeding
resulted in a decrease in the turbulent ion energy flux, @; with either no change in a/Lp; or
an increase in a/Ly; in the experiment, which implies either a change in the stiffness or the
critical gradient of the transport. Simulations with GYRO and TGLF predicted that the
nitrogen seeding could affect both the stiffness and the critical gradient of the turbulence,
and the simulated energy fluxes quantitatively agreed with the experimental measurements
in cases where the turbulence was above marginal stability?. In this paper, we extend these

experiments to higher plasma currents and lower values of qg5, which resulted in higher
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electron densities and temperatures in both the LOC and SOC regimes. It also resulted in
larger Doppler shifts of turbulence measured in the lab frame, which made possible quan-
titative comparisons between measured density fluctuations and density fluctuations with
GYRO simulations. This provides a valuable addition to the previous dilution study*, which
compared the measured and GYRO-simulated ion and electron energy transport.

The remainder of the paper is organized as follows: Section II describes nitrogen seeding
experiments performed on low-gg5 ohmic plasmas on Alcator C-Mod, while Section III de-
scribes the measurements of density fluctuations in the experiments described in Section II.
Section IV describes comparisons between measured and simulated energy fluxes and density
fluctuations from the experiments in Section II. Section V describes the investigation of the
effect of nitrogen seeding on the intrinsic rotation from the experiments in Section II. Finally,

Section VI summarizes the work and discusses the broader implications of the results.

II. LOW g9s NITROGEN SEEDING EXPERIMENTS ON C-MOD

The experiments described in this section were all performed in ohmic plasmas on Alcator
C-Mod with a toroidal field of 5.4 T, with electron densities that were held fixed during a
shot and scanned shot-to-shot. Electron densities were scanned through both the LOC
and SOC regimes, from the minimum density in which there were not significant runaway
electrons, up to the maximum density in which the addition of nitrogen did not cause poloidal
detachment® (which caused loss of density control and often a disruption). Time traces of
important experimental parameters for three representative plasmas are shown in Fig. 1.
The traces show that the density and magnetic geometry are held constant throughout
the seeding (Figs. la and 1b), but the seeding increases the radiated power and nitrogen
brightness (Figs. 1d and le) and also effects the ion temperature and ion intrinsic rotation
(Figs. 1c and 1f).

The electron density and the amount of nitrogen seeding were held constant within a shot,
and scanned shot-to-shot. The electron density values of the scan cover both the LOC and
SOC regimes and are shown in Fig. 2 which display the density and energy confinement time
values from the scan both before and after the nitrogen seeding. The energy confinement
time was calculated by dividing the stored energy by the difference between the ohmic input

power and the time-derivative of the stored energy. The seeding did not seem to result in
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a systematic increase in the energy confinement time, but that does not imply that there
was no change in the turbulent energy transport. Rather, it implies that the increase in
the radiated power lost from the seeding (shown in Fig. 1d) was offset by a decrease in the
turbulent transport. This is similar to what was observed in the previous nitrogen seeding

experiments on C-Mod*.

III. DENSITY FLUCTUATION MEASUREMENTS OF SEEDED AND
UNSEEDED PLASMAS

Alcator C-Mod has several diagnostics that monitor fluctuations, but the phase contrast
imaging diagnostic, PCI, is an absolutely calibrated instrument that measures the line-
integral of density fluctuations along the path of a laser beam®. The PCI system on Alcator
C-Mod images density fluctuations along 32 vertical chords onto a liquid nitrogen cooled
HgCdTe photoconductive detector, as shown in Fig. 3. These chords pass through the top
and the bottom of the plasma column, and fluctuations from the core and edge regions
are added together along each chord. Although this makes the interpretation of the signal
non-trivial, and requires a synthetic diagnostic to compare to GYRO simulations, the other
advantages of the PCI diagnostic (very high signal-to-noise ratio, an absolutely calibrated
signal, and determination of the wavenumber spectrum) make it very valuable for measuring
turbulence. The PCI system was upgraded before the 2015 Alcator C-Mod campaign with
a new detector that has a better frequency response than that used in earlier publications?.
The new detector is much more sensitive to higher frequency fluctuations, having the same
response at frequencies that are about twice as high as the earlier detector. Results presented
in this paper were obtained with this new system.

The PCI signal was monitored in both the seeded and unseeded phase of the discharges,
and it was observed that the seeding significantly reduced the high-frequency portion of the
PCI spectrum as shown in Fig. 4. There was a particular wing-like feature that was clearly
visible at low-wavenumbers (|kr| < 10 cm™') and high-frequencies (f > 100 kHz). This
reduction due to the seeding was robustly observed in both the LOC and SOC regimes, and
was observed even when there were not substantial changes to the rotation profile. This is
shown in Fig. 5, wherein the change in the amplitude of this high-frequency feature is shown

to be larger in every case with the nitrogen seeding.
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The narrow phase-velocity of the feature implies that the feature originates from a rela-
tively narrow radial region of the plasma. The origin of this feature cannot be determined
solely through the PCI signal, however there is another density fluctuation diagnostic, the
O-mode reflectometer!®, which measures density fluctuations on the outboard midplane at
a region with a particular electron density where the launched wave frequency matches the
electron plasma frequency: fiefiect = fpe = 8.98 X \/niag where ngyg is the electron density in
units of 10°°m~3. For a monotonically increasing density profile (as was seen in the exper-
iments) these particular electron densities correspond to particular radial locations in the
plasma. The reflectometer has channels measuring fluctuations at frequencies of 50, 60, 75,
88, 110, 121, and 140 GHz, which correspond to densities of nyg = 0.31, 0.45, 0.70, 0.96,
1.5, 1.82, and 2.4, respectively. Despite the fact that the PCI and the reflectometer are
measuring fluctuations at both poloidally and toroidally separated locations, it is still useful
to compare the two measurements. This is due to the fact that the turbulence of interest
is going to be toroidally symmetric, and while the turbulent fluctuations will be poloidally
asymmetric, the eigenmodes will typically extend from the outer midplane to the top and

bottom of the plasma column?.

When the fluctuations measured by the PCI and the reflectometer were compared in
the seeded and unseeded phases of the experiment, the reflectometer channel measuring
fluctuations at r/a = 0.85 displays a similar decrease in high-frequency fluctuations as the
PCI spectrum and over a similar timescale. This is shown in Fig. 6. It also shows that
the timescale of the decrease in fluctuations is somewhat faster than the overall saturation
of the nitrogen brightness in the plasma, which is also consistent with these fluctuations
originating from closer to the edge of the plasma. The reflectometer channel measuring
fluctuations at r/a = 0.6 also shows a decrease in the high frequency part of the spectrum,
but there is less of a change, and it changes over a longer timescale as compared to the
PCI spectrum. This radial location, 0.8 < r/a < 0.9, was robustly observed to be the only
location where the reflectometer measured fluctuations show a similar magnitude decrease
to fluctuations measured by PCI. This is shown in Fig. 7, which plots the ratio of the power
in the high-frequency fluctuations in the unseeded phase to the power in the high-frequency
fluctuations in the seeded phase for three different densities. A value of 1 indicates that there
was no change in the high-frequency fluctuations with the seeding, while a value greater than

one indicates that the seeding caused a decrease in the high-frequency fluctuations. In all
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three density cases, the reflectometer channels looking at 0.8 < r/a < 0.9 showed a decrease
in fluctuations with seeding that was comparable to the decrease observed with the PCI
diagnostic. This radial location is where the turbulence is well above marginal stability,
as discussed in Ref. 4, thus this result is consistent with the nitrogen seeding having a

stabilizing effect on the turbulence through dilution.

IV. GYROKINETIC SIMULATIONS OF SEEDED AND UNSEEDED
PLASMAS, AND COMPARISONS WITH EXPERIMENTAL
MEASUREMENTS

Once the PCI measurements were localized to a particular minor radial location, they
could be compared to the output of a local nonlinear GYRO simulation®. The PCI diagnostic
is absolutely calibrated and measures both the frequency and wavenumber spectra of the
turbulence, which makes it an excellent tool for the validation of gyrokinetic codes. Local
nonlinear GYRO outputs, among other things, the turbulent density fluctuation amplitudes
and energy fluxes near a particular value of the minor radius. This can be compared to the
PCI measurements through the use of a synthetic PCI diagnostic!! which performs the line-
integration of the GYRO density fluctuations and includes the experimental geometry and
system response. This enables a quantitative comparison of the experimental PCI frequency-
wavenumber spectra to the simulation. Thanks to the analysis comparing the reflectometer
and PCI fluctuation measurements in the previous section, there is a particular turbulent
feature that can be compared to GYRO simulations.

In order to compare the PCI spectra measured in the experiment to the synthetic PCI
spectra computed from a local nonlinear GYRO simulation, the portion of the experimental
spectrum originating from a specific location in the plasma must be isolated. To do this, the
high-frequency, low-wavenumber feature was isolated from the rest of the PCI spectrum, as
shown in Fig. 8. This was done by selecting a fixed phase velocity (shown in the solid white
lines) and a specific wavenumber window (shown in the dashed white lines), and subtracting
the value of the spectrum at the edge of the window from the spectrum inside the window.
This analysis is also restricted to frequencies above 150 kHz, because that is where the
feature is most prominent above the rest of the spectrum. This method assumes that the

feature is coming from a different radial region from the remainder of the PCI spectrum,
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TABLE 1. Table of total energy fluxes at r/a = 0.85 for the unseeded and seeded phases of
an LOC discharge from the ggo5 = 3.4 experiment used for the comparison between the GYRO
simulated and experimentally measured density fluctuations. The experimental energy flux is
computed by TRANSP from power balance. All energy fluxes are in Gyrobohm units, where
QcB = neT.cs(ps/a)?, where n. is the electron density, 7T, is the electron temperature, cs = \/Z/%

is the sound speed, ps = ¢s/(eB/(mpc)) is the ion sound gyroradius, and a is the minor radius.

Phase of Discharge Exp. Energy Flux (GB Units) |GYRO Energy Flux (GB Units)
Unseeded 60 £ 12 52
Seeded 45 £ 15 45

which is supported by the reflectometer measurements in Sec. II1.

Local nonlinear GYRO simulations were performed for r/a = 0.85 for a simulation in
the seeded and unseeded phase of the plasma discharge. The measured electron and ion
temperature profiles, as well as the measured electron temperature profile, were used in
the simulation. For the seeded phase, the electron temperature profile inverse gradient
scale length, a/Ly., input to the GYRO simulation was reduced by 20% compared to the
experimental measurements in order to bring the experimental and simulated energy fluxes
into agreement. This change in a/Ly. is within the experimental uncertainties. Table I
shows the values of the simulated and experimental energy fluxes in gyrobohm units, and
shows that they are in agreement within the uncertainties. The experimental energy fluxes
were computed by TRANSP!2. Figure 9 shows the comparison between the spectra after
the background subtraction (same as in Fig. 8) and the synthetic PCI spectra from the local
GYRO simulations.

The comparison between the experimental PCI spectra and the synthetic PCI spectra
from GYRO in both the seeded and unseeded phase is depicted in Fig. 10, which shows
that the experiment and simulation are quantitatively consistent in both phases. This is
a particular LOC case from the experiments which had the best ion temperature profile
measurements. The comparison in Fig. 10 is on an absolute scale, and demonstrates that
GYRO can predict both the density fluctuations and energy fluxes due to turbulence. The
main uncertainties of the synthetic PCI calculation are the radial width of the turbulence

(which was found to be approximately 0.8 < r/a < 0.9 using the reflectometer) and the
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ExB velocity (which was measured, but with significant uncertainty at that radial location).
The uncertainty in the radial width is reflected in the error bars in Fig. 10. The uncertainty
in the E x B velocity was accounted for by performing multiple synthetic PCI analyses with
different E x B velocity values, and the one most consistent with the experiment was chosen.
The value of the E x B velocity was different in the unseeded and seeded phases, but both
are consistent with the experimental measurements. The uncertainty in the experimental
PCI signal is almost entirely due to the uncertainty in the absolute calibration, which is a
fixed value that is the same for both the seeded and unseeded portions and affects only the

magnitude but not the shape of the spectra.

V. EFFECTS OF NITROGEN SEEDING ON INTRINSIC ROTATION

In addition to investigating the effect of dilution on turbulent energy flux, the nitrogen
seeding experiments also allowed for the study of the dependencies of the intrinsic rotation.
Earlier studies of intrinsic rotation in ohmic plasmas found that the direction of rotation
depended on a critical value of the product of the electron density and the edge safety

factor, n.qos, that was close to the LOC-SOC transition critical n.qos'>.

Previous seeding
experiments at lower plasma currents and higher go5 values found that the nitrogen seeding
affected the intrinsic rotation®. In particular, the nitrogen seeding caused plasmas with a
neqos value above the critical value to reverse the direction of their intrinsic rotation from
counter-current to co-current. This phenomena was also observed in the high-current, low-
qos plasmas discussed in Sec. II. With the data from both sets of experiments, a more
systematic study of the intrinsic rotation could be carried out.

Studies on several tokamaks, including both Alcator C-Mod and ASDEX-U, found that
the intrinsic rotation direction in tokamaks correlates with the effective collisionality, veg ~
R Z.gn./(T.)? the ratio of the electron-ion collision frequency to the curvature drift fre-

3 and

quency, where R is the major radius in m, n. is the plasma density in units of 102°m~
T, is the electron temperature in keV'#:1%:16. Figure 11 shows the intrinsic rotation direction
and the vqg for both unseeded and nitrogen seeded plasmas. It clearly shows that the seeded
and unseeded plasmas have different critical values of v.g, which implies that veg is not
capturing the physics of the seeding-induced change in the intrinsic rotation, at least not

fully. A parameter that does seem to separate the co-current rotating and counter-current
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rotating plasmas in both the seeded and unseeded cases is the product of the deuterium
density and the edge safety factor, npqes. This is shown in Fig. 12, which displays the core
rotation and npqgs values of unseeded and seeded plasmas for three different values of qg5. 1t
shows that there is a value of npqgs &~ 4 which separates the co-current and counter-current
rotating plasmas. The horizontal error bars in Fig. 12 represent the uncertainties in the
impurity species density, which effects the value of np which was calculated based on the
impurity species densities and electron density. This suggests that the ion dynamics are
more responsible for the seeding-induced rotation change than the electron dynamics, since
it is the ion density rather than the electron density that determines the rotation direction.
Because of the significant error bars and scatter in the data, more experimental results would

be desirable for a definitive answer.

VI. SUMMARY AND CONCLUSIONS

In this paper we explored the impact of nitrogen seeding on turbulence through controlled
experiments in the Alcator C-Mod tokamak and simulations using the GYRO code at a
higher value of the plasma current and a lower value of ggsthan in previous experiments?,
which enabled quantitative comparisons between measured and GYRO-simulated density
fluctuations. In these experiments, the density fluctuations showed a significant decrease
due to the nitrogen seeding, and the GYRO simulations quantitatively agree with both the
measured energy fluxes and density fluctuations in both the seeded and unseeded phases of
the plasma discharge. This provides a useful validation of the GYRO code and its treat-
ment of the effect of impurity species on turbulence in regions where the long-wavelength
turbulence (kgps < 1) is well above marginal stability, in this case in the vicinity of r/a =
0.85.

The fact that the fluxes and fluctuations both quantitatively agree simultaneously be-
tween the GYRO simulations and the experimental measurements gives greater confidence
that the simulations are properly capturing the physics of the turbulence in these cases. It
therefore also gives great confidence in the result from Ref.* namely that main-ion dilution
(meaning the reduction of np/n. to less than 1) has a significant stabilizing effect on ITG
turbulence which results in reduced energy transport. It was also found that main ion di-

lution reduced the ion energy transport stiffness and increased the critical ion temperature
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gradient in the GYRO simulations. Main ion dilution is expected to be present in future
fusion reactor plasmas such as in ITER, so this effect would result in a reduction in energy
transport and an increase in equilibrium ion temperature. Nitrogen seeding may not be
suitable for a burning plasma environment, however, so further work on other medium-Z
impurity species like neon would be beneficial to establish confidence in extrapolation to
future fusion devices such as ITER.

The effects of the seeding on intrinsic rotation are also relevant to future fusion devices,
as they will have very little external momentum input. The physical mechanisms behind
intrinsic rotation in tokamak plasmas is still an open area of research, but these experiments
provide a very valuable data set to future investigations. The result that the change in the
intrinsic rotation was not strictly related to a change in the electron collisionality (only)
shows that there must be another dependency. The parameter that was found to unify the
data best was npqgs, which is related to the ion-ion collisionality. This could be related to
the model proposed by Barnes et. al.'” and studied on MAST'® which does point to the
ion-ion collisionality as an important parameter in the intrinsic momentum transport (and
therefore intrinsic rotation). More extensive experimental data and a more detailed theoret-
ical comparison would be necessary to see which model correctly predicts the experimental

rotation, but that is left for future work.
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this paper.
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before the seeding (left) and after the seeding (right).
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FIG. 5. Plot of the amplitude of the high phase-velocity feature of the PCI spectra before nitrogen
seeding (red) and after nitrogen seeding (blue). The magnitude of the feature was computed by
integrating the frequency-wavenumber spectrum along a fixed phase velocity (f/|k| = const) with

f > 100 100 kHz.
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FIG. 6. Plot of the total power of the F ; 150 kHz fluctuations observed by PCI (black), and
reflectometer channels looking at r/a ; 1.0 (blue), r/a = 0.85 (green), r/a = 0.65 (gold), and r/a
i 0.4 (red) on top. The spectral powers have been rescaled such that the fluctuation intensity for
t € [1.1s, 1.2s] is equal to 1, for ease of comparison. The bottom plot shows the nitrogen line

brightness for reference, to show when the seeding happens.
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FIG. 7. Plots of the ratio between the high-frequency (f ; 150 kHz) portions of the density
fluctuation spectra in the unseeded portion of the discharge and the seeded portion of the discharge.
The fluctuation ratio from the reflectometer channels are shown in the green diamonds. The
fluctuation ratio from PCI is indicated by the purple line (because PCI is not radially localized,
therefore there is no radial information). The black dashed line indicates the case of no change
in high-frequency fluctuations with the nitrogen seeding. The three plots indicate three different
densities, with the top two plots corresponding to plasmas with densities being in the SOC regime

and the bottom plot corresponding to a plasma with a density in the LOC regime.
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FIG. 8. Plots of the experimental PCI spectra in the unseeded (a) and seeded (b) phases, and of
the experimental spectra with the background subtracted isolating the high phase-velocity feature
in the unseeded (c) and seeded (d) phases. The white lines indicate center of the feature window
(solid line) and the boundaries of the feature window (dashed lines). All plots are on the same

scales. These spectra were measured in a LOC plasma.
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FIG. 9. Plots of the PCI spectrum after subtraction in the unseeded (a) and seeded phase (b),
which are the same as Fig 8 (¢) and (d). Below are plots of the synthetic PCI spectrum for local
GYRO simulations in the unseeded (c) and seeded (d) phase. All plots are on the same scales.
The white lines indicate the averaging window used for the quantitative comparison in Fig. 10. All
plots are on the same scales. These spectra were measured in a LOC plasma, and the simulation

is of the same LOC plasma.
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FIG. 10. Plots of the experimental (solid lines) and synthetic (dashed lines) PCI wavenumber
spectra in the unseeded phase (a) and seeded phase (b). The wavenumber spectra are computed
by averaging between the dashed lines in Fig. 9 for frequencies between 150 kHz and 600 kHz.

Both plots are on the same scales.
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Toroidal Rotation Versus Effective Collisionality
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FIG. 11. Plot of the core toroidal rotation velocity versus effective collisionality. Red symbols
denote the core toroidal rotation before the nitrogen seeding, while blue symbols denote the core
toroidal rotation after the nitrogen seeding. Positive Vi, corresponds to co-current directed rota-

tion and negative V4, corresponds to counter-current directed rotation.
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FIG. 12. Plot of the core toroidal rotation velocity versus npqgs (which is proportional to v*) for
plasmas before the nitrogen seeding (red) and after nitrogen seeding (blue). Plasmas with gg5 = 4.2
are represented by the diamonds, plasmas with qg5 =3.9 are represented by the stars, and plasmas
with q95 =3.4 are represented by the squares. Positive Vi represents co-current velocities, while

negative Vr represents counter-current velocities.
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