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Abstract. In this work, an automated method for the analysis of data from the correlation electron cyclotron emission (CECE) diagnostic is applied to discharges in the ASDEX Upgrade (AUG) tokamak. This recently developed, automated method provides an efficient means of accurately analysing large quantities of experimental turbulence data, enabling the development of the largest database of CECE measurements of tokamak plasmas to-date. The turbulence database provides the opportunity to search for large-scale trends in experimental data to improve our understanding of transport-relevant plasma turbulence. The results of physics-based investigations utilizing this turbulence database will be reported on separately from this work.



Introduction
Turbulence is known to play a major role in the transport of energy and particles out of tokamak fusion reactors [1], lowering the associated energy and particle confinement times and reducing the ability of tokamaks to produce net energy. Accurate models of turbulence and transport are thus vital to the design of fusion reactors that will be used for energy production [2].
	The correlation electron cyclotron emission (CECE) diagnostic installed on the ASDEX Upgrade (AUG) tokamak detects second harmonic, X-mode, electron cyclotron emission in order to measure broadband, long-wavelength (ks  0.3) turbulent electron temperature fluctuations perpendicular to the mean magnetic field (Te/Te) [3], yielding insight into turbulence-driven transport. These temperature fluctuations are among the key parameters driving the turbulent electrostatic electron heat flux in tokamak plasmas [4]. Since the original implementation of the CECE diagnostic on W7-AS [5], follow-on studies on devices around the world have reported on important, transport-relevant experimental trends in turbulent electron temperature fluctuations using CECE data (see, e.g., ref’s [6-9]). Additionally, data from the CECE diagnostic has and continues to serve as a key component in the validation of advanced gyrokinetic and gyrofluid models of plasma turbulence [10-11].
	Up to this point, however, experimental turbulence studies based on CECE data have generally focused on traditional shot-to-shot comparisons using discharges with similar experimental conditions. Studies of CECE data containing multiple discharges have generally been limited to about a dozen or fewer discharges (see, e.g., a relatively large study in ref [10]). Indeed, to the best of the knowledge of the authors, a large-scale experimental turbulence database based on CECE measurements of tokamak plasmas has not been reported on prior to this work. 
Experimental databases provide the opportunity to search for large-scale trends not necessarily accessible in traditional shot-by-shot comparisons. Studies based on large-scale databases as detailed in, for example, ref.’s [12] and [13] have led to the development of important experimental scalings that have guided the design and operation of tokamaks. In the study of turbulence in tokamak plasmas specifically, probes have been used to build a multi-machine database of measurements in the edge of tokamak plasmas [14] while reflectometry signals taken during ten years’ worth of operation of the Tore Supra tokamak were analysed in a large database study of core frequency spectra [15]. The current work reports on the development of a large-scale turbulence database using the CECE diagnostic installed on AUG.  
The development of this turbulence database has benefited from the combination of multiple factors. An ongoing, active collaboration between scientists at the MIT Plasma Science and Fusion Center and the Max Planck Institute for Plasma Physics has enabled measurements using the CECE diagnostic at AUG for multiple years. As a passive, non-perturbative system, the CECE diagnostic at AUG can operate on a nearly continuous basis. Interpretation of CECE data as turbulent electron temperature fluctuations is relatively straightforward under certain conditions that include long steady-state periods, high optical depth, measurement localizations far from cut-off, and a nearly perpendicular line of sight between the plasma and the diagnostic optics. Since its installation in April 2021, an additional 24-channel CECE system has operated in a separate toroidal sector in tandem with the 24-channel CECE system originally detailed in ref. [3], doubling the measurement capacity of the diagnostic. Access to years’ worth of data from a large suite of diagnostics at AUG and advanced analysis systems such as the Integrated Data Analysis (IDA) multi-diagnostic analysis system [16] provides valuable information that is paired with the CECE data in the turbulence database. Altogether, these contributing factors have enabled the development of a large-scale experimental turbulence database that is being applied towards the search for large-scale trends to help improve our understanding of plasma turbulence and transport.
Automated method for the analysis of CECE measurements
In order to create a database of experimental CECE measurements, an automated method was developed for the analysis of the diagnostic’s data. For each discharge analysed, the automated method: 1. determines the optimal time windows for CECE analysis 2. verifies that the plasma conditions during the selected time intervals are well-suited for the interpretation of CECE measurements as turbulent electron temperature fluctuation amplitudes perpendicular to the mean magnetic field (Te/Te) 3. verifies the quality of the raw voltage data measured by the diagnostic 4. filters the auto-power, cross-power, and coherence spectra calculated from the raw data 5. calculates Te/Te based on the coherence spectra 6. checks for the presence of coherent modes that can amplify the magnitude of the coherence spectra beyond the level attributed solely to drift-wave-type turbulence and 7. processes the Te/Te values from the CECE diagnostic into the turbulence database along with local and global plasma and engineering parameter values from a host of additional diagnostics available in the AUG shot-file system.
Determination of analysis time windows 
The determination of time windows for the analysis of CECE measurements by the automated method is based on two often competing requirements. On the one hand, the maximization of these time intervals leads to better statistics, as CECE data is time-averaged to distinguish turbulence from thermal noise [5]. On the other hand, the goal of the database study is to assess trends in Te/Te across a wide range of parameter space, the accuracy of which are improved when the database parameters are in steady-state as this minimizes the statistical uncertainty in the parameter values. The long duration, steady-state conditions well-suited for CECE measurements and database studies cannot be taken for granted across experiments at AUG, as many discharges feature experimental conditions that evolve continuously throughout the discharges.
	Figure 1 shows the time series of the three parameters used in the steady-state analysis algorithm: the plasma current (Ip) [MA], electron temperature (Te) [keV], and electron density (ne) [1019 m-3], with Te and ne profile data provided by IDA and defined as the local values of these parameters at each CECE measurement location. These parameters are particularly important to analyse in steady-state as they serve as the basis for multiple important physical parameters including the localization of the CECE measurements, optical depth, cutoff frequencies, collisionality, and gradients in Te and ne. Here steady-state is defined as the state in which the mean values of Te and ne remain within designated limits, as a percentage of their initial values during the particular time window, at all CECE measurement locations during the plasma current flat-top period. While one could account for additional parameters (such as the gradients that drive turbulence) in the steady-state algorithm, doing so generally decreases the probability that the algorithm will detect steady-state intervals during a given discharge. Additionally, while Ip, Te, and ne data are nearly always available in AUG shot-files for use in the steady-state algorithm for a given discharge, certain diagnostic data (such as Ti data) are not.
	The mean value of each of the parameters is tracked in 10-msec time-averaged increments. A minimum time interval constraint of 0.5 seconds is implemented to achieve CECE sensitivity limits on the order of 0.2-0.3% (as per equation 7 in ref [3]). The steady-state algorithm utilizes an iteratively increasing steady-state threshold, from a starting point of 2% up to a pre-defined maximum of 10%. This prioritizes finding the most steady-state intervals when they are available while still enabling the algorithm to obtain relatively steady-state periods during even highly dynamic discharges, as shown by the three detected steady-state intervals highlighted in blue in Figure 1. 
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Fig. 1. Time intervals for the analysis of CECE data are selected based on the degree to which the local electron temperature and density are in steady-state at each CECE measurement location within the plasma current flat-top period. The curves shown for the electron temperature and density are evaluated at three radial positions: the radially innermost, middle, and outmost CECE measurement locations for this discharge.
Verifying plasma conditions 
Sufficient optical depth is important for ensuring that fluctuations in the radiation temperature measured by the CECE diagnostic can be interpreted as electron temperature fluctuations and not fluctuations in electron density [5]. As shown in Figure 2, the analysis process calculates the time-averaged optical depth over the range of CECE measurements (shown in the highlighted region) during the selected time windows. Optical depth values of 2 (red) and 4 (green) mark typically cited lower limits as to what is considered sufficient optical depth for CECE measurements. [17] 
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Fig. 2. The optical depth () at each location in the plasma measured by the CECE diagnostic (highlighted region) is tracked by the analysis method. Higher optical depth minimizes the impact of density fluctuations on CECE measurements [5, 17]. The red and green lines denote optical depth levels of 2 and 4, respectively.
	The analysis also identifies CECE channels that are measuring in regions of the plasma that are cutoff (i.e., regions where the right-hand cutoff frequency is greater than the second harmonic electron cyclotron frequency) [18], in which case the ECE signals at the intended measurement locations do not reach the diagnostic’s focusing optics and detectors. Additionally, the analysis identifies CECE channels that have corresponding second harmonic electron cyclotron frequencies that are less than 105.5% of the respective right-hand cutoff frequencies. This 105.5% frequency threshold is more conservative as a limit than the right-hand cutoff frequency and indicates the level below which refraction has a non-negligible effect on ECE measurements. This limit corresponds to an equivalent threshold, determined based on ray tracing studies, which requires that the local electron density be less than 85% of the cutoff density in order for refraction to have a negligible effect on ECE measurements [19-21]. CECE channels whose second harmonic electron cyclotron frequencies are greater than this limit, as shown in Figure 3, are included for further analysis while those channels with lower frequencies are removed from the analysis process. 
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Fig. 3. CECE measurement locations (highlighted region) are not cutoff if the second harmonic electron cyclotron frequency (solid green curve) is above the right-hand cutoff frequency (solid red curve). Additionally, the effects of refraction on data processed by the automated analysis are minimized by identifying and removing from further analysis any CECE channels that have second harmonic electron cyclotron frequencies below a 105.5% multiple of the right-hand cutoff frequency (dashed red curve) [19-21]. 
Verifying the quality of the raw CECE data
The raw voltage signals detected by each CECE channel are checked for a finite response to the presence of the plasma as well as for saturation, the latter of which is illustrated by the red curve in Figure 4, as this prevents the accurate processing of the time-series voltage data into auto-power and cross-power spectral density and coherence frequency spectra using Fourier analysis. Any channels that do not pass these checks are removed from the analysis. Additionally, the mean voltage level of each CECE channel is calculated during each analysis time window in order to determine whether the voltages are satisfactorily within the linear response region of the CECE detectors.
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Fig. 4. The voltage time traces of each CECE channel are checked for a finite response to the presence of the plasma as well as for saturation. Channels not passing these checks are removed from further analysis for a given analysis interval. The red curve shows a channel whose signal has saturated at the maximum voltage level of the data acquisition system. The blue curve would pass the checks of the analysis.
Filtering CECE spectra
A frequency-based filter is applied to the auto-power, cross-power, and coherence frequency spectra in order to remove large, narrowband peaks. These peaks, shown in red in Figure 5 on top of the broadband spectrum attributed to drift-wave-type turbulence, have been identified as being due to electronics noise since they have been observed in the spectra even when no plasma is present. While the peaks appear at similar frequencies across CECE channels and experiments, there is some variation of the peak frequencies measured by any individual diagnostic channel during even the same plasma discharge. 
	As a result of the temporal variation in the frequencies of the peaks and in order to account for the possibility of narrowband peaks arising in the data at entirely different frequencies, a threshold-based, moving-average filter is applied to identify and remove the narrowband peaks for each channel during each analysis time window. Thresholds based on the mean and standard deviation of each moving frequency increment are used to identify the peaks from the underlying broadband spectra. To reduce the potential of over-filtered spectra introducing an additional source of error into the results of the CECE analysis, any spectra that have been filtered beyond a designated percentage of 10% of their signal bandwidth are removed from further analysis.
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Fig. 5. Narrowband peaks (red) attributed to electronics noise are identified and removed from the CECE auto-power and cross-power spectral density and coherence frequency spectra using a threshold-based, moving average filter.
Checking for coherent modes
In order to identify coherent modes due, for example, to MHD activity that might be present within the coherence spectra, the analysis process calculates the spectrogram of data from a Mirnov coil measuring the radial magnetic field. As shown in Figure 6, the spectrograms can be used to identify possible contributions to the coherence spectra that are not due to drift-wave-type turbulence at any given time during a plasma discharge. Any coherence spectra whose signal bandwidths overlap with the frequencies of any such modes identified in the magnetics are flagged, although the spectra are not removed from the analysis process in order to enable the possibility of studying the effect of such modes on CECE measurements.
 [image: ]
Fig. 6. A spectrogram of radial magnetic field measurements from a Mirnov coil is used to identify coherent modes (as shown by the narrow yellow trace) that can cause the CECE coherence spectra to be greater in magnitude than they would be solely as a result of drift-wave-type turbulence. Coherence spectra whose signal bandwidths overlap with the frequencies of the coherent modes identified by the magnetics are flagged.
Calculating Te/Te
As per equation 1 in ref. [3], calculating Te/Te involves the integration of the coherence spectra over the signal bandwidth and the subtraction of a background coherence level. In order to determine the frequency limits for integration, a threshold is applied based on the standard deviation of moving frequency increments within the ECE-ECE phase angle spectra for each frequency-adjacent pair of CECE channels. As shown in Figure 7, the dip in the magnitude of the standard deviation of the ECE-ECE phase angle tracks well with the region of frequency space in which the magnitude of the complex coherence is large, enabling an accurate identification of the signal bandwidth. A fixed frequency width (i.e., 20 kHz) above the coherence integration region is used to select the background subtraction region.
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Fig. 7. The standard deviation of the ECE-ECE phase angle spectra between frequency-adjacent channels is used to determine the frequency limits (vertical, yellow dotted lines) over which the CECE channels should be integrated during the calculation of Te/Te.
Processing diagnostic data into database
Upon completing the calculation of Te/Te values for a given analysis interval and discharge, the processed data is written to the turbulence database. In addition, the time-averaged values of numerous local plasma parameters, evaluated at the same radial positions as the Te/Te measurements, and the time-averaged values of multiple global plasma and engineering parameters, all of which are accessed through the AUG shot-file system, are written to the turbulence database.
Turbulence database
Database parameters
At the present time, over 30 parameters, including Te/Te and local and global plasma and engineering parameters, are written to the database along with their statistical uncertainties for each analysis interval. The inclusion of multiple tens of parameters in the turbulence database provides the opportunity to search for large-scale trends in Te/Te across a wide-range of experimental operating conditions. As shown in Table 1, these parameters are relevant to: 1. turbulence drive and damping 2. ion and electron kinetics 3. the magnetic field, safety factor, and rotation 4. auxiliary heating power and radiated power 5. stored energy, current, and confinement 6. plasma geometry and 7. fuel composition. peak corresponds to the peak value of each coherence spectrum while FWHM refers to the full-width at half-maximum of a Gaussian fit to each coherence spectrum. Te, Ti, ne represent the gradients in electron temperature, ion temperature, and electron density, respectively. eff is the effective collisionality as defined in ref. [22]. Btot is the total magnetic field, qs is the safety factor, and vrot is the plasma rotation velocity. Ptotal is the total auxiliary heating power, Pohmic is the ohmic heating power, PNBI is the neutral beam injection power, PECRH is the Electron Cyclotron Resonance Heating power, PICRH is the Ion Cyclotron Resonance Heating power, and Prad is the radiated power. Wmhd is the MHD stored energy, N is the normalized beta, Ip is the plasma current, and E is the energy confinement time. R is the major radius, a is the minor radius,  is the inverse aspect ratio,  is the elongation, upper is the upper triangularity, and lower is the lower triangularity. A is the fuel mass number and Zeff is the plasma effective atomic number.
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Table 1. The turbulence database contains over 30 local and global plasma and engineering parameters along with their statistical uncertainties for each CECE analysis interval.
Overview of database contents
The first iteration of the database was developed by running the automated analysis method on 700 discharges measured by the CECE system installed on AUG Sector 9 from May 2020 to January 2021. Among the 700 discharges (including AUG discharge numbers 37,700 - 38,399), 166 of them contained data that passed the checks of the automated analysis. Through the analysis of the 166 discharges, 4,286 datapoints were written to the database. Of this number, 3,936 datapoints were located in the core (defined here as corresponding to tor < 0.8, where tor is the square root of the normalized toroidal magnetic flux) of the AUG plasmas.
Conclusion
The current work reports on the development of a large-scale turbulence database using the CECE diagnostic installed on AUG. A recently developed, automated method provides an efficient means of accurately analysing large quantities of experimental turbulence data from the CECE diagnostic. The data processed by the automated method is stored along with local and global plasma and engineering parameters, evaluated during the same time intervals and at the same radial locations as the CECE measurements. The application of this method to data from discharges at AUG has enabled the development of the largest turbulence database of CECE measurements of a tokamak plasma to-date. The turbulence database provides the opportunity to search for large-scale trends in experimental data to help improve our understanding of transport-relevant plasma turbulence. Work is in progress using the database to study the effects of collisionality and gradients on the saturated amplitude of turbulence measured by the CECE diagnostic. The database could also be applied towards large-scale validation studies of advanced computational models of plasma turbulence. The results of physics-based investigations utilizing this turbulence database will be reported on separately from this work.
Acknowledgements
This work is supported by the US Department of Energy under grants DE-SC0014264, DE-SC0006419, and DE-SC0017381. This work has been carried out within the framework of the EUROfusion Consortium, funded by the European Union via the Euratom Research and Training Programme (Grant Agreement No 101052200 – EUROfusion). Views and opinions expressed are however those of the authors only and do not necessarily reflect those of the European Union or the European Commission. Neither the European Union nor the European Commission can be held responsible for them. This material is based upon work supported by the National Science Foundation Graduate Research Fellowship under Grant No. 1745302 and 2141064. Any opinion, findings, and conclusions or recommendations expressed in this material are those of the authors and do not necessarily reflect the views of the National Science Foundation.
References
W. Horton, Reviews of Modern Physics 71, 3 (1999)
P. Rodriguez-Fernandez, N.T. Howard, M.J. Greenwald, A.J. Creely, J.W. Hughes, J.C. Wright, C. Holland, Y. Lin, F. Sciortino, and the SPARC team, J. Plasma Physics 86, 865860503 (2020)
A.J. Creely, S.J. Freethy, W.M. Burke, G.D. Conway, R. Leccacorvi, W.C. Parkin, D.R. Terry, A.E. White, Rev. Sci. Instrum. 89 053503 (2018)
A.J. Wootton, B.A. Carreras, H. Matsumoto, K. McGuire, W.A. Peebles, Ch.P. Ritz, P.W. Terry, S.J. Zweben, Physics of Fluids B: Plasma Physics 2, 2879 (1990)
S. Sattler, H.J. Hartfuss, W7-AS Team, Physical Review Letters 72, 5 (1994)
R. Bielajew, G.D. Conway, M. Griener, T. Happel, K. Höfler, N.T. Howard, A.E. Hubbard, W. McCarthy, P.A. Molina Cabrera, T. Nishizawa, P. Rodriguez-Fernandez, D. Silvagni, B. Vanovac, D. Wendler, C. Yoo, A.E. White, ASDEX Upgrade Team, Phys. Plasmas 29, 052504 (2022)
M. Fontana, L. Porte, S. Coda, O. Sauter, The TCV Team, Nucl. Fusion 58, 024002 (2018)
C. Sung, A.E. White, N.T. Howard, C.Y. Oi, J.E. Rice, C. Gao, P. Ennever, M. Porkolab, F. Parra, D. Mikkelsen, D. Ernst, J. Walk, J.W. Hughes, J. Irby, C. Kasten, A.E. Hubbard, M.J. Greenwald, the Alcator C-Mod Team, Nucl. Fusion 53, 083010 (2013)
A.E. White, P. Phillips, D.G. Whyte, A.E. Hubbard, C. Sung, J.W. Hughes, A. Dominguez, J. Terry, I. Cziegler, Nucl. Fusion 51, 113005 (2011)
A.J. Creely, P. Rodriguez-Fernandez, G.D. Conway, S.J. Freethy, N.T. Howard, A.E. White, the ASDEX Upgrade Team, Plasma Phys. Control. Fusion 61, 085022 (2019)
A.E. White, J. Plasma Physics, 85, 925850102 (2019)
M. Greenwald, J.L. Terry, S.M. Wolfe, S. Ejima, M.G. Bell, S.M. Kaye, G.H. Neilson, Nucl. Fusion 28, 2199 (1988)
R.J. Goldston, Plasma Phys. Control. Fusion 26, 87 (1984)
P. Simon, M. Ramisch, A.A. Beletskii, A. Dinklage, M. Endler, S. Marsen, B. Nold, U. Stroth, P. Tamain, R. Wilcox, Plasma Phys. Control. Fusion 56, 095015 (2014)
Y. Sun, R. Sabot, S. Heuraux, X. Garbet, S. Hacquin, G. Hornung, G. Verdoolaege, Phys. Plasmas 26, 032307 (2019)
R. Fischer, C.J. Fuchs, B. Kurzan, W. Suttrop, E. Wolfrum, ASDEX Upgrade Team, Fusion Science and Technology 58, 2 (2010)
T.D. Rempel, R.F. Gandy, A.J. Wootton, Rev. Sci. Instrum. 65, 6 (1994)
M. Bornatici, R. Cano, O. De Barbieri, F. Engelmann, Nucl. Fusion 23, 1153 (1983)
A.E. White, P. Phillips, D.G. Whyte, A.E. Hubbard, C. Sung, J.W. Hughes, A. Dominguez, J. Terry, I. Cziegler, Nucl. Fusion 51, 113005 (2011)
A.E. White, L. Schmitz, W.A. Peebles, T.A. Carter, T.L. Rhodes. E.J. Doyle, P.A. Gourdain, J.C. Hillesheim, G. Wang, C. Holland, G.R. Tynan, M.E. Austin, G.R. McKee, M.W. Shafer, K.H. Burrell, J. Candy, J.C. DeBoo, R. Prater, G.M. Staebler, R.E. Waltz, M.A. Makowski, Rev. Sci. Instrum. 79, 103505 (2008)
A.G. Lynn, P.E. Phillips, A. Hubbard, Rev. Sci. Instrum. 75, 10 (2004)
R.M. McDermott, C. Angioni, G.D. Conway, R. Dux, E. Fable, R. Fischer, T. Pütterich, F. Ryter, E. Viezzer, the ASDEX Upgrade Team, Nucl. Fusion 54, 043009 (2014)
image1.png
Time-Averaged Primary Parameters vs. Time
Discharge 37854, Sector 9, 3 Steady-State Intervals Detected
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Discharge 38426, Sector 9, Steady State: 2.40 to 4.51 seconds
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Right-hand Cutoff and 2nd Harmonic ECE Frequencies vs. ppo/

Discharge 38426, Sector 9, Steady State: 2.40 to 4.51 seconds
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Spectrogram of Magnetic Field Measurements
Discharge 37615, Coil B31-14
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Determining Frequency Limits for Discharge 38425
Sector 9, Ch 21/22, 5.52-6.91 sec
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