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Executive Summary of NSTX-U Year-End Report for FY2017

· Executive Summary for FY2017 Notable Outcomes

· Notable 1 - Objective 2.1:  “Complete an extensive extent-of-condition review of NSTX-U to identify all design, construction, and operational issues. Prepare a corrective action plan (CAP) to include cost, schedule, scope, and technical specifications of actions. Provide an interim progress report by March 31, 2017, and complete the CAP review and send the final report to DOE by September 30, 2017.”  
· NSTX-U … 

· Notable 2 - Objective 4.2:  “SC/PSO:  Conduct a review of policies and procedures for design, construction, installation, commissioning and operations of NSTX-U and other construction activities and projects.   Develop corrective actions to ensure the highest quality project management across the lab.”
· NSTX-U… 

· Executive Summary for Facility and Diagnostics		

· Facility and Diagnostic Milestones 
· Diagnostic Milestone D(17-1): Complete installation and preliminary commissioning of the pulse burst laser system ... 

· Operations, Heating Systems, and other Diagnostics
· The NSTX-U …

· Executive Summary of Research Results – FY17 Milestones

· R(17-1): Simulation-based projection of divertor heat flux footprint for NSTX-U
· H-mode …

· R(17-2): Advanced divertor operating scenario modeling for NSTX-U
· All stuff … 

· R(17-3): Identify, mitigate, and develop correction strategies for intrinsic error field sources in NSTX-U
· Plasma current …

· R(17-4): Assess high-frequency Alfvén Eigenmode stability and associated transport
· Plasma current …






· R(17-5):  Analysis and modeling of current ramp-up dynamics in NSTX and NSTX-U
· The highest performance H-mode scenarios on NSTX and NSTX-U are enabled by achieving broad current and pressure profiles and large elongation (κ > 2) via an L-H transition early in the ramp up phase.
· A database of NSTX and NSTX-U discharges demonstrates that the maximum elongation versus li operation space for the two devices is similar for li ≥ 0.8 despite the increased aspect ratio of NSTX-U.
· A corresponding database was created of vertical disruption events (VDEs) on NSTX and NSTX-U using an automated VDE search algorithm. The limit to the elongation by VDEs was more restrictive on NSTX-U than NSTX. Thus, NSTX-U achieved a similar elongation to NSTX by operating closer to the VDE stability boundary.
· Calculation of the open-loop VDE growth rate found that NSTX-U achieved stable operation at larger VDE open-loop growth rates compared to NSTX due to improvements to the active vertical position controller. This is consistent with achieving stable operation closer to the vertical stability limit. 
· The elongation at the time of diverting was restricted (κ < 2) in NSTX-U operations by the occurrence of vertical oscillations (“the bobble”) as the discharge transitioned to a diverted shape.
· Potential sources of the initial vertical motion are a mismatch at the time of transitioning between control algorithms, and a poor convergence of rtEFIT.  An overshoot in the inner gap size exacerbates the vertical position oscillations by increasing the vertical growth rate.
· Operational and scenario development improvements were identified that would reduce the probability of the deleterious oscillations.  These include the removal of an algorithm transition within ISOFLUX at the time of diverting, improved rtEFIT reconstructions using multi-threading of the real-time calculation, an inner gap control algorithm that reduces overshoot and diverting with finite δrsep.
· A database of L-H transitions was created with a corresponding database of L-mode and dithering discharges with PNBI > 3 MW.  A set of four criteria for the database was developed that excluded all of the L-mode times from the database. The criterion informs the target conditions for triggering the L-H transition during ramp-up.
· The lowest li discharges (li ≤ 0.55) on NSTX-U were susceptible to fast disruptions after the L-H transition. These discharges all achieved the lowest q-shear as approximated by q*/qmin from EFIT reconstructions. This result motivates the development of scenarios with larger elongation shortly after the L-H transition.




Executive Summary for Additional Research Highlights

Boundary Science

· Summary of Research Highlights for Pedestal Structure and Control

· The…. 
· An …..

· Summary of Research Highlights for Divertor and Scrape-off Layer

· The …
· An ….

· Summary of Research Highlights for Materials and Plasma Facing Components

· The…
· An….  



Core Science

· Summary of Research Highlights for Macroscopic Stability

· An…. 
· The…. 

· Summary of Research Highlights for Transport and Turbulence

· The… 
· An…

· Summary of Research Highlights for Energetic Particles

· The… 
· An… 

Integrated Scenarios

· Summary of Research Highlights for Solenoid-Free Start-up and Ramp-up

· The…
· An… 

· Summary of Research Highlights for Wave Heating and Current Drive

· The… 
· An… 

· Summary of Research Highlights for Advanced Scenarios and Control

· The description of the conducting structures of NSTX-U has been included in the TokSys Modeling Framework for developing and testing real-time control on NSTX-U. Simulated magnetic measurements are in good agreement with field-only tests.
· A collaboration on startup and ramp-up development was initiated with MAST-U. The first activities included applying the LRDFIT code to evaluate direct induction startup on MAST and MAST-U and compare to NSTX and NSTX-U results.
· An experiment on DIII-D demonstrated a new feedback algorithm that leverages the real-time beam voltage and perveance control to provide simultaneous feedback on the plasma power, torque, energy and rotation. The feedback system builds on the control design approach developed for NSTX-U.



Performance of FY2017 Notable Outcomes:

Notable 1 - Objective 2.1:  FES: Complete an extensive extent-of-condition review of NSTX-U to identify all design, construction, and operational issues. Prepare a corrective action plan (CAP) to include cost, schedule, scope, and technical specifications of actions. Provide an interim progress report by March 31, 2017, and complete the CAP review and send the final report to DOE by September 30, 2017.
Notable Report:  


Notable 2 - Objective 4.2:  SC/PSO:  Conduct a review of policies and procedures for design, construction, installation, commissioning and operations of NSTX-U and other construction activities and projects.  Develop corrective actions to ensure the highest quality project management across the lab.
Notable Report:  
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Fig. FD-1 - Aerial view of the NSTX-U Test Cell.  The newly commissioned 2nd NBI beam box can be seen in the background.



In FY 2017, NSTX-U did something… Extent of Condition… 


Facility and Diagnostic Milestones for FY2017
Facility Milestone F(17-1):  Complete installation and preliminary commissioning of the pulse burst laser system. (September 2017)
Description: 	The purpose of the pulse burst laser system (PBLS) is to measure the electron density and temperature evolution of edge and core transient plasma phenomena using bursts of high-repetition-rate Thomson scattering. The PBLS is designed to provide a steady state 30 Hz repetition rate, in addition to two modes of burst operation: a) a slow burst mode at 1 kHz repetition rate for 50 ms, and b) a fast burst mode at 10 kHz for 5 ms.  The PBLS has been characterized in the laboratory and will be installed on NSTX-U during FY2017.  The PBLS system will undergo preliminary commissioning in the absence of plasma. This commissioning consists of energizing the laser power supplies and flashing the flashlamps of the laser head.
Report:  	Here is the report text …   


Plasma Control System support of research plasma operations 
The NSTX-U plasma control system ….  put something here… 

Electromagnetic Particle Injector (EPI) - The shattered pellet injector being considered for ITER uses the MGI valve to propel the frozen pellet.  This will limit its velocity to about 300-400m/s and thus limit its response time since the pellets will be launched many meters away from the plasma. The penetration depth of the shattered fragments into ITER grade plasmas is unknown.  To address this important issue, a novel system based on the rail-gun concept was designed, components fabricated and the system fully assembled…… 
Liquid lithium technology development – Surviving the extended NSTX-U bake-out is a critical feature needed for any pre-loaded liquid lithium tile targets for the NSTX-U.  Initial testing of a method for surviving the nearly 3-weeks at 350C with significant partial pressures of water and carbon dioxide have recently been tested in collaboration with the University of Illinois at Urbana-Champaign.  …..  update here


NSTX-U FY2017 Year End Report:  Research Results

In FY2017, the NSTX-U research team contributed experimental data and analysis in support of the 2017 DOE Joint milestone: 
“Conduct research to examine the effect of configuration on operating space for dissipative divertors.  Handling plasma power and particle exhaust in the divertor region is a critical issue for future burning plasma devices, including ITER. The very narrow edge power exhaust channel projected for tokamak devices that operate at high poloidal magnetic field is of particular concern. Increased and controlled divertor radiation, coupled with optimization of the divertor configuration, are envisioned as the leading approaches to reducing peak heat flux on the divertor targets and increasing the operating window for dissipative divertors. Data obtained from DIII-D and NSTX-U and archived from Alcator C-Mod will be used to assess the impact of edge magnetic configurations and divertor geometries on dissipative regimes, as well as their effect on the width of the power exhaust channel, thus providing essential data to test and validate leading boundary plasma models.
The NSTX-U research contributions to the 2017 Joint Milestone are described in a separate report, and the NSTX-U contributions to “Conduct research to examine the effect of configuration on operating space for dissipative divertors” are summarized above.  
Summary descriptions of the results of research milestones are provided below.  Descriptions of additional selected research highlights are also provided in subsequent sections.



Research Milestone R(17-1): Simulation-based projection of divertor heat flux footprint for NSTX-U (Completed ??? September 2017) 

Milestone Description: Understanding the underlying physical mechanisms that contribute to the scrape-off layer (SOL) power flux width, q, is of utmost importance for future tokamaks such as ITER and FNSF.  The 2016 FES Joint Theory Milestone (JTM) carried out extensive modeling to predict q under attached divertor conditions. XGC modeling reproduced the observed trends in present day tokamaks where q is found to be nearly inversely proportional to the midplane poloidal field, i.e. q  Bpol-1.19. The XGC SOL widths were influenced by both the magnetic drift of warm ions across the separatrix and by the cross-field E×B drift heat-flux width from the edge turbulence.  However, only a limited NSTX dataset was included in the 2016 JTM.  Here we will extend simulations of a plasma current scan for NSTX to evaluate the SOL width and edge turbulence under a wider range of conditions and to evaluate the magnitudes of the turbulent E×B and ion drift effects in XGC.  Building on the NSTX results and modeling, XGC simulations will be extended to predict q for a high-current 2 MA NSTX-U discharge using a set of assumptions to project the expected midplane profiles.

Milestone R(17-1) Report: 

The results shown in Figure R17-1-1 are very important…[image: Screen Shot 2016-08-08 at 6.51.06 PM.png]

Figure R17-1-1:  (a) Autopower, and (b) some other stuff

References
[R17-1-1] Important, I.M. et al, Nucl. Fusion 37 1303 (1997).



Research Milestone R(17-2): Advanced divertor operating scenario modeling for NSTX-U (Completed September 2017)

Milestone Description: Divertor power exhaust is a critical issue for ITER and next-step tokamaks, and advanced magnetic divertor configurations are being developed and tested to provide candidate solutions for high heat flux and excessive material erosion expected in future facilities. NSTX-U will enable access to a number of advanced divertor configurations including snowflake and X-divertors thanks to a flexible set of divertor poloidal field coils. A range of scrape-off-layer (SOL) widths and high parallel heat fluxes expected in NSTX-U with IP = 1-2 MA, PNBI = 6-12 MW will enable critical tests of the underlying physics of advanced divertor configurations. To guide the experiments, modeling of advanced divertor scenarios and transport will be performed.  Divertor radiation and heat fluxes as functions of current, input power, density, and seeded impurities will be studied.  Predictive free-boundary codes including ISOLVER and CORSICA will be used to study the operational space of advanced divertor configurations under various solenoid and poloidal field coil current states. The recently developed GINGRED code will be utilized for numerical grid generation for divertor configurations with multiple X-points. Transport and radiation in these advanced divertor configurations will be modeled using SOLPS and UEDGE multi-fluid two-dimensional transport codes and will include studies of the effects of poloidal variation of transport coefficients. The impact of 3D fields on advanced divertor configurations will also be studied using M3D-C1 and EMC3-ERENE codes to understand how small non-axisymmetric perturbation fields may change plasma parameters inside the separatrix and in the divertor. This research will provide a significant step in advanced divertor concept development for NSTX-U and future conventional and spherical tokamaks.

Milestone R(17-2) Report: 

The results shown in Figure R17-2-1 are very important…[image: Screen Shot 2016-08-08 at 6.51.06 PM.png]

Figure R17-2-1:  (a) Autopower, and (b) some other stuff


References
[R17-2-1] Important, I.M. et al, Nucl. Fusion 37 1303 (1997).

Research Milestone R(17-3): Identify, mitigate, and develop correction strategies for intrinsic error field sources in NSTX-U (Completed September 2017)

Milestone Description:  A key aspect of achieving high performance in magnetic confinement fusion devices is the successful identification, mitigation, and correction of intrinsic error field sources. During the initial NSTX-U research campaign, error field correction (EFC) experiments revealed strong intrinsic error field effects. In L-mode scenarios, these included the near-universal locking of the q=2 surface and a time-dependence in the optimum phase of the applied n=1 EFC. In H-mode scenarios, error field effects may have impeded early-time H-mode access and limited flattop performance. As such, it is imperative to identify and develop correction strategies for the intrinsic error field sources in NSTX-U. Activities to support this milestone will include conducting in situ coil metrology to generate as-built coil shape models that can be used to inform numerical modeling of intrinsic error field effects. The results of these numerical modeling efforts will be compared to experimental results from the initial NSTX-U campaign in order to identify the key error field sources. Once the error field sources are identified, strategies for mitigating these sources will be developed (for example, realigning the toroidal field bundle within the center-stack casing). For error field sources that cannot be mitigated, strategies for correcting the remaining error fields during plasma operations will be developed (for example, determining optimum pre-programmed n=1 EFC phases and amplitudes). Finally, the calibration procedures for the 3D magnetic field sensors will be improved so that real-time dynamic n=1 EFC can be used during the plasma current ramp in the event that the unmitigated error field sources are difficult to correct with pre-programmed EFC. These various activities will ensure that NSTX-U is optimally positioned to access high performance plasma operations at the outset of the next research campaign.

Milestone R(17-3) Report: 

The results shown in Figure R17-3-1 are very important…[image: Screen Shot 2016-08-08 at 6.51.06 PM.png]

Figure R17-3-1:  (a) Autopower, and (b) some other stuff

References
[R17-3-1] Important, I.M. et al, Nucl. Fusion 37 1303 (1997).


Research Milestone R(17-4): Assess high-frequency Alfvén Eigenmode stability and associated transport (Completed September 2017)

Milestone Description: Experiments and modeling on NSTX have indicated the potential of Compressional and Global Alfvén Eigenmodes (CAE/GAE) to induce both fast-ion redistribution/loss and enhanced electron thermal transport.  More flexible NBI heating capabilities in NSTX Upgrade (NSTX-U) enable more comprehensive studies of CAE/GAE physics and support a goal of assessing CAE/GAE stability as a function of the injected NBI source mix.  Initial results from the FY-2016 run campaign have already shown a clear dependence of GAE behavior on NBI from specific sources. For example, complete GAE suppression has been observed when a small fraction of NB power from the new 2nd NBI line is added to the total power. Simulations with the HYM code will be used to investigate these initial NSTX-U results and to predict expected CAE/GAE behavior on NSTX-U as the experimental heating power, plasma current, and toroidal field are increased up to their nominal maximum values.  Further validation of HYM will be pursued through comparison with experiments from NSTX/NSTX-U and planned experiments from the DIII-D National Campaign. In parallel with CAE/GAE studies, an initial assessment of Ion Cyclotron Emission (ICE) observations from NSTX-U will be performed to characterize the distinctive features of ICE versus sub-ion-cyclotron frequency AEs. For example, ICE features observed on NSTX-U appear different than those observed on conventional tokamaks in that NSTX-U ICE originates near half-radius, i.e. not near the plasma edge. These observations can provide insight into theoretical models of ICE, which are crucial for the potential exploitation of ICE as a confined fast ion diagnostic for ITER. The main goals for ICE studies are: (i) to assess possible correlations with fast ion properties such as the radial profile and the energy dependence of the distribution function, and (ii) to identify which improvements to existing codes (e.g. HYM) are required to properly model ICE.

Milestone R(17-4) Report: 

The results shown in Figure R17-4-1 are very important…[image: Screen Shot 2016-08-08 at 6.51.06 PM.png]

Figure R17-4-1:  (a) Autopower, and (b) some other stuff

References
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Research Milestone R(17-5): Analysis and modeling of current ramp-up dynamics in NSTX and NSTX-U (Completed September 2017)

Milestone Description:  Steady-state, high-beta, and high-confinement conditions are required in future ST devices such as an FNSF or Pilot Plant. A major research goal of NSTX-U is to generate the physics basis for the achievement of such conditions by accessing high toroidal field (0.8-1T) and plasma current (1.6-2.0MA). This milestone aims to accelerate the realization of high plasma current exceeding NSTX levels (Ip > 1.3 MA) when plasma operations resume on NSTX-U.  Realizing such target plasma conditions requires operating at sufficiently high elongation in order to operate below MHD stability limits.  Scenarios that have achieved suitable elongation on NSTX and NSTX-U utilized an L-H transition early in the Ip ramp-up phase in order to obtain low internal inductance (li) throughout the discharge, which is conducive to maintaining vertical stability at high elongation. The details of the ramp-up phase, encompassing the transition from a limited to diverted shape, the L-H transition, and the rapid rise in the plasma current, have a large influence on the scenario current and pressure limits. The limits to the achievable elongation realized on NSTX-U will be evaluated, with new attention to the limits during the ramp-up phase, and compared to NSTX.  In particular, the growth rate of vertical instabilities will be studied by evaluating the elongation limits realized on NSTX-U during the ramp-up phase, especially at the time of diverting. The dependence of the L-H transition on plasma parameters such as density, plasma shape, and plasma current on NSTX-U will be evaluated in order to generate a threshold criterion for simulations.  Further, kink and tearing stability analysis of the ramp-up phase of the experimental and simulated discharges will be initiated to improve understanding of the global MHD stability limits of the current ramp-up phase.

Milestone R(17-5) Report: 
Section R17-5-1: Introduction and Motivation
A critical component for achieving high-performance H-mode discharges on NSTX was the achievement of a broad current profile (i.e. lower li) and pressure profile during the Ip flattop. The broad current profiles increased the achievable elongation and average triangularity (δ) in the flattop phase [R17-5-1]. This is beneficial since the increased shaping acts to increase the Ip limit imposed by edge stability limits. A broad pressure profile enables stable operation at higher global βN. Consequently, more heating power can be injected while remaining below global βN limits, which is beneficial for inducing the regular ELMs needed to flush impurities from the plasma core and maintain operation at reduced li by slowing the diffusion of current toward the plasma core.
Experiments on NSTX established that transitioning to a diverted shape and entering H-mode early in the Ip ramp-up phase enable the access to a broad current and pressure profile. The increased edge temperature and density gradients that occur in H-mode act to broaden the pressure profile and reduce the penetration of the edge current that drives the increase in li during the ramp-up phase.  Initial operations in NSTX-U observed improved H-mode performance as the timing of diverting and the L-H transition moved earlier in the discharge. Figure 17-5-1 compares three NSTX-U discharges (blue, red and black) to a fiducial NSTX H-mode discharge (green). The vertical dashed lines show the timing of the L-H and H-L transitions. As the timing of the L-H transition is moved earlier (blue is latest, green is earliest) the internal inductance through the flattop phase (panel c) is reduced enabling stable operation at larger elongation (panel d). The stronger shaping enables stable operation at larger Ip (panel a) and heating power (panel b). 
The NSTX-U discharges shown in figure 17-5-1 provide a picture of the progress in developing the H-mode scenario during the first ten-week campaign, and the direction the development was headed when operations ended.  Discharges 202946 (blue), 203679 (red) and 204112 (black) occurred in the third, fifth and seventh week, respectively. The Ip ramp rate (panel a) was kept realatively the same during this development and was slower than on NSTX. The slower ramp rate was chosen to maintain a loop voltage (Vloop) similar to NSTX when the available heating power was low (blue traces for example), with plans to increase the ramp rate when more heating power was available (this activity was planned, but not started). The slower Ip ramp rate delayed the time when the neutral beam injection began compared to NSTX since the injection is delayed until Ip is sufficiently large.  Consequently, moving the L-H transition timing earlier in future operations will require increasing the Ip ramp rate in order for the NBI heating timing to move earlier. Figure 17-5-1 Comparison of three NSTX-U H-mode discharges (blue, red and black) demonstrating progress toward developing H-mode scenarios similar to NSTX (green). Vertical lines indicate L-H and H-L transitions.

The evolution of the plasma shape during ramp-up also requires further optimization. Panel d shows that the elongation was lower than the NSTX fiducial. Discharges 202946 (blue) and 203679 (red) achieved an elongation in flattop close to the expected maximum permitted for vertical stability at the respective values of li; however the elongation limits at li < 0.7 were not establish. Thus, discharge 204112 (black) would have most likely been stable at larger elongation during flattop.  
All of the NSTX-U discharges achieve an elongation during Ip ramp-up that is considerably lower than on NSTX. This was party due to not yet exploring the limits, but also due to unique characteristics of NSTX-U.  One unique characteristic is that strong toroidal eddy currents were induced in the crowns of the ohmic solenoid that ultimately limited the elongation (κ < 1.8) for the first 50 – 80 ms of the discharge in order to avoid the loss of vertical position control.  These eddy currents are expected to be significantly lower when NSTX-U operations resume with a different choice of cooling tube material in this region. The second unique characteristic was the common observation of a “bobble” at the time of diverting. The cause of the “bobble” was unknown, but diverting with κ < 2 allowed the discharge to remain vertically stable through this event.  Future operations will aim achieve a larger elongation during ramp-up to enable the discharge to divert earlier, which is beneficial for maintaining a broad current profile by reducing the neutral and impurity influx. Furthermore, difficulties encountered accessing stable operations at li < 0.55 during NSTX-U operations may be mitigated through stronger shaping.
The activities directed by this research milestone are aimed at accellerating the optimization of the H-mode ramp-up scenario when NSTX-U operations resume.  Progress toward this optimization will drive the advancement toward satisfying a major research goal of NSTX-U Advanced Scenarios and Control topical science group: to generate the physics basis for the achievement of high toroidal field (0.8 – 1 T) and plasma current (1.6 - 2.0 MA).  The five major elements of this milestone are: (1) comparison of the achieved elongation and internal inductance on NSTX-U to NSTX, with particular attention to the ramp-up phase, (2) determination of the limits to the elongation imposed by vertical stability (3) examination of the cause and mitigation of the “bobble” that limited the elongation at the time of diverting, (4) quantifying the target conditions for establishing a robust L-H transition early in the ramp-up, and (5) examination of the MHD stability properties of discharges near li = 0.55 that were difficult to reliably achieve.  The progress made on these activities in FY17 increases the efficiency of H-mode scenario development in future NSTX-U operations. 

Section R17-5-2: Achieved elongation and internal inductance for NSTX and NSTX-U
	Figure R17-5-2 shows a plot of elongation versus internal inductance at the time of maximum stored energy in all plasma shots from both NSTX (red points) and NSTX-U (blue points). Typically, discharges with li > 0.9 are L-mode discharges, with the lower li range accessed via H-mode.  The NSTX results span a large range of li (0.4 < li <1.2) with the elongation typically limited to below 2 when li > 0.75. The achievable elongation increases toward κ = 2.5 as li decreases.  L-mode discharges on NSTX-U achieved an internal inductance above 1.2 and are restricted to κ < 1.8, extending the trend that is evident in the high-internal-inductance NSTX data. H-mode discharges on NSTX-U operated with li < 1.0 and values of elongation similar to those obtained in the corresponding range in the NSTX data. This indicates that the elongation limits realized on NSTX-U were similar to those achieved on NSTX, now at higher aspect ratio. These results are promising and motivate pursuing scenarios that achieve li < 0.6 in order to achieve an elongation of κ up to 2.5. Figure R17-5-2: Elongation vs. internal inductance at the time of maximum stored energy for all plasma shots on NSTX and NSTX-U. NSTX-U achieved similar elongations to NSTX at higher aspect ratio.


Histograms of all EFIT01 slices with plasma current above 200kA were generated for NSTX and NSTX-U in order to compare the elongation and internal inductance operating spaces in more detail. Since such histograms heavily weight frequently run discharges (like the daily fiducial discharge), the base 10 logarithm of the histograms are plotted to improve the visualization of the full operating space. Figure R17-5-3 shows the histograms of elongation versus internal inductance. The most frequent operating point on NSTX-U is around κ = 1.7 li = 1.35, corresponding to the L-mode daily fiducial used for many control and diagnostic commissioning activities. As the internal inductance decreases, the most commonly achieved elongation increases for li > 0.8.  NSTX operated in a region approximately bounded by a negative sloping line, with the most common operating region occurring at li < 0.6 and κ ≈ 2.3 (see NSTX H-mode fiducial in figure R17-5-1). 
Figure R17-5-4 shows the same histograms with data restricted to the early part of the Ip ramp-up phase with t < 0.3s. The NSTX histogram is very similar to the full dataset, though the highest values of internal inductance are less common, since internal inductance typically starts low and increases over time. The coincidence of the most common operating point in both the early and all-time plots indicates that NSTX often rapidly established the final operating point of the shot. NSTX-U, on the other hand, operated most frequently at low elongation early on, even in the favorable low internal inductance range. As discussed in section R17-5-1, the elongation early in the ramp-up phase was limited to κ < 2 due to issues with large eddy currents in the crowns of the ohmic solenoid and vertical oscillations that occurred during the transition to a diverted shape.Figure R17-5-3: Log scale histogram of elongation vs. internal inductance of all EFIT01 equilibria. The histograms are heavily weighted toward the high-li L-mode fiducial on NSTX-U and the low-li H-mode fiducial on NSTX.

Figure R17-5-4: Log scale histogram of elongation vs. internal inductance of all EFIT01 slices for t < 0.3s when li is typically less than one.

Figure R17-5-5 shows histograms of internal inductance versus time for NSTX-U and NSTX. Both show a branch of common operation in which the internal inductance increases from 0.4 to 1.2 in the first 0.5s for L-mode discharges. On NSTX-U, this is the most common operating region, and after t = 0.5, the internal inductance reaches a steady value when sawtooth activity begins. The high-li L-mode discharges do not last as on NSTX due to the smaller available ohmic flux. A second common branch exists at low internal inductance corresponding to H-mode operation, which contains the longest duration shots on NSTX. Future H-mode operations on NSTX-U will achieve discharge lengths exceeding 2 s at li < 1.2 with 5 s discharges projected to be achieved with li ~ 0.6. Figure R17-5-5: Log scale histogram of li vs. time for all EFIT01 slices. The rate of increase in li during ramp-up is similar for the two devices. The pulse length limit imposed by the available inductive V-s was achieved on NSTX for li ≥ 0.6, while only for li ≥ 1.3 on NSTX-U.

Figure R17-5-6: Log scale histogram of elongation vs. time for all EFIT01 slices.


Figure R17-5-6 shows histograms of elongation versus time for NSTX-U and NSTX. For NSTX, high elongation (κ ≈ 2.1) is established at t = 0.15 s followed by two common paths: the L-mode where elongation decreases and the shot length is typically less than 0.5s, and the H-mode scenarios in which elongation is maintained or increased and the shot length is longer. The H-mode scenario was more common on NSTX. The elongation achieved during ramp-up is lower in NSTX-U (κ ≈ 1.9) and occurs later (t = 0.25 s). A steady elongation of 1.7 is commonly reached in the L-mode scenario and maintained as long as 2.0s. The H-mode scenario, which achieves κ > 2, was run less frequently and the longest H-mode discharges ran until 1.1s. Both NSTX-U and NSTX show a typical behavior of starting at low elongation and moving to higher elongation, however, NSTX begins at higher elongation, increases more rapidly, and commonly establishes elongation above 2.0 before t=0.1s, whereas NSTX-U only infrequently exceeded κ=2.0 and, if so, this typically occurred around t=0.15s and elongation was decreased afterwards.
The data presented in section 17-5-2 provide a quantitative comparison between commissioning operations on NSTX-U and the entirety of operations on NSTX. The maximum achieved elongation at matched li is similar between the two devices (figure R17-5-2), however most of the low-li operating space was not yet explored on NSTX-U when operations concluded. Low-li (li < 1) operation on NSTX-U should permit operations at larger κ (figure R17-5-3) and longer pulse lengths (figure R17-5-5), as demonstrated on NSTX. 

Section R17-5-3: Vertical stability limits to elongation
The plasma elongation is ultimately limited by the loss of vertical stability, known as a vertical dis placement event (VDE).  It is important to determine whether the operational boundaries in κ presented in Section R17-5-2 are due to the VDE limit or if stable operation is permitted at larger κ. An automated VDE detection algorithm was developed and used to generate a database of times that VDEs were triggered on both NSTX and NSTX-U. The algorithm identifies the times that the quantity  exceeds a set of thresholds of increasing magnitude Z0 through Z5, with Z5 set to the level used in the real-time plasma control system to trigger shot termination. Intervals of stable control are identified by analyzing the rolling standard deviation of plasma motion, and the initial time of a VDE is taken to be the earliest time in a shot that  exceeds Z0 without a subsequent recovery of stable control. The earliest time after this identified time that each of the other thresholds are crossed after this point are recorded.  The database was populated with the phase of the shot at each of those times (ramp-up, flattop, shutdown), along with equilibrium parameters like elongation, internal inductance, etc., enabling filtering of the database based on common descriptors.
In order to examine the elongation limits imposed by vertical stability, VDEs that were due to large perturbations to the plasma by MHD activity (for example, locked modes) were removed from the database using an algorithm for detecting spikes in the plasma current that occurred in a time window of 100ms prior to reaching the vertical motion threshold Z3. Shots were also filtered out if the VDE duration, defined as t(Z4) - t(Z1), was below a threshold of 5 ms since a fast VDE is typical of an MHD-induced disruption or an H-L transition.
Figure R17-5-7 shows histograms for identified VDEs that occurred at li < 1.0. VDEs in this range typically occurred in ramp-up or during H-mode operation, which enables low li to be maintained throughout the current flattop. Plotted quantities include the duration, the number of zero crossings in the vertical position, the oscillation frequency, and the elongation at the start of the VDE oscillations. The duration histogram shows multiple peaks, likely a result of VDEs completing different numbers of oscillations at roughly the same frequency before triggering a current quench. While the peaks in duration are at different locations, similar decreasing trends are seen for NSTX and NSTX-U in both duration and number of zero crossings. The frequency of oscillations is in general lower in NSTX-U compared to NSTX, possibly indicating either a change in the natural frequency of the system due to changes in the vessel and coils during the upgrade, or a reduction in the effective proportional gain of the control system during shape control commissioning. Figure R17-5-7: Histograms of VDE duration, number of zero crossings, oscillation frequency, and plasma elongation with li < 1.0, typical of H-mode operations and ramp-up.

Figure R17-5-8: Histograms of VDE duration, number of zero crossings, oscillation frequency, elongation, internal inductance, and βp for VDEs occurring at li > 1.0, typical of L-mode flattop or following an H-L transition.


Figure R17-5-8 shows the same histograms for VDEs with li > 1.0 that are typically L-mode discharges or times following an H-L transition. The duration, number of zero crossings, and oscillation frequency are similar to the VDEs at low internal inductance. The most significant result from figures R17-5-7 and R17-5-8 is that the frequency of the VDE oscillation is slower on NSTX-U than NSTX in both confinement states (L- and H-mode). Future calculations and operations will explore if further tuning of the active vertical feedback system on NSTX-U can stabilize conditions with slower oscillations and increase the peak in the VDE frequency to be closer to the NSTX result.  
	The VDE database can be used to compute the probability of VDEs occurring at a given operating point by dividing the counts of VDEs in each operating region by the number of EFIT01 slices in that bin (as calculated in Section R17-5-2). Results for all time ranges in the discharge are shown in Figure R17-5-9. Black regions indicate regions with less than 30 EFIT slices. Both plots show increased probability of VDE along an approximately negatively sloping line such that there is higher probability of VDEs at higher elongation. Focusing on ramp-up (t < 0.3 s) in Figure R17-5-10 shows similar results though trends are not as clear since there are fewer data points. Figure R17-5-9: Probability of VDE as a function of elongation and internal inductance for all EFIT01 slices [#VDEs / #slices].

Figure R17-5-10: Probability of VDE as a function of elongation and internal inductance for t < 0.3s [# VDEs /# slices].


These results indicate that the VDE stability limit to the elongation is more restrictive on NSTX-U than NSTX. This is consistent with the expected impact of operating at larger aspect ratio. However, other conditions of the plasma during NSTX-U startup can adversely impact the vertical stability, such as the presence of uncorrected error fields, large impurity content and an unoptimized vertical position control. These contributing factors were improving over the course of the ten-weeks of NSTX-U operation as illustrated by figure R17-5-11. The data points show the elongation versus internal inductance for NSTX-U discharges with VDEs that started in flattop and did not have Ip spikes during the initial part of the VDE. The left panel shows data at the initial VDE time, t(Z0), while the right panel shows the data at the time the vertical motion crossed the threshold Z1, t(Z1). The points are sized proportional to the product of  and the inverse aspect ratio , and are colored by shot number.  The plot is an indication of the evolution of elongation limits during the campaign, reflecting advances in control, wall-conditions, and available beam power. Figure R17-5-11: Elongation vs. internal inductance at the time of VDEs for NSTX-U illustrating the increase in the VDE limit as the campaign progressed.


Early in the campaign (darker blue dots), VDEs occurred at low elongation, typically below 1.75, even for shots that had lower values of internal inductance and . Improved filtering of vertical control sensors and n=1 error field correction (light blue) resulted in VDEs occuring at higher values of elongation for a given internal inductance. In the 203700-204150 range of shots (green-yellow dots), higher values of  and lower values of internal inductance were often achieved as the availability of neutral beam heating exceeded 3 MW. These shots included several long pulse H-mode discharges, and typically had VDEs at much higher elongation. A period of L-mode development (orange points) illustrates the expansion of the VDE limit to κ at li ~ 1.1 compared to early campaign (dark blue) due to improvements in control and wall conditions. In the final two weeks of the campaign the elongation limit became more restrictive (red points) as the PF1A internal short began to introduce an error in the real-time interpretation of the magnetic signals.
Between t(Z0) and t(Z1) (left and right panels), shots typically show a shift toward higher internal inductance. Some shots in the left panel already appear at high internal inductance well above the elongation limit qualitatively defined by the other shots at the same internal inductance. The increase in internal inductance over time is likely a result of H-L back transitions leading to increases in internal inductance. 
One metric for evaluating the optimization of the active feedback of the vertical position within the plasma control system (PCS) is to examine the open-loop growth rates of plasmas that begin a VDE. The ISOLVER free-boundary equilibrium code was upgraded in FY17 to enable calculation of open loop vertical instability growth rates. Larger growth rates imply a faster vertical motion if the active vertical position feedback within the plasma controls system was suddenly turned off.  It is expected that the growth rate increases as the elongation approaches the VDE limit, and that the maximum achievable growth rate is related to the effectiveness of the active vertical control system.  Figure R17-5-12: Growth rate at start of VDE for NSTX and NSTX-U.


The VDE database, including shots with Ip spikes and short duration VDEs, was down-selected to include only shots with VDEs occurring during the flattop phase, only NSTX shots after 141159 (~the last 1000 shots) and only NSTX-U shots after 203826. The left panel of figure R17-5-12 shows a scatter plot of elongation versus internal inductance at the start time of VDEs with points colored by the open loop growth rate of the vertical instability. NSTX-U shots are depicted with diamonds while NSTX shots are shown as circles. The right panel of figure R17-5-12 shows the vertical growth rate versus internal inductance for those points within the elongation range 1.85 < κ < 1.95. The strong effect of internal inductance on the growth rate, which can be seen in the right panel, appears to be similar between NSTX and NSTX-U, though NSTX-U tends to have somewhat higher growth rates in the overlapping region and a slightly larger slope. While the NSTX shots occur at low internal inductance and have growth rates near or below 0s-1, the NSTX-U shots in the same elongation range have growth rates up to 150s-1, as high or higher than the largest growth rates calculated for high elongation NSTX cases. It is promising that NSTX-U was able to operate at growth rates at or above the largest NSTX growth rates, and the result implies that improvements to the active vertical control system allowed for operations at larger open-loop growth rates, motivating continued work in this area. It is also promising that many of the NSTX-U points that overlap with NSTX points show similarly reduced growth rate at low internal inductance. There are however, a few large growth rate points in the NSTX-U dataset at internal inductance below 0.8, indicating the growth rate may be strongly dependent on other equilibrium parameters.
The conclusion derived from Sections R17-5-2 and R17-5-3 is that NSTX-U achieved a similar elongation to typical operations on NSTX at li > 0.8.  However, at the achieved elongation, NSTX-U ran closer to the VDE stability limit than NSTX. This motivates the development of scenarios that achieve lower li as well as further optimization to the active vertical stability system to continue to expand the achievable elongation on NSTX-U. The results also provide guidance to optimizing the choice of equilibrium parameters to avoid operating at too high of an open loop growth rate when planning NSTX-U scenarios and optimizing ramp-up and ramp-down trajectories. 

Section R17-5-4: Classification of vertical motion at the time of diverting on NSTX-U
	One of the challenges encountered during development of H-mode scenarios on NSTX-U was the occurrence of vertical oscillations shortly after the time of diverting. These occasionally led to shot termination, motivating the restriction of maintaining κ < 2 until the oscillations were stabilized by the vertical position controller.  The large plasma motion often coincided with the target H-mode transition time, and was thought to contribute to unreliable H-mode access. 
To study these oscillations, identify the contributing factors, and determine ways to avoid them in the next campaign, a database of the behavior of the vertical velocity shortly before and after the time of diverting was generated. To help sort through the shots, a k-means clustering algorithm was applied to the database to identify shots with similar behavior. A few typical behaviors were identified from the clustering analysis, and three classes of practical interest to this study were chosen: which will be referred to as "bobbles", "dips", and "others". The most troublesome behavior was the so-called "bobble", which grew in magnitude for 2-3 cycles before either decaying away or triggering plasma termination (through either a disruption or automated controlled ramp-down). The "dip" was typified by a smaller motion with fewer oscillations, with dominantly downward motion of the plasma after the time of diverting. Typical examples of the bobble and dip behaviors, taken from shots 204152 and 204092, respectively, are shown in Figure R17-5-13. The "other" class was used as a container for shots with little to no oscillations or oscillations that did not match the two most common oscillating behaviors. A subset of NSTX-U shots was randomly selected, manually classified, and split into training and testing datasets. These datasets were then used to train and cross-validate a support vector classifier. The classifier was then used to classify the entire database of NSTX-U shots. Figure R17-5-13: Typical behaviors of oscillations around the time of diverting (indicated by a dot).

	Figure R17-5-14 shows histograms of elongation, time of diverting, maximum vertical velocity, internal inductance, the ratio of lower divertor OII to Dγ, and the open loop vertical growth rate. Shots exhibiting the bobble typically diverted at higher elongation (averaging around κ = 1.85 with a cluster centered at κ = 1.9), though still far below the typical early elongation on NSTX. On average, the shots with bobbles diverted just after t = 0.20s, with many clustered at 0.22s. The "dips" typically diverted later, averaging around t = 0.23s with a mode around t = 0.24s. 
	The "other" category shows two modes, with some shots diverting much earlier, around t = 0.15s, and others diverting between the modes of the bobbles and dips. On average, the bobbles have a much higher peak velocity, while the dips have the most consistently low peak velocity. This indicates that although there was vertical motion in these cases, it was not rapid, and was reproducible. The internal inductance exhibits trends similar to the time of diverting since internal inductance is essentially a linear function of time during the ramp-up. The open-loop vertical growth rate is on average highest among bobbles, however, the average and most common values are fairly low compared to the highest values calculated in Figure R17-5-12. There are many instances that occur at higher growth rates that would be expected to be near or beyond the maximum controllable growth rate. There is no obvious difference in the ratio of OII to Dγ, indicating that wall-conditions may not contribute strongly to the behavior of oscillations at diverting.Figure R17-5-14: Histograms of elongation, time of diverting, maximum vertical velocity, internal inductance, ratio of lower divertor OII to Dγ, and open loop vertical growth rate for each of the classes of diverting behavior.


Figure R17-5-15 shows the histograms of δrsep at the time of diverting for each class, as well as a scatter plot of δrsep as a function of shot number, showing how the value and the distribution of each class of behavior evolved throughout the campaign. The same plots are shown for the difference between flux errors for the upper and lower outer gap control segments used in ISOFLUX (denoted euog and elog in the figure), which is the effective proxy for vertical position that is controlled when under ISOFLUX shape control. The histograms show the shots classified as “other” have a distribution around δrsep=0, while the bobbles and dips have a positive value, corresponding to diverting with an upper biased shape. Shot numbers below 203800 typically exhibited dips with δrsep > 0, but rarely exhibited bobbles.  Shots between 203800 and 20420 that were classified as bobbles or dips typically occurred at δrsep > 0, with bobbles having much higher frequency in this range. Later shots diverted with δrsep < 0 more often than earlier shots, and had a higher frequency of “other” behaviors in this range. The histogram of the ISOFLUX upper/lower outer gap flux error differences at the time of diverting shows that for dips and shots in the “others” category, the difference is on average zero, while it is almost always negative in the case of bobbles. During shots prior to 203800, this difference was typically near zero and bobbles were infrequent. Between 203800 and 204600, this quantity was typically negative and bobbles were frequent, and after 204600 the difference returned to near zero and bobbles became less frequent, though they did not entirely disappear. The evolution of this difference throughout the campaign could be a result of mismatch between the achieved boundary and the target boundary across the transitions between the different shape control algorithms used during ramp-up. It was empirically observed during operations that improving matching across transitions made control more reliable. Figure R17-5-16: Comparison of rtEFIT and EFIT01 boundaries just after the time of diverting for NSTX-U shot number 204152. 
Figure R17-5-15: Histograms and run-time history of δrsep and the difference between upper and lower outer gap control segment flux errors at the time of diverting for each class of behavior.


It is also possible that the flux error differences were a result of real-time reconstruction convergence issues. Figure R17-5-16 compares the offline-reconstructed boundary (which iterates the Grad-Shafranov solution many times) to the boundary reconstructed in real-time (which only uses one iteration) for shot 204152, which was classified as a bobble. The comparison shows a difference in the upper part of the boundary just after the time of diverting that results in an effective downward shift of the measured plasma position. This could indicate poor convergence of the real-time boundary early in the shot due to rapid changes in the equilibrium, vessel currents, or corruption of measurements with 3D modes. Whether caused by error in the reconstructed boundary or too large discrepancies in target shape at the time of algorithm transition, the shape control algorithm would respond to try to correct the non-zero vertical position error, causing vertical motion around the time of diverting. This motion likely set off the observed oscillations. Figure R17-5-17: Vertical growth rate, elongation, and inner gap vs. time for a subset of shots exhibiting varied behavior at diverting time. Diamonds indicate the diverting time for shots with oscillations while circles indicate the diverting time for shots with small oscillations.


Through the classification process, a range of similar shots was identified that contained a variety of behaviors: some exhibited a very small "dip", others exhibited very small oscillations at the time of diverting, and a few shots had typical bobbles. To assess the stability of these discharges during the time just after diverting, the vertical growth rate was calculated between 0.2s and 0.5s for each. The growth rates over time are shown in Figure R17-5-17.  In the plot, diamonds indicate the time of diverting for shots that exhibited oscillations, while circles indicate the time of diverting for shots with little to no oscillation. Shots that oscillated started at higher growth rate, consistent with the histogram of growth rate at diverting time shown in Figure R17-5-14. Shortly after the time of diverting, the growth rate rapidly increases in all shots. For shots that exhibit significant oscillations, the growth rate approaches or exceeds 100s-1 and, at least for shots 204501 and 204507, the vertical oscillations appear to cause oscillations in the growth rate. While the elongation, shown in the second panel, also increases after diverting and later decreases, the time evolution does not appear strongly correlated with the growth rate. The inner gap evolution, shown in the third panel, shows that the inner gap was typically formed rapidly and often exceeded the final value by several centimeters, especially in the case of shots with oscillations. The time evolution also appears to correlate more strongly with the changes in vertical growth rate. 
This is confirmed in Figure R17-5-18, which shows the vertical growth rate as a function of inner gap size for the shots considered. The shots are colored by elongation, showing that while there is not a strong elongation dependence, there is a nearly linear dependence of the vertical growth rate on the inner gap size, with a slope of approximately 5s-1/cm. This indicates that, at least for the equilibrium in these shots, the vertical stability is sensitive to the inner gap evolution. To avoid large increases in growth rate and decrease the likelihood of oscillations, a small inner gap should be targeted and significant overshoot should be avoided through more precise control. During these shots, the inner gap was only indirectly controlled through pre-programmed changes in other shaping parameters (mainly X-point locations), since there is no set of inboard shaping coils to dedicate to controlling this gap. With no feedback control on the gap evolution, shot-to-shot variation in wall-conditions and beam power availability caused variation in the time of diverting and sometimes caused the shot to fail to divert at all. Rapid pre-programmed shape changes were required to make diverting more reliable, however, this contributed to the rapid motion and overshoot evident in Figure R17-5-17. Near the end of the campaign, the shape control algorithm was upgraded to enable the targets for the shaping parameters that influence the inner gap to be adjusted in real-time based on the achieved inner gap. This algorithm was able to make diverting more reliable and will be used in the next campaign to precisely control the inner gap evolution. 
One of the characteristics of the bobble is a sudden “kick” or increase in the speed of vertical motion (at least as estimated by the observer) that occurs near the time of crossing δrsep = 0 that contributes to driving the vertical oscillations. In shots that survived through the oscillations, the size of the kicks and the oscillations decreased over time. In order to study the factors contributing to the kick size, an algorithm for identifying spikes in vertical velocity near times of crossing the time of kicks. The algorithm was used to detect the location of kicks in the time interval 0.2s < t < 0.5s in shots that were identified as having bobbles with high probability using the bobble classification algorithm. Figure R17-5-19 shows the vertical velocity during a typical bobble with identified kick start times and peak times indicated, as well as the evolution of δrsep, showing that the kicks typically precede zero crossings. Figure R17-5-20 shows histograms of parameters associated with the kick occurrences. Kicks occurred most frequently when δrsep and the vertical position are near zero, with a bias toward slightly positive values. The size of kicks has a broad distribution, but does not typically exceed 4m/s. Kicks occur most frequently between 0.2s and 0.3s.Figure R17-5-18: Vertical growth rate vs. inner gap size for t < 0.5s in the shots considered. Points are colored by elongation.
Figure R17-5-19: Typical behavior of 'kicks' in vertical velocity occurring near zero crossings in δrsep.

Vertical growth rates were also calculated for the start times of each identified kick. The relationship between kick size, vertical speed, growth rate, and internal inductance is depicted in Figure R17-5-21. The kick size appears to increase with the vertical speed at the time of the kick, with a stronger dependence at lower li as shown in the upper left panel. Plotting as a function of vertical growth rate (the upper right panel) shows that the largest kicks occur for growth rates above approximately 60 s-1. Plotting vertical growth rate at the time of kicks as a function of the identified kick time (lower left panel) shows that early on near the typical time of diverting, kicks only occur at high growth rates. There is a larger variation in growth rate of kicks between 0.22s and 0.28s, and growth rates are typically 60s-1 later in shots. Kick sizes are therefore larger early on and much smaller after t = 0.28s. Plotting the growth rate as a function of li and coloring points by kick size (lower right panel) shows that for moderate growth rates (between 40s-1 and 80 s-1) large kicks occur at low li and kick size is reduced as li increases. This indicates that the sensitivity to kicks is equilibrium dependent. This likely contributed to the more frequent occurrence of “dips” instead of bobbles when diverting was delayed – the kick size was small since any δrsep zero crossings only occurred later in time. The results motivate modeling efforts to identify equilibria that are less susceptible to large kicks. If a target equilibrium is susceptible to kicks, zero crossings will be avoided by biasing the plasma up or down, and large motion or high growth rates will be avoided. If kicks cannot be avoided, it may be possible to reduce the vertical control gains temporarily to avoid amplification of the motion. Modeling efforts in FY18 will be used to assess this approach.Figure R17-5-20: Histogram of δrsep, vertical position, vertical speed, and time of identified kicks.

Figure R17-5-21: Dependence of kick size on vertical speed, growth rate, and internal inductance.



Section 17-5-5: Dependence of the L-H transition on plasma parameters
A database of diverted L- and H-mode discharges on NSTX-U was developed to examine the conditions that facilitated a robust and reliable L-H transition in the ramp-up phase of the discharge. H-mode was observed with heating powers as low as PNBI = 0.9 MW during the Ip flattop, however larger heating power is typically required to trigger an H-mode transition at lower Ip. The database only includes times in the discharges with PNBI ≥ 3 MW that are diverted. The database includes 68 L-H transition times and 100 times when the discharge was in L-mode or dithered (brief entry and exit into H-mode) during the Ip ramp-up phase. Only L-mode times that occur 50 ms after a change in heating power are included in order to accommodate the beam slowing-down time. 
The power required to trigger an L-H transition is often expressed in terms of the loss power:  where η is the NBI heating efficiency, PNBI is the injected NBI power, dW/dt is the change in the stored energy and POH is the ohmic heating power. One available tool for calculating the heating efficiency is using interpretative TRANSP simulations of the beam absorption. For the purposes of this study, the between-shot TRANSP calculations (BEAST) were used to derive a reduced model for η to inform future predictive modeling efforts. The reduced model was developed using a database of BEAST results for L-mode times. The simplified model assumes the beam slowing down time as well as the variation of the efficiency with Ip and line integrated density (nel) is the same for all six beams, while each beam has a unique efficiency coefficient:



….
In this model, f(τ) is an exponential function with time constant τ that is convolved with the neutral beam power versus time. The values for the best fit to the nine free parameters of the reduced model are shown in table 17-5-1. It is important to consider that this reduced model does not contain information on the beam voltage, which will impact the beam heating efficiency. Furthermore, certain beams (such as 1A) have very few data points to fit because they were not used often in operations. Nevertheless, the best-fit model reproduces reasonable parameters, with the largest heating efficiency for the on-axis beams (2C, 2B and 1B) and improving with larger Ip and density. At typical values of Ip (0.5 MA) and nel (1.4 × 1019 m-2), the beam heating efficiency (η) is nearly equal to the coefficient (C) for each individual beam.
	Free parameter
	Value

	τ (slowing down time)
	25 ms

	α (Ip power)
	0.19

	β (nel power)
	0.37

	C1A
	0.35

	C1B
	0.55

	C1C
	0.49

	C2A
	0.26

	C2B
	0.51

	C2C
	0.61


Table 17-5-1 Best-fit values for free parameters in reduced model for beam efficiency. 
	Figure 17-5-22 shows the Ploss normalized to scaling factors for the plasma surface area (S) and toroidal field (BT) derived from the ITPA PLH database for all of the L- and H-mode points in the database. The data uses the reduced model definition of the beam heating efficiency and a dW/dt and POH derived from magnetics-only EFIT.  The normalized Ploss is plotted versus line-averaged density. The solid lines indicate the scaling with nebar given by the ITPA database. The lowest line is the ITPA Ploss scaling, while the dashed and dotted lines are integer multipliers of this loss power scaling. The important point of this plot is that L-mode or dithering discharges can exist despite Ploss being many times larger than some H-mode discharges. It is important to consider that the error bars on the calculation on Ploss are large (order 1 MW), mostly due to the uncertainty in dW/dt and, to a lesser extent, the neutral beam efficiency. Thus, the comparison with the ITPA scaling should be taken with a grain of salt.  Careful quantification of the L-H power threshold will be conducted in future experiments on NSTX-U to compare to NSTX and the ITPA database.
	Using the database of L-H transitions and the corresponding L-mode discharges, a set of criteria was identified that excluded all L-mode points from the database while keeping as many H-mode discharges as possible: 

1) ne > 1.25 × 1019 m-3
2) Vsurf < 1.15
3) |drsep – 0.2 cm| < 0.6 cm 
4) O II/ Dγ < 1
Figure 17-5-22 Loss power for L-H and L-mode points. The solid line shows the Ploss power threshold from the ITPA database. The dotted and dashed lines are integer multipliers of the ITPA threshold power

The first criteria sets a minimum density, the second criteria is that the surface voltage should be below 1.15 V, the third criteria is that the shape should be close to double null and the fourth criteria is that the oxygen content of the plasma should be below a threshold.  The last criteria is a metric specific to NSTX-U, determined by taking the ratio of two filterscopes over a brief period near the beginning of a discharge. This ratio is typically around 0.2 following a boronization and rises throughout a campaign as the walls “decondition.” 
	All 100 diverted L-mode time points chosen for the database are excluded by the criteria with two-thirds (67 entries) excluded by two or more of the criteria. About half (39 of the original 68) of the L-H transition entries satisfy all four criteria and most (24 out of 29) of the entries that are excluded meet three of the four criteria.  These results suggest it is unlikely to trigger an L-H transition with only two criteria met and very likely with all four provided PNBI ≥ 3 MW.
	The results from the database analysis provide guidance on the target conditions for triggering an L-H transition at the desired time. The requirement for good wall conditions and a shape near double null are decoupled from the other criteria. However, the primary actuator for the plasma density, neutral fueling, increases the surface voltage.  Thus, the timing and location of the neutral fueling must be carefully tailored to meet the target density while achieving a low surface voltage at the desired timing. The introduction of a pause (lasting 20 – 50 ms) in the Ip ramp at the desired L-H timing was used in NSTX and NSTX-U to temporarily reduce Vsurf to about 1 V. This result justifies including an Ip pause in the future development of H-mode scenarios.

Section R17-5-6: MHD stability limits during ramp up

The ramp-up phase in H-mode discharges that achieved the highest performance on NSTX-U were difficult to consistently reproduce.  Often attempts to repeat the H-mode scenarios with li ≤ 0.55 had a fast disruption within 100 ms after the L-H transition. Figure 17-5-23 presents one of the best H-mode discharges on NSTX-U (black) and three failed attempts to repeat the discharge (red, blue and green). The vertical lines show the times when the three discharges have an abrupt decrease in βN and deviate from the target discharge.Figure 17-5-23 Comparison of a high-performance H-mode discharge (black) to three attempts to repeat the discharge that disrupts prior to the start of flattop

One common feature of the discharges that had a fast disruption is that li ≤ 0.55 at the time of maximum βN (panel c).  Another common feature is that drsep is less than zero (lower SN in the favorable ion grad-B drift direction) and at least 1 cm away from balanced DN. A feature shared by most of the discharges that disrupted was a period of low surface voltage (panel h). It was common for vertical oscillations during ramp-up (see section R17-5-5) to drive oscillations in the surface voltage. 
[bookmark: _GoBack]One hypothesis was that these discharges were difficult to repeat due to MHD activity. However, calculation of the ideal MHD stability found that the discharges operated well below the no-wall stability limit. Figure R17-5-24 shows a calculation using the DCON stability code [R17-5-2] for discharge 204131 where the discharge is steadily moving away from the no-wall limit through the ramp-up phase.  While the uncertainty in the q-profile without an MSE constraint could introduce significant errors in the ideal stability calculation, most discharges that ended during ramp-up followed the same trend toward becoming more stable following the L-H transition. Furthermore, typical metrics of stability, such as the pressure peaking factor (panel g) and the ratio βN/li (panel f) were in the range of typical H-mode operation. Work planned FY18 will examine if the ideal stability limit can restrict operations in regimes not yet explored on NSTX-U, such as when operating with faster Ip ramp rates.Figure 17-5-24 Discharge 204131 (green traces in 17-5-23) operates well below the no-wall stability limit prior to 0.32s.

The results of the MHD calculations prompted a reexamination of the low-li shots that ended during ramp-up. The large βN drop is, in fact, an H-L back transition and independent of the MHD activity. The back transition is consistent with the drsep moving outside of 0.6cm and the Vsurf ~ 0 being less conducive to triggering and sustaining the H-mode. The transient periods of large drsep and low surface voltage were due to the vertical oscillations after the time of the diverting (“the bobble”).  Thus, mitigating the vertical oscillations and further increases of the heating power should provide an avenue for remaining in H-mode and achieving a reliable low-li scenario.
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Boundary Science Research Highlights

The Boundary Science group consists of three topical science groups (TSGs) including: pedestal physics and control, divertor and scrape-off layer physics, and materials and plasma facing components. Progress in each of these areas is described below.
A. Pedestal Structure and Control TSG Research Highlights
A central goal of the NSTX-U Pedestal Structure and Control TSG is to characterize H-mode access and L-H power threshold, characterize the pedestal structure, understand the turbulence in pedestal and identify common characteristics in phenomenology of different types of edge-localized modes (ELMs), and develop control approaches to improve the plasma performance. Below, we report on recent work undertaken by this group. 
[image: ]
Figure BP-PED-1: Energy ratio of the kinetic energy to the free thermal energy for the NBI case. (a) Radial profile as a function of the time relative to the L-H transition. (b) Time history at 3.5 cm inside the separatrix of the thermal free energy and 100 times the kinetic energy. 



1. Energy exchange dynamics across the L-H transition
The energy exchange dynamics… 
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B. Divertor and Scrape-off Layer TSG Research Highlights
The NSTX-U divertor and SOL TSG encompasses a range of topics, including e.g. plasma-materials interactions (PMI). This group connects the pedestal TSG and the materials and PFCs TSG, and has some overlap in the areas of research. We have attempted to separate these for the annual report, but overlap is still evident.  For organizational purposes, this section is divided into SOL physics, PMI and wall conditioning (including core impurity spectroscopy which falls in the responsibility of this group), and power exhaust. The latter section includes both inter-ELM and ELM heat flux, active management via radiative divertors, and the impact of 3-D fields. The associated topic of innovative divertor design is considered in the final sub-section.
1. SOL Turbulence and Transport
(a) Modeling of turbulence and effect on SOL width
Motivated by recent experimental and theoretical papers…. 
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C. Materials and Plasma-Facing Components TSG Research Highlights
The Materials and PFC (M&P) research program on the NSTX-U exists to perform the critical research needed to address the fundamental question of what materials are suitable to a fusion plasma experiment and, eventually, a fusion power plant.  In the context of the NSTX-U program, this practically means gaining an understanding of the existing materials and wall-conditioning techniques (carbon plasma-facing components (PFCs) + boronization and lithiumization) in use in the machine so that incremental upgrades to reactor-relevant systems (e.g. high-Z tungsten/molybdenum and flowing liquid lithium) will provide the greatest knowledge gain and minimize the operational learning curves.

The research program in M&P has been divided into three main thrust areas: surface science to support long-pulse operation, tokamak induced material migration, and vapor-shielding physics.  Each of these thrusts addresses needs of both solid and liquid PFCs with-respect to future power-producing reactors.  

Numerous research updates are described below, related to the M&P TSG. The FY 2016 run campaign has featured measurements and new results from the MAPP diagnostic, as well as spectroscopic analyses of PFC evolution.  These diagnostic systems have enabled new studies of boronization and will enable similar examinations of lithium wall conditioning in future run campaigns.  Significant progress has been made in the theory and modelling of these complex surfaces and chemical environments and this is also detailed below in contributions describing fundamental molecular-dynamics simulations and whole-machine modelling.

1. First Material Analysis and Particle Probe (MAPP) measurements on NSTX-U 

a. Plasma performance investigation
The correlation of PFC conditioning with plasma performance was investigated during boronization. The overall variation on plasma behavior observed through a campaign can be attributed to many different reasons; this is particularly true in the FY16 campaign, since it encompassed the start-up of NSTX-U. It was clear, however, that the machine performed better shortly after boronization. 
Figure BP-MP-1: XPS peaks deconvolution for three region scans of boronized TZM alloy exposed to NSTX-U plasmas. The samples were treated as indicated by the legends.
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II. Core Science Research Highlights 
The Core Science group consists of three topical science groups (TSGs) including: (a) macroscopic stability, (b) transport and turbulence, and (c) energetic particles. Each of these TSG areas is covered as a sub-section in the core science report below.
A. Macroscopic Stability TSG Research Highlights
[bookmark: _Toc342264727]Macroscopic stability research at NSTX-U in FY2017 was aimed at ….   

Capabilities for future stable high performance operation also advanced in FY2017.  This included significant advancement of… 

EFIT reconstructions of…. 
A common description of the….

Linear analysis of tearing mode instability observed in NSTX-U

NSTX-U …. An example is shown in Figure MS-1, where one can see theFigure MS-1: Histogram of the timing of various disruption chain events in the 44 discharge NSTX database before the time of disruption, within 70 ms.
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B. Transport and Turbulence TSG Research Highlights(a)			  (b)
(c)			  (d)

(a)			  (b)
(c)			  (d)

(a)			  (b)
(c)			  (d)



The completion of the first NSTX-U run campaign in 2016 has allowed for initial investigations of core transport and turbulence characteristics for both L-mode and H-mode discharges, as well as during L-H transitions.  Work has also continued on analyzing previous results from NSTX and MAST, including validation of theory and simulation predictions.
[image: ]
Fig. TT-1: Plasma time traces from three NSTX-U L-modes with varying plasma current, heating power and line-averaged density.

1. Section 1 title 
Header 

Fig. TT-1 shows time traces from three example NSTX-U L-mode discharges with plasma currents of 0.65 and 0.8 MA, illustrating that relatively stationary discharges 
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C. Energetic Particles TSG Research Highlights

One of the main challenges in Energetic Particle (EP) research is the accurate and quantitative prediction of stability and saturation level of EP-driven instabilities. Tools are available to compute EP transport for a given instability spectrum with a good level of confidence. The key issue is to obtain reliable predictions of the unstable spectrum for a given plasma scenario. 
To address these issues, EP research on NSTX-U in FY-16 has focused on three main thrusts:
1) Characterize the fast ion distribution function resulting from NB injection on NSTX-U as a function of injection geometry
2) Assess the relation between properties of the fast ion distribution function and stability of EP-driven modes
3) Develop theoretical and numerical tools for improved simulations of EP interaction with instabilities
All three thrusts contribute to the NSTX-U Milestone R(16-2) on “Assessment of the effects of neutral beam injection parameters on the fast ion distribution function and neutral beam driven current profile” as described in a dedicated Section of this Report.
Results obtained during FY16 for each thrust are discussed in the following section. The last section summarizes EP-related work performed in collaboration with other facilities (e.g. DIII-D).

1. Characterize the fast ion distribution function resulting from NB injection as a function of injection geometry
One of the main elements of the NSTX Upgrade is the installation of a second, more tangential Neutral Beam (NB) line, see Fig. EP-1. Similar to the original NB line, the new line comprises three NB sources that can be operated independently with typical injection voltage 60-90kV. Sources from the new NB line has larger tangengy radii than NB line 1, spanning from R=110cm (near the magnetic axis) out to R=130cm. This provides much enhanced flexibility in NB injection parameters, from more perpendicular (through NB line 1) to more tangential and off-axis (through NB line 2).[image: ]

Figure EP-1: Elevation of NSTX-U showing the original NBI lines (with smaller tangency radius and more perpendicular injection) and the new line with more tangential and off-axis NBI capabilities.


One of the priorities during the first NSTX-U experimental campaign was an initial assessment of the fast ion distribution resulting from different NB injection parameters. Most of the experimental results are presented in the “Milestone R16-2” Section of this Report. A short summary is given below.
A dedicated experiment has focused on the characterization of the fast ion distribution vs NB injection from the available sources in quiescent L-mode plasmas. Short pulses (or “blips”) of each source were used to populate the fast ion distribution. Measurements were performed with the newly commissioned solid-state neutral particle analyzer (ssNPA) arrays and with vertical/tangential Fast Ion D-Alpha (FIDA) systems. Initial analysis of the available data confirm the main expectation that injection with NB line 2 results in the build up of a distribution with larger population of strongly co-passing fast ions than injection from NB line 1. More quantitative analysis is under way to assess the neutron rate response to each source and compare experimental values with predictions from TRANSP/NUBEAM. At present, discrepancies are observed at low injection voltage, Vinj~65kV, with the measured neutron rate being consistently lower than the predicted one. The discrepancy is partly resolved at higher voltages, Vinj=85kV. Possible causes of the discrepancies, such as uncertainties in the measured impurity content and/or in the effective NB species composition, are currently under investigation.

2. Assess the correlation between properties of the fast ion distribution function and stability of EP-driven modes
The following paragraphs describe the main new results obtained during FY-17 on energetic particle physics and EP-driven instabilities. 
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III. Integrated Scenarios Research Highlights

The integrated scenarios group is tasked with understand the following elements within the NSTX-U program:
· ST startup & ramp-up,
· HHFW heating and current drive,
· neutral beam current drive,
· axisymmetric plasma control,
· fully non-inductive plasma scenarios, including non-inductive ramp-up, and
· integration of the above elements amongst themselves, and with the scientific understanding achieved in the other science groups.

As in FY-16, the science group is led by Stefan Gerhardt (PPPL), with Roger Raman (U. of Washington) as the deputy.  The science group is divided into three topical science groups (TSGs), as follows in the list below. This leadership is the same as in FY-16.

A. The Solenoid Free Plasma Startup (SFPS) TSG is tasked with understanding solenoid free startup-up and ramp-up. The TSG leader is Dennis Mueller (PPPL) with Roger Raman as the deputy. Fatima Ebrahimi (Princeton University) acts as the theory and modeling representative.

B. The Wave Heating and Current Drive (WHCD) TSG is tasked with understanding the physics and technology of HHFW, ECH, and potentially EBW, in the unique plasma conditions and geometry of the ST. The group is led by Rory Perkins (PPPL), with Joel Hosea (PPPL) as the deputy. Nicola Berteli (PPPL) is the theory and modeling representative, and Paul Benoli (MIT) is the university representative.

C. The Advanced Scenarios and Control (ASC) TSG is tasked with understanding axisymmetric plasma control, scenarios with very high non-inductive current fraction or very long pulse, and discharge scenario development in general. The TSG leader is Devon Battaglia (PPPL), with Stefan Gerhardt as the deputy. Francesca Poli (PPPL) is the theory/modeling representative, and Prof. Egemen Kolemen (Princeton University) is the University representative. 
[bookmark: _Toc302494273]


A. Solenoid-Free Start-up and Ramp-up TSG Research Highlights

[bookmark: _Toc302494277]A.1 CHI on QUEST
Transient CHI experiments on QUEST will test a new CHI electrode configuration that may be easier to implement on a fusion reactor. The electrode configuration was described in the 2015 Annual report. Shown in Figure IS-SFPS-1 is the NSTX-sized CHI capacitor bank undergoing commissioning tests at the QUEST facility. Transient CHI studies on QUEST will address aspects of transient CHI development that may not be possible on NSTX-U, or may be too expensive to implement on NSTX-U. Therefore, these studies directly support CHI research on NSTX-U. The key objectives of CHI studies on QUEST are:
1) Study transient CHI operation using metal electrodes (as planned for on NSTX-U in future years)
2) Study the effect of high-power ECH heating of a CHI plasma (also directly in support of NSTX-U research)
3) Develop a new and alternate CHI electrode configuration that may easier to implement on fusion reactors, and even on other present and future tokamaks [IS-2,IS-3].
[image: ls:Users:rraman:Desktop:QUEST CHI Cap Bank.jpg]

Figure IS-SFPS-1: The Univ. of Washington designed and built QUEST CHI capacitor bank (30 mF, 2kV) undergoing commissioning tests at the QUEST facility in Kyushu University during March 2016.
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B. Wave Heating and Current Drive TSG Research Highlights
[bookmark: _Toc302494281]
B.1: Advanced RF Modeling

Full wave simulations of fast wave efficiency and power losses in the scrape-off layer of
tokamak plasmas in mid/high harmonic and minority heating regimes

[bookmark: _Toc302494295]2D AORSA full wave numerical analysis has been performed for ….. (a)[image: ](b)[image: ]
Figure IS-WHCD-1. (a) Fraction of power lost to the SOL as a function of  for four different values of the electron density in front of the antenna nant = 0.4×10 18 m−3, 1.0×1018 m−3, 1.7×1018 m−3, and 2.5×1018 m−3 with toroidal mode number n = −21 for NSTX shot 130608. (b) Fraction of power lost to the SOL as a function of for four different values of nant = 2.0×10 18 m−3,5.0×1018 m−3, 10×1018 m−3, and 17×1018 m−3 with  = 80 MHz and n = 10 for Alcator C-Mod case.
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C. [bookmark: _Toc302494299]Advanced Scenarios and Control TSG Research Highlights
[bookmark: _Toc302494300]
C.1 Summary of Milestone R17-5
The milestone R17-X is titled “Analysis and modelling of current ramp-up dynamics in NSTX and NSTX-U”. The report associated with the completion of this milestone details much of the relevant ASC work for this fiscal year, and the interested reader is referred to that report. Key highlights include the following.
· Target H-mode scenarios for NSTX-U are enabled by achieving large elongation and an L-H transition early in the ramp up phase.
· A database of NSTX and NSTX-U discharges demonstrates that the elongation versus li operation space for the two devices is similar for li ≥ 0.8. 
· A corresponding database was created of vertical disruption events (VDEs) on NSTX and NSTX-U using an automated VDE search algorithm. This identified that the limit to the elongation by VDEs was more restrictive on NSTX-U than NSTX. Thus, NSTX-U achieved a similar elongation to NSTX by operating closer to the VDE stability boundary.
· Calculation of the open-loop VDE growth rate found that NSTX-U achieved stable operation at larger VDE open-loop growth rates compared to NSTX due to improvements to the active vertical position controller. This is consistent with achieving stable operation closer to a stability limit. 
· The elongation at the time of diverting was limited in NSTX-U operations by the occurrence of vertical oscillations (“bobble”) as the discharge transitioned to a diverted shape.
· Potential sources of the initial vertical motion are a mismatch at the time of transitioning between control algorithms, and a poor convergence of rtEFIT.  An overshoot in the size of the inner gap exacerbates the vertical position oscillations by increasing the vertical growth rate.
· Operational and scenario development improvements were identified that would reduce the probability of the deleterious oscillations.  These include the removal of an algorithm transition within ISOFLUX at the time of diverting, improved rtEFIT reconstructions using multi-threading of the real-time calculation, an inner gap control algorithm that reduces overshoot and diverting with finite δrsep.
· A database of L-H transitions was created with a corresponding database of L-mode and dithering discharges with PNBI > 3 MW.  A set of four criteria for the database was developed that excluded all of the L-mode times from the database. The criterion informs the target conditions for triggering the L-H transition during ramp-up.
· The lowest li discharges (li < 0.6) on NSTX-U were susceptible to fast disruptions after the L-H transition. These discharges all achieved the lowest q-shear as approximated by qcyl/qmin from EFIT reconstructions. This result motivates the development of scenarios with larger elongation shortly after the L-H transition.
C.2 Development of TokSys Modeling Framework for Control Design and Simulation

A modeling framework based upon the TokSys toolbox [IS-ASC-1] is currently under-development and will enable model-based design and high-fidelity closed-loop simulations of the axisymmetric plasma shape control system on NSTX-U. The TokSys tools are now being used to design multi-input-multi-output plasma shape controllers that are required to enable advanced magnetic configurations such as the snowflake divertor (SFD). These modeling tools will be used in the coming years to perform critical tasks such as analyzing vertical stability limits during the current ramp-up and optimizing vertical position and plasma shape controllers during this phase of the plasma discharge.
The TokSys framework is implemented within the MATLAB/Simulink environment. The primary deliverables of the modeling process are models of the time-dynamics of electric currents within the primary axisymmetric conductors – poloidal-field (PF) coils and vacuum vessel – coupled to (linear or nonlinear) models of the plasma equilibrium evolution and auxiliary systems such as power supplies and diagnostic filters. The models generally assume the linear form,

	,

	,



where  represents the toroidal electric currents in all conductors,  represents the voltages applied to the PF coils, and  represents system disturbances such as changes in , , or noise. The entries of the matrices , , and  are computed using conductor resistances as well as mutual inductances that have been modified to incorporate effects due to plasma motion. The entries of matrices , , and  are composed mainly of plasma-modified inductances and describe how changes in PF coil currents map to changes in various model outputs such as magnetic diagnostic signals and shape parameters (gaps, plasma boundary and X-point locations, snowflake configuration, etc.).
Throughout the model development process, efforts have been made to validate the various components of the model such as the vacuum vessel and plasma responses to applied axisymmetric fields. Figure IS-ASC-1 depicts a subset of results from one such validation procedure in which the responses of various magnetic sensors to feedforward PF current pulses were simulated and found to be in good agreement with measured magnetics signals from NSTX-U shot 204735. Simulations such as these are used as a proxy for the accuracy of the model describing the currents within the NSTX-U vacuum vessel. Figure IS-ASC-1: Comparison of simulated (red) and experimental (blue) magnetic diagnostic signals for NSTX-U shot 204735.

Additional modeling work includes implementation of the nonlinear GSEVOLVE code (Anders Welander, General Atomics) for simulating Grad-Shafranov equilibrium coupled to reduced models of toroidal current profile evolution. Progress has also been made toward linking the TokSys models within the Simulink environment to the real-time plasma control system to enable closed-loop predictive simulations.

C.3 Startup and rampup collaboration with MAST-U

	A collaboration on Scenario and Control development between MAST-U and NSTX-U was initiated in FY17. Both devices require the development of robust and flexible discharge startup scenarios that maintain broad current profiles (i.e. low-li) and minimize the flux consumption (see R17-5 milestone). The goal of the collaboration is to develop common tools and metrics for optimizing the startup and rampup scenarios on the two MA-class ST devices.   This increases the efficiency in sharing knowledge and encourages the joint development of control and analysis tools.
	The activities performed toward this collaboration in FY17 focused on the development of “direct induction” (DI) startup scenarios on MAST-U. MAST relied primarily on “merge-compression” startup where the plasma discharge was initiated as two rings of plasma near outboard poloidal field coils, then merged into a single current channel. However, MAST-U will use DI startup, where a poloidal field null is created near the inboard center column to facilitate the acceleration of electrons by a toroidal electric field. This is the standard startup method on NSTX-U, thus the initial collaborative activities leveraged the experience of the NSTX-U team toward preparing for the initial operations of MAST-U.Figure IS-ASC-2 Calculations of null formation on MAST using LRDFIT (discharge 17418). The color contours show the Lloyd parameter in kV/m averaged over 1 ms around t = 5ms. 

	Target startup scenarios were developed prior to NSTX-U operations using the LRDFIT code (see FY16 annual report). LRDFIT is a popular analysis tool at PPPL for computing vacuum fields and Grad-Shafranov equilibrium and it was the primary analysis tool used to confirm the magnetic calibrations and refine the axisymmetric model of the conducting structures on NSTX [IS-ASC-2] and NSTX-U. These activities improve the fidelity of EFIT calculations and provide an avenue for optimizing the magnetic field null required for inductive startup.  LRDFIT was identified as tool that could be applied to similar tasks in preparation for MAST-U operations.  Part of this effort includes comparing the calculations to MAST vacuum field discharges to provide confidence in the model and develop the routines required for loading and saving data within the CCFE system.
	Adapting LRDFIT for MAST and MAST-U required three significant efforts in FY17. The first was porting the code over to the CCFE computer system, the second was developing the code I/O for the MAST data and the third was constructing the device description files for the MAST and MAST-U device. The device description files in LRDFIT provides the R,Z location of coils, conducting structures and magnetics, and a description of the power supplies. Following these activities, the model calculations were compared to vacuum field discharges on MAST, as well as a subset of discharges that explored DI startup on MAST in preparation for MAST-U operations.  Comparisons between the calculations and measurements for vacuum (no plasma) shots on MAST drove the refinement of the device description, and ultimately provided confidence in applying the calculations for predictive calculations.Figure IS-ASC-3 Comparison of the LRDFIT vacuum field calculation (black) to the measured signal (red) for a Mirnov measuring BZ at the inboard midplane. The model is in good agreement with the measurement until breakdown and the appearance of plasma current (17418).

	LRDFIT was also used to examine a small subset of discharges on MAST that used DI startup in order to provide insight into DI startup on MAST-U. Figure IS-ASC-2 presents representative output from LRDFIT from the calculations for a DI discharge (17418). The figure shows the spatial distribution of the Lloyd parameter (Et Bt/Bp) in kV/m at the time when this parameter is a maximum (5 ms) [IS-ASC-3]. The Lloyd parameter provides an estimate for the electric field along a helical field line where larger values indicate a greater probability of breakdown of the neutral gas. The magnitude and distribution of this breakdown metric at its maximum is comparable to NSTX and NSTX-U calculations.   The most significant result is that the time predicted to be most likely to result in the formation of current channel (5 ms) is in good agreement with the first appearance of measurable plasma current. Figure IS-ASC-3 compares the predicted signal on a Mirnov coil at the inboard midplane (black) to the measured signal (red). The model is good agreement with the measurement until approximately t = 4 ms. The vacuum calculation does not include the fields generated by the plasma, thus the disagreement is due to field generate by plasma current.  The timing of the field null is sensitive to the eddy currents in the conducting structures, therefore the agreement between the vacuum fields prior to 5ms and the observed time for breakdown provides confidence that the model is adequately capturing the dynamics of the induced current.  Predictive calculations for startup scenarios for the first operation of MAST-U are ongoing and will continue into FY18. 

C.4 Control of rotation and stored energy on DIII-D using variable beam voltage and perveance

As part of the DIII-D/NSTX-U National Campaign experiments, a new feedback algorithm was implemented in the DIII-D PCS that uses the recently added variable beam voltage and perveance capabilities of the neutral beam injectors [IS-ASC-4] for power, torque, energy, and rotation control. Building off of the control design approach developed for feedback control of non-inductive scenarios in NSTX-U [IS-ASC-5], a constrained real-time optimization-based control algorithm was developed for this application (depicted in Figure IS-ASC-4). 
In the design, an observer is used to reduce noise and produce estimates of modeling errors in real-time. These errors are then used to correct a model used by a real-time optimization algorithm to minimize a cost function that weights the steady-state tracking error and the use of each of the actuators according to operator inputs. This step determines the voltage, perveance, and duty cycle required at steady state to maintain the optimal stored energy and rotation values, accounting for the limits on the allowed range of voltage and perveance put in place to maintain beam reliability. Figure IS-ASC-4 Schematic of control algorithm used for combined power, torque, energy and rotation control


The time response of the outputs to these actuator values would be set by the energy and momentum confinement times and would be further slowed by the slow response of the beam voltage to requested changes, which are a result of bending magnet power supply limitations. To overcome this, the new algorithm includes an additional optimization step that compensates the slow response of the voltage, which is a result of bending magnet power supply limitations, by fast adjustments of the perveance and/or duty cycle to more quickly track the required power and torque, and augments the power and torque requests with a feedback term to improve energy and rotation target tracking. 
The algorithm was tested during a half-day experiment during which the ability to track requested values while compensating for changes in confinement and pre-programmed ramps in the voltage of selected beams was demonstrated. Figure IS-ASC-5 shows an shot in which the algorithm was configured to track a target stored energy and rotation using voltage and perveance as actuators. Voltage from the counter-injection beams was reduced while the voltage of the co-injection beams was increased to track the targets. While the voltage was changed slowly due to slew rate limitations, the requested perveance varied more rapidly, often saturating in an attempt to compensate for large, sudden changes in confinement, like those visible in the stored energy around t=3s. The results of the experiment were promising and motivate expanding the capability of the algorithm to control rotation shear, or to use the new actuation techniques for rotation and current profile control.
This material is based upon work supported by the Department of Energy under Award Number DE-FC02-04ER54698Figure IS-ASC-5: Stored energy, rotation, voltage requests, and perveance requests during DIII-D shot 171990 showing target tracking with voltage and perveance changes.
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NSTX-U Collaborator Institutions
JON TO UPDATE

	Number
	Institution
	Country

	1
	College of William and Mary
	USA

	2
	Columbia University
	USA

	3
	CompX
	USA

	4
	Florida International University
	USA

	5
	General Atomics
	USA

	6
	Idaho National Laboratory
	USA

	7
	Johns Hopkins University
	USA

	8
	Lawrence Livermore National Laboratory
	USA

	9
	Lehigh University
	USA

	10
	Lodestar Research Corporation
	USA

	11
	Los Alamos National Laboratory
	USA

	12
	Massachusetts Institute of Technology
	USA

	13
	Nova Photonics, Inc
	USA

	14
	Oak Ridge National Laboratory
	USA

	15
	Old Dominion University
	USA

	16
	Princeton University
	USA

	17
	Purdue University
	USA

	18
	Sandia National Laboratory
	USA

	19
	Tech-X Corporation
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		WPC				RWM				IPR				PRP				LOQ				VSC						tauw

		Bin		Frequency		Bin		Frequency		Bin		Frequency		Bin		Frequency		Bin		Frequency		Bin		Frequency

		-20		0		-20		0		-20		0		-20		0		-20		0		-20		0				-4

		-10		0		-10		0		-10		0		-10		0		-10		2		-10		0				-2

		0		3		0		0		0		0		0		0		0		14		0		0				0

		10		5		10		0		10		9		10		3		10		16		10		0				2

		20		13		20		3		20		17		20		9		20		10		20		4				4

		30		5		30		15		30		7		30		9		30		2		30		16				6

		40		5		40		5		40		5		40		5		40		0		40		6				8

		50		1		50		1		50		4		50		4		50		0		50		4				10

		60		1		60		1		60		2		60		4		60		0		60		1				12

		70		0		70		1		70		0		70		0		70		0		70		0				14

		80		2		80		0		80		0		80		0		80		0		80		0				16

		90		2		90		0		90		0		90		0		90		0		90		0				18

		100		1		100		0		100		0		100		0		100		0		100		0				20

		110		0		110		0		110		0		110		0		110		0		110		0				22

		120		1		120		0		120		0		120		0		120		0		120		0				24

		130		0		130		1		130		0		130		0		130		0		130		0				26

		140		0		140		1		140		0		140		0		140		0		140		0				28

		150		0		150		1		150		0		150		0		150		0		150		0				30

		160		0		160		0		160		0		160		0		160		0		160		0				32

		170		0		170		0		170		0		170		0		170		0		170		0				34

		180		0		180		0		180		0		180		0		180		0		180		0				36

		190		0		190		0		190		0		190		0		190		0		190		0				38

		200		1		200		0		200		0		200		0		200		0		200		0				40

		More		4		More		15		More		0		More		0		More		0		More		0

						within 100ms:		26

						after 100 ms:		18

		Total:		44				44				44				34				44				31

						% within:		0.5909090909





Sheet1

				Specific Variables of Interest for DECAF

				(first column lists shots (defined in control workbook); times are returned for variables that define flags/events; values at these times are returned for other variables specified in the column labels)

				(see DECAF control workbook for definitions of flags/events; and some variables that can be read)										CHANGE VARIABLES IN CELLS SHADED IN GRAY BELOW.

														(Named range: SVOIs)

																								Time before DIS (ms)

		shot		SCL		RWM		IPR		PRP		LOQ		VSC		LON		GWL		DIS				SCL		RWM		IPR		PRP		LOQ		VSC		LON		GWL				Bin ranges

		134832		0.7649999857		0.7105998993		0.8183999062		0.8107999563		0.8453999758		0.8223999739		0.8385999203				0.8479999304				82.9999446869		137.4000310898		29.6000242233		37.1999740601		2.5999546051		25.5999565125		9.4000101089						-20

		134834		0.5343999863		0.5111999512		0.5425999165		0.5131999254		0.5421999693		0.5169999599						0.5491999388				14.799952507		37.9999876022		6.600022316		36.0000133514		6.9999694824		32.1999788284								-10

		134836		0.7459999323		0.4247999191		0.7084000111		0.7005999088		0.7495999336		0.7184000015						0.7517999411				5.8000087738		327.0000219345		43.3999300003		51.2000322342		2.2000074387		33.399939537								0

		134837		0.9945999384		0.7165999413		0.9941999912				0.9937999249								0.9959999323				1.3999938965		279.3999910355		1.7999410629				2.2000074387										10

		135097		0.8969999552		0.9283999205		0.9379999638		0.9323999882		0.9425998926								0.9553999901				58.4000349045		27.0000696182		17.4000263214		23.0000019073		12.8000974655										20

		135098		0.6541999578		0.59739995		0.6445999146		0.6335999966		0.6525999308		0.6325999498		0.6391999722				0.6591999531				4.9999952316		61.8000030518		14.6000385284		25.5999565125		6.600022316		26.6000032425		19.9999809265						30

		135099		0.4335999489		0.7833999395		0.7941999435		0.7907999754		0.799399972								0.7973999977				363.8000488281		14.0000581741		3.2000541687		6.600022316		-1.9999742508										40

		135100		0.5347999334		0.483199954		0.5713999271		0.5468000174		0.5999999046		0.5748000145						0.6059999466				71.2000131607		122.7999925613		34.600019455		59.1999292374		6.0000419617		31.1999320984								50

		135102		0.9445999861		0.5391999483		1.0527999401		1.0478000641		1.0655999184		1.0376000404						1.0637998581				119.1998720169		524.5999097824		10.999917984		15.9997940063		-1.8000602722		26.1998176575								60

		135104		0.9205999374		0.7105998993		0.9653999805		0.9635999203		1.0113999844		0.9756000042						1.0077998638				87.1999263763		297.1999645233		42.3998832703		44.1999435425		-3.6001205444		32.1998596191								70

		135106		0.7875999212		0.6071999073		0.8251999617		0.8241999149		0.8863999844		0.8391999006						0.8819999695				94.4000482559		274.8000621796		56.8000078201		57.8000545502		-4.4000148773		42.8000688553								80

		135108		0.7359999418		0.3883999586		0.7375999689		0.7297999859		0.7645999193		0.7463999987						0.7745999098				38.5999679565		386.1999511719		36.9999408722		44.7999238968		9.9999904633		28.1999111176								90

		135110		0.9101999998		0.4005999565		0.9097999334		0.9139999151		0.9427999258								0.9467999935				36.5999937057		546.2000370026		37.0000600815		32.800078392		4.0000677109										100

		135111		0.8557999134		0.4354000092		0.8589999676		0.8597999811		0.8891999722								0.8779999018				22.1999883652		442.5998926163		18.9999341965		18.1999206543		-11.2000703812										110

		135112		0.839599967		0.2789999247		0.8131999969				0.8603999615		0.8420000076		0.8723999262				0.8731999397				33.5999727249		594.2000150681		59.9999427795				12.7999782562		31.1999320984		0.8000135422						120

		135114		0.8313999176		0.378000021		0.8411999941		0.8307999372		0.8811999559		0.8457999229						0.8681999445				36.8000268936		490.1999235153		26.9999504089		37.4000072479		-13.0000114441		22.400021553								130

		135115		0.8463999033		0.3727999926		0.9919999838		0.9993999004		1.02760005		0.9899998903						1.0404000282				194.0001249313		667.6000356674		48.4000444412		41.0001277924		12.7999782562		50.4001379013								140

		135116		0.7185999155		0.3447999954		0.9731999636		0.9709999561		0.9849998951		0.9659999609		0.975399971				0.9977999926				279.2000770569		652.999997139		24.6000289917		26.8000364304		12.8000974655		31.800031662		22.400021553						150

		135118		0.521600008		0.4005999565		0.7170000076		0.714599967		0.7355999947		0.7075999975						0.7509999275				229.3999195099		350.3999710083		33.9999198914		36.3999605179		15.3999328613		43.3999300003								160

		135120		0.5537999868		0.407400012		0.5351999998		0.5331999063		0.5523999929		0.5297999382						0.5497999191				-4.0000677109		142.3999071121		14.5999193192		16.6000127792		-2.6000738144		19.9999809265								170

		135121		0.9375998974		0.3517999649		0.9246000051		0.9299999475		0.9579999447		0.9229999781						0.9523999691				14.8000717163		600.6000041962		27.7999639511		22.400021553		-5.5999755859		29.3999910355								180

		135131		0.4405999184		0.3705999851		0.8631999493		0.8592000008		0.9077999592		0.8867999315						0.9117999077				471.1999893188		541.1999225616		48.5999584198		52.5999069214		3.9999485016		24.9999761581								190

		139357		0.8155999184		0.8087999821		0.8201999664		0.8191999197		0.8276000023				0.8226000071				0.8384000063				22.8000879288		29.6000242233		18.2000398636		19.2000865936		10.8000040054				15.7999992371						200

		139512		0.5003999472		0.4879999161		0.5011999607		0.4943999052		0.5188000202		0.4905999899		0.5131999254				0.5159999132				15.5999660492		27.999997139		14.799952507		21.6000080109		-2.8001070023		25.3999233246		2.799987793

		139513		0.4737999439		0.4589999914		0.4787999392		0.4617999792		0.5053999424		0.4649999142						0.5072000027				33.4000587463		48.2000112534		28.4000635147		45.4000234604		1.8000602722		42.200088501

		139514		0.8479999304		0.8384000063		0.8479999304		0.8483999968		0.8539999723								0.8679999113				19.9999809265		29.599905014		19.9999809265		19.5999145508		13.9999389648

		139516		0.8927999735		0.8808000088		0.8931999207				0.9089999199		0.882799983		0.8873999119				0.9083999395				15.5999660492		27.5999307632		15.2000188828				-0.5999803543		25.5999565125		21.0000276566

		140117		0.8121999502		0.7979999781		0.8147999048				0.8276000023		0.8027999401						0.8262000084				14.0000581741		28.2000303268		11.400103569				-1.3999938965		23.4000682831

		140119		0.8855999708		0.8753999472		0.8849999905				0.8869999647				0.8727999926				0.9033999443				17.7999734879		27.999997139		18.3999538422				16.3999795914				30.5999517441

		140120		0.822799921		0.7910000086		0.8029999733		0.7924000025		0.8147999048								0.8201999664				-2.5999546051		29.1999578476		17.1999931335		27.7999639511		5.4000616074

		140121		0.7845999002		0.7711999416		0.7907999754		0.7807999849		0.7987999916		0.774799943						0.7949999571				10.400056839		23.8000154495		4.1999816895		14.1999721527		-3.800034523		20.2000141144

		140123		0.8083999157		0.8033999205		0.8141999245				0.8269999027								0.8271999359				18.8000202179		23.8000154495		13.0000114441				0.2000331879

		140130		0.8321999311		0.8243999481		0.8403999805		0.8301999569		0.8379999399		0.8263999224		0.8563998938				0.8561999798				24.0000486374		31.800031662		15.7999992371		26.0000228882		18.2000398636		29.8000574112		-0.1999139786

		140131		0.7627999783		0.7513999939		0.760800004		0.7597999573		0.7694000006								0.7755999565				12.7999782562		24.199962616		14.799952507		15.7999992371		6.1999559402

		140132		0.7289999723		0.7171999216		0.7357999086		0.7601999044		0.7467999458		0.7239999771		0.7305999994				0.7694000006				40.4000282288		52.2000789642		33.6000919342		9.2000961304		22.6000547409		45.4000234604		38.8000011444

		140133		0.9451999664		1.0097999573		1.0202000141				1.0211999416								1.0239999294				78.7999629974		14.1999721527		3.7999153137				2.799987793

		140536		0.7927999496		0.7783999443		0.7941999435				0.79339993		0.7957999706						0.8171999454				24.3999958038		38.8000011444		23.0000019073				23.8000154495		21.399974823

		140538		0.771600008		0.7569999695		0.7757999897				0.7831999063		0.760800004		0.7785999775				0.7831999063				11.5998983383		26.1999368668		7.3999166489				0		22.3999023438		4.5999288559

		140579		0.618999958		0.584800005		0.6009999514		0.5929999352		0.6191999912		0.5861999989						0.6092000008				-9.7999572754		24.3999958038		8.2000494003		16.2000656128		-9.9999904633		23.0000019073

		140580		0.8075999022		0.7865999937		0.8021999598				0.8231999874								0.8143999577				6.8000555038		27.7999639511		12.1999979019				-8.8000297546

		140581		0.697799921		0.6891999245		0.7021999359		0.6881999969		0.7131999731		0.6923999786						0.7103999853				12.6000642776		21.2000608444		8.2000494003		22.1999883652		-2.799987793		18.0000066757

		140134		0.5039999485		0.4867999554		0.5065999031		0.4986000061		0.507799983		0.5008000135						0.518599987				14.6000385284		31.800031662		12.0000839233		19.9999809265		10.8000040054		17.7999734879

		140138		0.549399972		0.5413999557		0.5554000139		0.5485999584		0.5751999617		0.546399951						0.575799942				26.3999700546		34.3999862671		20.399928093		27.1999835968		0.5999803543		29.3999910355

		140139		0.8959999084		0.8917999268		0.899799943		0.893599987		0.9017999172		0.8897999525						0.9033999443				7.4000358582		11.6000175476		3.6000013351		9.7999572754		1.6000270844		13.5999917984
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Chart1 (3)
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Sheet8 (2)

		WPC				RWM				IPR				PRP				LOQ				VSC						tauw

		Bin		Frequency		Bin		Frequency		Bin		Frequency		Bin		Frequency		Bin		Frequency		Bin		Frequency

		200		1		200		0		200		0		200		0		200		0		200		0				40

		190		0		190		0		190		0		190		0		190		0		190		0				38

		180		0		180		0		180		0		180		0		180		0		180		0				36

		170		0		170		0		170		0		170		0		170		0		170		0				34

		160		0		160		0		160		0		160		0		160		0		160		0				32

		150		0		150		1		150		0		150		0		150		0		150		0				30

		140		0		140		1		140		0		140		0		140		0		140		0				28

		130		0		130		1		130		0		130		0		130		0		130		0				26

		120		1		120		0		120		0		120		0		120		0		120		0				24

		110		0		110		0		110		0		110		0		110		0		110		0				22

		100		1		100		0		100		0		100		0		100		0		100		0				20

		90		2		90		0		90		0		90		0		90		0		90		0				18

		80		2		80		0		80		0		80		0		80		0		80		0				16

		70		0		70		1		70		0		70		0		70		0		70		0				14

		60		1		60		1		60		2		60		4		60		0		60		1				12

		50		1		50		1		50		4		50		4		50		0		50		4				10

		40		5		40		5		40		5		40		5		40		0		40		6				8

		30		5		30		15		30		7		30		9		30		2		30		16				6

		20		13		20		3		20		17		20		9		20		10		20		4				4

		10		5		10		0		10		9		10		3		10		16		10		0				2

		0		3		0		0		0		0		0		0		0		14		0		0				0

		-10		0		-10		0		-10		0		-10		0		-10		2		-10		0				-2

		-20		0		-20		0		-20		0		-20		0		-20		0		-20		0				-4

		More		4		More		15		More		0		More		0		More		0		More		0

						within 100ms:		3

						after 100 ms:		41

		Total:		44				44				44				34				44				31

						% within:		0.0681818182
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B-loop amb_ccbv11 field (tang)



Measured (red) / Model (black) = 0.1861 +/- 887.5%
Error = +/- 37.31% +/- 373.1 Gauss = 18.6 x specified
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B-loop amb_ccbv12 field (tang)



Measured (red) / Model (black) = -0.1259 +/- 1631.%
Error = +/- 40.27% +/- 402.7 Gauss = 20.1 x specified
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B-loop amb_ccbv13 field (tang)



Measured (red) / Model (black) = 0.000 +/- NaN%
Error = +/- 21.24% +/- 212.4 Gauss = 10.6 x specified
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B-loop amb_ccbv14 field (tang)



Measured (red) / Model (black) = -1.305 +/- 274.0%
Error = +/- 42.63% +/- 426.3 Gauss = 21.3 x specified
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B-loop amb_ccbv15 field (tang)



Measured (red) / Model (black) = -1.368 +/- 281.4%
Error = +/- 42.92% +/- 429.2 Gauss = 21.4 x specified
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B-loop amb_ccbv16 field (tang)



Measured (red) / Model (black) = -0.9908 +/- 361.1%
Error = +/- 43.44% +/- 434.4 Gauss = 21.7 x specified
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B-loop amb_ccbv17 field (tang)



Measured (red) / Model (black) = -0.8329 +/- 413.0%
Error = +/- 43.52% +/- 435.2 Gauss = 21.7 x specified
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B-loop amb_ccbv18 field (tang)



Measured (red) / Model (black) = -0.8697 +/- 404.0%
Error = +/- 43.90% +/- 439.0 Gauss = 21.9 x specified
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B-loop amb_ccbv19 field (tang)



Measured (red) / Model (black) = -0.7897 +/- 449.1%
Error = +/- 43.40% +/- 434.0 Gauss = 21.7 x specified
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B-loop amb_ccbv20 field (tang)



Measured (red) / Model (black) = -1.000 +/- 363.0%
Error = +/- 44.25% +/- 442.5 Gauss = 22.1 x specified
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B-loop amb_ccbv11 field (tang)



Measured (red) / Model (black) = 0.1861 +/- 887.5%
Error = +/- 37.31% +/- 373.1 Gauss = 18.6 x specified
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B-loop amb_ccbv12 field (tang)



Measured (red) / Model (black) = -0.1259 +/- 1631.%
Error = +/- 40.27% +/- 402.7 Gauss = 20.1 x specified
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B-loop amb_ccbv13 field (tang)



Measured (red) / Model (black) = 0.000 +/- NaN%
Error = +/- 21.24% +/- 212.4 Gauss = 10.6 x specified
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B-loop amb_ccbv14 field (tang)



Measured (red) / Model (black) = -1.305 +/- 274.0%
Error = +/- 42.63% +/- 426.3 Gauss = 21.3 x specified
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B-loop amb_ccbv15 field (tang)



Measured (red) / Model (black) = -1.368 +/- 281.4%
Error = +/- 42.92% +/- 429.2 Gauss = 21.4 x specified
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B-loop amb_ccbv16 field (tang)



Measured (red) / Model (black) = -0.9908 +/- 361.1%
Error = +/- 43.44% +/- 434.4 Gauss = 21.7 x specified
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B-loop amb_ccbv17 field (tang)



Measured (red) / Model (black) = -0.8329 +/- 413.0%
Error = +/- 43.52% +/- 435.2 Gauss = 21.7 x specified
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B-loop amb_ccbv18 field (tang)



Measured (red) / Model (black) = -0.8697 +/- 404.0%
Error = +/- 43.90% +/- 439.0 Gauss = 21.9 x specified
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B-loop amb_ccbv19 field (tang)



Measured (red) / Model (black) = -0.7897 +/- 449.1%
Error = +/- 43.40% +/- 434.0 Gauss = 21.7 x specified



-0.010 -0.005 0.000 0.005 0.010
Time (sec)



-0.05
0.00
0.05
0.10
0.15
0.20



Te
sl



a



B-loop amb_ccbv20 field (tang)



Measured (red) / Model (black) = -1.000 +/- 363.0%
Error = +/- 44.25% +/- 442.5 Gauss = 22.1 x specified
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