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Summary of FY2012 Notable Outcome

The notable outcome for NSTX Program management for FY2012 was to: “Actively
manage the utilization of NSTX scientific staff on domestic and international
collaborations during the NSTX shutdown.” In preparation for maximizing the
productivity of the NSTX research team during the Upgrade outage, outreach to other
facilities to identify collaboration opportunities began in March 2011. Presentations were
solicited and given by program leaders from DIII-D, Alcator C-Mod, MAST, KSTAR,
and LHD. Additional opportunities on EAST and smaller facilities such as Pegasus,
LTX, and QUEST in Japan were identified during the fall of 2011. Following
identification of a wide range of collaboration opportunities, NSTX researchers (both
PPPL and non-PPPL) were asked to identify primary and back-up collaboration topics
and to establish research contacts on other facilities. In late 2011, the team was given
guidance by the NSTX program and project managers for goals to strive for during
collaboration. In particular, collaborations should aim to support the NSTX-Upgrade
mission, but also support toroidal physics generally, ICCs, and non-fusion applications.
All researchers were asked to view the Upgrade outage as an opportunity to extend and
improve ongoing and future research on NSTX, learn about other facilities, bring back
knowledge and best practices, and try to learn new physics, diagnostics, and analysis
techniques. It was also recommended that researchers aim to form small teams from
NSTX and coordinate research plans, analysis, travel, and participation. Researchers
were requested to aim for first author publications and invited talks and to present results
periodically at NSTX and PPPL research seminars. A key challenge for these
collaboration activities was that no additional NSTX funding dedicated to collaboration
was provided. However, by working closely with the PPPL off-site research department,
strong collaborative activities were supported on DIII-D, C-Mod, KSTAR, and EAST.

With the assistance of NSTX program management, many successful collaboration
activities were carried out by NSTX researchers and are described in the NSTX-U
FY2012 year-end report. For example, on DIII-D, polarimetry was tested by UCLA for
application to NSTX-U magnetic field fluctuation measurements, a DIII-D snowflake
divertor configuration was demonstrated for the first time, joint experiments on RWM
kinetic stability were carried out, and proxy error-field analysis was performed. On
EAST, a lithium granular injector for ELM pacing which was successfully demonstrated
and will be utilized on NSTX-U, lithium coating persistence and cryo-pumping
effectiveness were measured, NSTX researchers assisted in achieving ICRF-only H-mode
plasmas, aided gas-puff-imaging analysis of edge turbulence, and contributed to the
design of a multi-energy SXR system for EAST with application to NSTX-U.
Collaboration on C-Mod, KSTAR, and other facilities is also described in the NSTX
FY2012 year-end report. MAST collaboration was limited in 2012 due to limited MAST
operation, but expanded collaboration on MAST is planned for the 2013 run campaign.
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NSTX-U FY2012 Year End Report: Facility and Diagnostics

NSTX started the FY 2012 NSTX upgrade outage on Oct. 1, 2011 six months earlier than the
original schedule due to the TF electrical short that occurred in FY 2011. After a review by a
panel of external magnet experts, the lessons learned on the soft solder flux issue which led to the
TF failure was incorporated into the NSTX center-stack upgrade manufacturing process to
prevent similar failures for NSTX-U. This early outage start offers an opportunity to accelerate
the NSTX Upgrade Project schedule by up to six months. At the start of the outage, the NSTX
diagnostics were carefully removed with proper documentation and were stored or shipped to the
collaborating institutions as requested. After properly securing the NSTX facility, the NSTX
operations technical staff shifted to Upgrade project tasks as rapidly as possible. The NSTX
technical staff also supported the NSTX-U infrastructure refurbishments including fault detector
and firing generator for rectifier controls, migration of the plasma control system to modern
processors, and realignment of the Multi-Pulse Thomson Scattering (MPTS) system. The NSTX
technical staff also supported outgoing collaboration activities including lithium granular
injectors and droppers on EAST, RFX, and DIII-D. The NSTX Upgrade Project has made
excellent progress in FY 2012. The NSTX Upgrade Project team successfully obtained DOE
OFES CD-3 approval in Dec. 2011 on schedule. Upgrade project activities are ramping up rapidly
in all areas and are currently on pace to be completed in mid-2014 well ahead of the Sept 2015
CD-4 completion target. To provide capabilities needed to carry out the NSTX-U scientific
research, the NSTX Team identified high priority facility and diagnostic enhancements for post
upgrade operations. These include diagnostics provided by NSTX Research Team members from
U.S. laboratories other than PPPL. To facilitate the planning process, facility and diagnostic
enhancement brainstorming meetings were held and many innovative ideas were proposed. A
theory brainstorming meeting was also held, and this motivated discussion on future experiments
and diagnostic needs.

Base Facility and Diagnostics Achievements for FY2012
Facility Milestone F(12-1): Receive CD-3 approval for NSTX-U. (January 2012)

Milestone F(12-1) Report:

The NSTX Upgrade Project to design and construct a new center-stack and a second more
tangentially injecting neutral beam injector made excellent progress during FY 2012. After the
successful final design review in June 2011 followed by a CD-3 (Critical Decision -3) Readiness
Review, CD-3 approval was granted in December 2011 on schedule. In FY2012, having
successfully completed all design tasks and obtained the CD-3 approval, the NSTX Upgrade
Project began major fabrication and procurement activities. The diagnostics around the machine
were removed and stored. The existing center-stack and associated components have been
removed from the NSTX device. The project has begun work on the critical path fabrication of
the center stack (CS) components including friction stir welding of lead extensions to the inner
TF conductors.  The procurement of critical and long lead items are being carried out including
the center stack plasma facing components, inner PF coils, the center-stack casing, and other
TF/OH materials. The 2" NBI vessel window frame is being completed, and equipment including
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racks within the 2" NBI beam box footprint was removed. The NBI vacuum vessel components
are being readied and the FCPC (power system) upgrade has begun during this period. The device
support structure enhancement has begun and the new access ports for Bay J, K, and L are being
installed, and the 2" NBI beam box was relocated to the NSTX Test Cell in September 2012.

Center Stack Diagnostics: The center stack (CS) diagnostics provide key information on
discharge parameters to characterize NSTX plasmas and guide NSTX operations. They also
include sensors for machine protection. The diagnostics on the vacuum side of the CS include
thermocouples, Mirnov coils, halo current Rogowski coils, and tile-mounted Langmuir probes.
The sensors on the air side of the CS include flux loops and Rogowski coils for measuring the
plasma current. Fabrication of the Mirnov coils was completed. The task first involved the
fabrication of 80 MACOR cores or mandrels, which were twice the number originally required. A
subsequent Lehman review specified the need for additional sensors to provide non-asymmetric
measurements of the halo currents through the CS. The NSTX-U project accommodated the
requirement for more sensors by using the extra mandrels to wind a total of 45 coils in the
direction of the major mandrel axis (“1D coil”), and 30 coils in both this direction and the axis
orthogonal to it (“2D coil”). The additional coils provide spatially-localized signals around the
CS, and include redundant sensors to improve the reliability of measurements along the CS axis.
Plasma current and halo current Rogowski coils were also fabricated. The new CS can
accommodate an additional plasma current Rogowski coil, so three of them were wound for
NSTX-U. Continuous halo current Rogowski coils were constructed to encircle the CS, as on
NSTX, at three locations. A set of Rogowski coils, however, was made in shorter segments for
spatially-localized data at a fourth CS location to enable non-axisymmetric halo current
measurements. The CS tiles were designed to include modified tile-mounted Langmuir probes
(LPs). They will be machined after the CS tiles are received at PPPL. The new LPs are the same
as the flush-mounted type originally used in NSTX, but with smaller diameters. This allows more
LPs per tile, and permits increased spatial resolution. The coverage of the divertor region is also
increased in NSTX-U, since LPs are located in the vertical as well as horizontal tiles at the top
and bottom of the CS. All of the wires were procured for the thermocouples (TCs), flux loops,
and connections (“field wiring”) between the Mirnov coils and LPs and their corresponding
vacuum feedthroughs. The TC set includes “fast” thermocouples for rapid temperature
measurements of the horizontal divertor tiles during plasma operations. One of the main sources
of sensor failure in NSTX was damage to the field wiring due to limited space between the tiles,
and also their sharp corners. These problems have been mitigated in the NSTX-U tile design with
larger channels for the wires, and better chamfering of the tile edges.

Facility Milestone F(12-2): Identify possible high priority facility enhancements for post
upgrade operations. (September 2012)

Milestone Description: To prepare for the post upgrade operations, the NSTX program will
consider possible key facility enhancements in all of the science areas. An important facility
enhancement in the boundary physics area is the divertor heat and particle handing enhancement
for higher power long pulse operations. This may include expanded moly-tile divertor coverage
and a more closed divertor geometry utilizing a cryo-pump. The HHFW antenna enhancements
may be considered which could include an antenna limiter upgrade to handle higher power and
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longer pulse NBI power and to accommodate high level of lithium evaporation, the antenna
Faraday shields with a less transparent design maybe considered to better shield the antenna
radiating elements. In the non-inductive plasma start-up area which is crucial for the ST based
fusion nuclear science facility, the most promising approaches will be considered including an
extension of the presently tested Coaxial Helicity Injection (CHI) system and implementation of
the gun injection approach being developed on PEGASUS. For those NSTX-U facility
enhancements, the decisions to proceed will be made by the end of FY 2012 taking into account
the NSTX experimental results, available resources, and the established priority order.

Milestone F(12-2) Report:

There are a number of important facility related enhancements which are needed to take full
advantage of the NSTX-U device capabilities. In preparation for the NSTX-U operations and for
the 2014-18 Five Year Plan, the NSTX-U facility enhancement brainstorming meeting was held
on Feb. 7 and 8, 2012. Many innovative ideas were proposed. In the area of solenoid-free start-
up, a graphite tile overhang design was developed to cover the exposed stainless steel surfaces in
the CHI gap to handle the much higher anticipated heat loads. The plasma gun start-up system is
being developed by the PEGASUS group. A multi-MW-class 28 GHz ECH/EBW system is also
considered for the start-up, ramp-up and non-inductive current maintenance research in NSTX-U.
Addition of a MA-class ECH system should improve the start-up and subsequent ramp-up by
HHFW and NBI by increasing the electron temperature of start-up plasmas. The 28 GHz tube
being developed by the Tsukuba group is now running at ~ 1 MW level so it should be useful for
NSTX-U. Another encouraging result is that the sapphire window is shown to be capable of
supporting 2 MW, ~ 5 sec operation planned for NSTX-U, substantially reducing the cost of the
tube. For the next generation tube, a design is being developed to increase the tube power toward
2 MW and the pulse length to 5 sec, which would be well suited for NSTX-U.

For boundary physics, a conceptual level design was performed on a closed divertor cryo-pump
system. The initial indications are promising for providing divertor pumping for a relatively
broad divertor parameter space including the snow-flake configuration. While the baseline
NSTX-U operation plan is to start with graphite tiles, we are investigating the possibility of
installing the moly tiles manufactured in FY 2011 on the upper in-board divertor region of
NSTX-U to test their effectiveness in reducing the carbon impurity influx. If the moly tiles are
deemed effective in reducing the carbon influx and compatible with the lithium/divertor
operations, it is then logical to further expand the moly tile coverage in the divertor area for
NSTX-U. Tungsten is also considered as a PFC material for NSTX-U. The QUEST group is
testing an actively cooled tungsten limiter which uses a relatively inexpensive manufacturing
technique to fuse a tungsten block to a copper base. It is encouraging that the new water cooled
tungsten limiter enabled QUEST to increase their non-inductive operation from 37 sec to 180 sec
without melting the tungsten limiter surfaces. For lithium capability, the base line is the dual
upper (lower aiming) evaporators and droppers as in NSTX. A design will be developed for an
upper aiming evaporator to cover the upper divertor region. The lithium granular injector for
ELM pacing which was successfully demonstrated on EAST will be available for NSTX-U.
Various concepts are being considered for liquid lithium divertor system. A flowing liquid
lithium loop R&D facility (LDRD funded) is being built at PPPL. If successful, the design will
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be adapted for NSTX-U. The HT-7 tokamak is also testing liquid lithium PFCs.

For MHD research, the massive gas injector disruption mitigation system will be implemented
while the resonant field amplification (RFA) / resistive wall mode (RWM) sensors will be
enhanced. For a longer term upgrade, the non-axisymmetric control coil (NCC) system is being
considered and a conceptual design of NCC is being developed. In the high harmonic fast wave
(HHFW) area, antenna enhancements are being performed to enable the HHWF feed-thru
conductor to handle the higher disruption loads (~ x 4) in NSTX-U. A HHFW poloidal limiter
upgrade to handle higher power and longer pulse NBI power is also considered for NSTX-U. For
MHD and Advanced Scenario areas, the real time plasma control system will require continued
improvements including new processors which is being implemented as noted below.

Diagnostic Milestone D(12-1): Identify possible high priority diagnostic enhancements for post
upgrade operations. (September 2012)

Milestone Description: To prepare for post-upgrade operations, the NSTX program will consider
possible key diagnostic enhancements in all of the science areas. In the Transport & Turbulence
area, the high-k scattering system re-aiming will be investigated to measure both the radial and
poloidal components of the high-k turbulence. To support advanced ST operations, a feasibility
of implementing real time measurements of plasma pressure and current profiles will be
investigated. In the energetic particle area, we will be assessing the need for additional energetic
particle diagnostics in addition to the perpendicular and tangential fast ion D-alpha (FIDA)
diagnostics. This may include additional SSNPA (Solid-State Neutral Particle Analyzer)
channels as the scanning NPA will not be reinstalled for NSTX-U. For those NSTX-U diagnostic
enhancements, the decisions to proceed will be made by the end of FY 2012 taking into account
the NSTX experimental results, available resources, and the established priority order.

Milestone D(12-1) Report:

The NSTX-U diagnostic planning meeting was held in July 2011 and also in July 2012. Since the
2012-2016 non-laboratory NSTX-U diagnostic grant recipients were decided in FY 2012, they
represent a significant fraction of the planned NSTX-U diagnostic capability. The diagnostics
which were operational in FY 2011 are generally expected to be available for the NSTX-U
operation unless otherwise noted. We note below those diagnostic systems which have strong
collaboration components.

In the Transport & Turbulence research area, the high-k scattering system detector array presently
located at Bay K will have to be relocated to Bay L after the 2" NBI installation at Bay K. By re-
aiming the microwave beam, it is possible to measure both the radial and poloidal components of
the high-k turbulence. The high-k scattering system is being fabricated by the UC Davis group.
The group plans to replace the existing 280 GHz system to ~600 GHz system. The higher
frequency system is designed to improve high-k resolution and SNR. For low-k turbulence, the
beam emission spectroscopy (BES) system with a new generation of BES detector has been
developed by the University of Wisconsin group. The group is planning to expand the BES
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system to 56 spatial channels. The UCLA group is also planning to install 288 GHz polarimetry
system for magnetic fluctuation measurements. This system is presently being tested on DIII-D.

In the energetic particle research area, in addition to the perpendicular and newly implemented
tangential fast ion D-alpha (FIDA) diagnostics by the UC Irvine group, additional SSNPA (Solid-
State Neutral Particle Analyzer) channels will be implemented since the scanning NPA was
removed. The UCLA group will be installing 16 channel reflectometry for the energetic particle
mode measurements.

In the boundary physics research area, a major NSTX-U PMI diagnostic addition is the Material
Analysis Particle Probe (MAPP) by Purdue University. MAPP is an in-vacuo inter-shot
diagnostic capable of correlating surface chemistry evolution with plasma response to PMI
conditioning. MAPP utilizes multiple surface-science measurement techniques to characterize a
sample material exposed to NSTX-U conditions and assess plasma-surface interactions near the
divertor strike point. MAPP includes a manipulator probe to insert a probe head with four
samples that can be exposed to plasmas and withdrawn between plasma shots to characterize their
surfaces. Techniques for surface analysis currently include: Thermal Desorption Spectroscopy
(TDS), X-ray Photoelectron Spectroscopy (XPS), Low energy lon Secondary Scattering (LEISS),
and Direct Recoil Spectroscopy (DRS). The novelty with this design is the ability to apply three
separate surface-sensitive characterization techniques promptly under the NSTX-U tokamak and
without exposure to air. The NSTX-U MAPP system is being installed on LTX for further testing
in preparation for the NSTX-U operations in collaboration with Purdue University. In the area of
divertor spectroscopy, two new spectroscopic diagnostics will be installed to study the plasma
surface interactions on the liquid lithium divertor by the LLNL group. A 20-element absolute
extreme ultraviolet (AXUV) diode array with a 6 nm bandpass filter centered at 121.6 nm (the
Lyman-o transition) provides spatially resolved divertor recycling rate measurements in the
highly reflective LLD environment, and an ultraviolet-visible-near infrared R = 0.67 m imaging
Czerny-Turner spectrometer enables spatially resolved divertor spectroscopic emission and ion
temperature on and around the LLD module. The use of photometrically calibrated measurements
together with atomic physics factors enables studies of recycling and impurity particle fluxes as
functions of LLD temperature, ion flux, and divertor geometry. Another important divertor
diagnostic recently developed is a two-color or dual-band device developed for application to
high-speed IR thermography by the ORNL and University of Tennessee groups. Temperature
measurement with two-band infrared imaging has the advantage of being mostly independent of
surface emissivity, which may vary significantly for LLD as compared to that of an all-carbon
first wall. For a longer term, a divertor Thomson scattering system will be pursued. A pre-
conceptual design of a possible system has been performed.

For advanced ST operations, it maybe necessary to control the pressure and plasma current
profiles which would require real time measurements of plasma pressure and current profiles.
The JHU group is installing 96 channel edge and core tangential multi-energy-soft-x-ray arrays
for fast time scale plasma profile measurements. Nova Photonics is implementing real time MSE
which can give the real time plasma current profile information in addition to the MSE-CIF and
MSE-LIF systems.
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Other (Non-Milestone) Base Facility and Diagnostics Achievements for FY2012
Lithium Granules Injector for ELM Control:

The NSTX lithium granule injector (LGI) for ELM control has been completed in FY 2011. The
LGI system was shipped to the Chinese Academy of Science, institute of Plasma Physics and
installed on the EAST Tokamak. The NSTX LGI system is capable of injecting horizontally
redirected spherical Lithium granules (0.6 mm) at speeds approaching 100 m/s. The dropping
rates (pacing frequencies) of 500 Hz have been achieved in the laboratory test. A dropper
apparatus allows the granule size to be changed between discharges. After an extended shake-
down period, the injector was used to trigger/pace ELMs in EAST H-modes. Using Li granules
with diameters of several tenths of a millimeter injected at speeds of several tens of meters per
second, ELMs were triggered at high efficiency. Pacing frequencies ranging between 10’s to
100’s of Hertz were observed. It is anticipated that much higher pacing frequencies can
eventually be achieved using similar injector technology. A similar LGI system was also sent to
RFX in Italy and successfully commissioned. An NSTX lithium dropper was also shipped to
DIII-D for divertor recycling control.

Ex-Vessel Diagnostics for NSTX-U Operations:

Modifications to the Multi-Pulse Thomson Scattering (MPTS) diagnostic required for the NSTX
Upgrade were designed, and fabrication and procurement of the needed components were started.
The larger diameter of the center stack in NSTX-U requires that the MPTS laser beams be re-
aimed to avoid striking the center stack, which would cause damage to it as well as an
unacceptable level of scattered laser light in the vacuum vessel [DIAG-1]. The re-aiming of the
laser beams requires several other changes to the MPTS diagnostic configuration: 1) a new laser
beam dump must be provided on a new vacuum vessel port structure on the opposite side of the
vacuum vessel (Bay L) from the laser input port; 2) the laser input port on the vacuum vessel
must be moved several centimeters on the vacuum vessel and re-aimed to achieve the needed
laser beam path; and 3) the MPTS light collection optics must be modified and re-aimed to
provide high-resolution imaging of the re-aimed laser beam. This new configuration is shown in
Figure DIAG-1. Redesigning the MPTS system to meet these requirements was accomplished
and a successful preliminary design review was held. A successful final design review for the
modifications to the vacuum vessel was held, and final design reviews for the remaining
modifications to the system are planned for early FY13. The new port structure required for the
laser beam dump is located at Bay L and includes ports for several other diagnostics. The
reconfigured MPTS diagnostic will be installed prior to NSTX-U first plasma and commissioned
in early experimental operation following first plasma.
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Figure DIAG-1: Midplane cross section of NSTX-U showing old and new MPTS laser beam paths, relocated laser
input port on the vacuum vessel, new beam dump, and scattered light collection optics box (from Ref. DIAG-1).

The addition of a second neutral beam as part of the NSTX Upgrade results in a loss of vacuum
vessel port space for diagnostics. To take full advantage of available port space a new plan for
allocation of the ports to the diagnostics was developed. Ports with the required diameter, field of
view, and orientation were identified for all the key diagnostics required for the first year of
experimental operation following first plasma.

The high-k microwave scattering diagnostic, for example, has provided valuable measurements of
plasma turbulence in NSTX. However, the scattered microwave collection optics were located at
the port that will be used for the second neutral beam in NSTX-U and therefore can not remain in
that location. To preserve the high-k microwave scattering diagnostic, the system was redesigned
to make use of a new receiving window on the new port structure at Bay L. The new
configuration of the diagnostic will allow turbulence in a different region of k- (wavenumber)
space to be studied because it will provide turbulence measurements with more sensitivity to the
poloidal component of k than for the previous system, which was primarily sensitive to the radial
component of k.
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Liquid Lithium R&D Facility:

Development of flowing liquid lithium PFCs and related technologies is underway at PPPL
supported by the LDRD funding which if successful could be adopted to the NSTX-U liquid
lithium divertor. The present efforts focus on a capillary-restrained system that incorporates
gaseous cooling. In this conceptual diagram, “T-tubes” are considered for the active cooling
scheme with either helium or super critical-CO2 (s-CO2) as the primary coolant. The PFC
includes a porous or textured front face, similar to that used on LLD for liquid lithium stability
against disruptive loads. Lithium flow channels are located parallel to the cooling channels with
discrete ports to allow the liquid metal to wick quickly to the front-face. In addition to size
scaling, an examination of the basic cooling fluid is also being carried out. S-CO2 has been
identified by many in the fission power industry as having favorable properties in a power cycle
over helium. Experimental demonstration of liquid metal PFC concepts is currently underway to
complement the design studies described above. These begin with the development of a liquid
lithium loop which will provide active pumping into and out of vacuum chambers. The facility
will be utilized for testing of candidate PFC designs to show such things as (1) stable operation
and flow in a tokamak-relevant vacuum environment (107 to 10° Torr pressures), (2) restart
capability after periodic shut-down and gettering of residual gases, (3) maintainability and
reliability in addition to safe operation. Future plans include active purification of lithium
inventory and upgrades to include integrated tests with s-CO2 cooling systems.

Laboratories for Material Characterization and Surface Chemistry:

NSTX-U is collaborating with two new laboratories established at PPPL in collaboration with
Princeton University dedicated for materials characterization and surface chemistry experiments.
The Surface Science and Technology Laboratory is equipped with three surface analysis systems
and an ultrahigh vacuum deposition chamber. Substrates for vapor deposition of metal films can
be heated and cooled from 85 — 1500K using liquid nitrogen cooling and resistive and electron-
beam heating. These systems have a variety of surface diagnostics, including high resolution
electron energy loss spectroscopy (HREELS), which is capable of probing both optical and
vibrational excitations over a wide range of 0 - 100 eV with an electron energy resolution of 3
meV, alkali ion-scattering spectroscopy (ALISS), and angle-resolved X-ray photoelectron
spectroscopy (XPS). Another instrument has XPS, low energy ion scattering (LEIS), and
reflection high-energy electron diffraction (RHEED) capability for thin film growth studies. In
this laboratory, the time evolution of the chemical composition of lithium surfaces exposed to
typical residual gases found in tokamaks was recently measured. Solid lithium samples and a
TZM alloy substrate coated with lithium have been examined using XPS, temperature
programmed desorption (TPD), and Auger electron spectroscopy (AES) both in ultrahigh vacuum
conditions and after exposure to trace gases. Lithium surfaces near room temperature were
oxidized after exposure to 1-2 Langmuirs (1L=1x10° torr s) of oxygen or water vapor. The
oxidation rate by carbon monoxide was four times less. An important result of the measurements
for NSTX-U is that lithiated PFC surfaces in tokamaks were found to be oxidized in about 100 s
depending on the tokamak vacuum conditions which is much less than a typical time duration
between the tokamak plasma shots. A second laboratory, the Surface Imaging and Microanalysis
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Laboratory, contains a high-performance field emission Auger and multi-technique surface
microanalysis instrument with a field emission electron source and lateral resolution of 30 nm for
elemental analysis of surfaces of samples on the micro and nano scale.

Rectifier Control Refurbishments: Fault Detector and Firing Generator:

Due to the aging D-site rectifier infrastructure and greater power demands expected for NSTX-U,
refurbishments of the TF and PF rectifiers will be performed from within the base program. The
NSTX-U PF coil power configurations for day 1 operations have been agreed upon, and
engineering work packages to implement are being developed. The TFTR-era rectifier control in
the field coil power system rectifiers is being upgraded with a new fault detector and a firing
generator. A prototype firing generator has been successfully power tested. Parts for the
production units were procured, and the assembly of the new firing generators for the NSTX-U
power supplies has started. A prototype field coil power conversion system fault detector is ready
to be tested. Installation and test procedures for the prototype fault detector are being developed
and reviewed. Strategies for the re-commissioning of the field coil power conversion system are
being developed.

Migrate Plasma Control System to Modern Processors:

With the increased plasma control requirements for longer duration plasmas expected in NSTX-
U, an upgrade to the existing plasma control system is being implemented. A new Plasma Control
System (PCS) platform with increased capabilities (e.g., 64-bit operating system and ability to
support additional 1/O points and real-time algorithms) is being implemented for NSTX-U. A
similar system will be also used for the Digital Coil Protection System (DCPS) for the Upgrade
Project. The development of Plasma Control System Algorithms and Data Acquisition System
protocols for the proposed power, gas, and magnetic diagnostic system configurations continued
in FY 2012.

References
[DIAG-1] A. Diallo et al. Rev. Sci. Instrum. 83, 10D532 (2012)
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NSTX-U FY2012 Year End Report: Research Results

In FY2012, the NSTX-U research team contributed experimental data and analysis in support of
the 2012 DOE Joint milestone: “Conduct experiments and analysis on major fusion facilities
leading toward improved understanding of core transport and enhanced capability to predict
core temperature and density profiles. In FY 2012, FES will assess the level of agreement
between predictions from theoretical and computational transport models and the available
experimental measurements of core profiles, fluxes and fluctuations. The research is expected to
exploit the diagnostic capabilities of the facilities (Alcator C-Mod, DIII-D, NSTX) along with
their abilities to run in both unique and overlapping regimes. The work will emphasize
simultaneous comparison of model predictions with experimental energy, particle and impurity
transport levels and fluctuations in various regimes, including those regimes with significant
excitation of electron modes. Along with new experiments, work will include analysis of relevant
previously collected data and collaboration among the research teams. The results achieved will
be used to improve confidence in transport models used for extrapolations to planned ITER
operation.”

The NSTX-U contributions to the 2012 Joint Milestone are described in a separate report.
Summary descriptions of the results of research milestones are provided below. Descriptions of
additional selected research highlights are also provided.

FY2012 Research Milestone R(12-1): Investigate magnetic braking physics to
develop toroidal rotation control at low collisionality (Target - September 2012.
Completed — September 2012)

Milestone Description: Plasma rotation and its shear affect plasma transport, stability and achievable
bootstrap current and thereby impact the performance of integrated ST scenarios. In order to explore the
role of rotation in transport and stability, the physics governing the plasma rotation profile will be assessed
over a range of collisionality and rotation by analyzing 2010 braking experiments with 3D fields as well as
error fields produced by scrape-off-layer current (SOLC). The investigation will be performed on NSTX
experimental data with density/fueling variation, pumping by lithium, and electron heating by high
harmonic fast waves, as well as NSTX-U predicted scenarios based on TRANSP analysis, and new braking
experiments in DIII-D and KSTAR. Key aspects of this study include the plasma response and neoclassical
toroidal viscosity transport behavior to 3D fields at low collisionality and rotation. Experiments and NTV
analyses will be compared with the IPEC and other 3D transport code calculations to improve predictability
as well as self-consistency of plasma response modeling. The achieved understanding for magnetic braking
physics will be the key to the development of simplified real-time rotation control algorithms, which will
be tested in other devices and installed in NSTX-U, and to the optimization of the rotation profile for
macroscopic stability including the resistive wall mode (RWM). To determine the optimal rotation profiles,
RWM kinetic stability physics will be investigated using the MISK code with various NSTX cases, NSTX-
U scenarios, and DIII-D and KSTAR experiments in a wide range of rotation and collisionality. In parallel,
the computational capability and predictability of MISK for RWM physics will be strengthened via
benchmarking with other codes such as MARS-K and HAGIS. Altogether, this research will provide the
required understanding of rotation control and plasma stability critical for NSTX-U, ITER, and next-step
STs.
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Milestone R(12-1) Report:
Magnetic braking physics to develop toroidal rotation control at low collisionality

Understanding of magnetic braking physics has been largely improved and advanced calculations
have been applied to NSTX and KSTAR. First the equivalence between the kinetic stabilization
and the neoclassical toroidal viscosity (NTV) has been rigorously proved [R12-1-1], as can be

simply represented by the relation, T, ., =2indW,. This work indicates the achieved

understanding and techniques in either kinetic RWM [R12-1-2,3] or NTV physics studies [R12-1-
4,5] can be cross-checked and actively utilized to each other. The work also implies the most
important part in magnetic braking physics is to obtain the precise perturbed distribution function
with distorted orbits on perturbed magnetic field lines.

Based on the implication, we successfully developed a particle simulation code, Particle Orbit
Code for Anisotropic pressure (POCA) [R12-1-6], which will be separately described later, to
achieve the precise S&f without any approximation. The benchmark and the verifications have

been performed in terms of every aspect in NTV, such as, dB?-dependency, neoclassical offset,
superbanana plateau (SBP), bounce-harmonic resonances, etc. Results indicate the combined
analytic formula for NTV [R12-1-5], can give a good qualitative guide and even a good
guantitative prediction for conventional aspect-ratio tokamaks. For NSTX, the combined analytic
theory can be qualitatively reliable within an order of magnitude. A large improvement can be
made if the large-aspect-ratio expansion is removed in present formulation. In principle this will
give the identical computation to MARS-K or MISK codes. Presently the numerical
implementation has been finished and will be under benchmark with MARS-K.

The combined analytic treatment still can provide the fastest computation, and thus has been used
to study the magnetic braking in various kinetic regimes of NSTX. Figure R12-1-1 shows the
NTV variations in the wide range of the collisionality and rotation, by utilizing and scaling the

kinetic profiles in #132725, which corresponds to v, and «,,,, when the n=1 and the n=3

exp !
RWM EF coil perturbations are used for magnetic braking. One can see different aspects between
the n=1 and the n=3. For the n=1, magnetic braking becomes stronger when the collisionality is
lower, but only in the particular range of the rotation. The particular range of rotation corresponds

(a) n=1 Nm/kA (b) n=3 Nm/kA
1.5 1.5 [
1.0} 1.0
g
> 1
E
0.5 0.5
A 0
0.0 0.5 1.0 ; ; 0.0 0.5 1.0 1.5 2.0

w/ (.l)‘,,‘p o/ Wexp

Figure R12-1-1: NTV torque variations vs. collisionality and rotation, for (a) n=1 and (b) n=3. One can cleary see
each rotational resonance, SBP, and two bounce harmonic resonances for n=1, but those rotational resonances are
collectively combined for n=3 in low rotation. In rotational resonances, NTV increases in low collisionality.
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clearly to the SBP, the /=1, and the /=2 bounce harmonic resonance, respectively. This is
qualitatively very similar to the RWM Kinetic stabilization as found by MISK, which manifests
the equivalence of the two physics again. For the n=3, high / bounce harmonic resonances
collectively influence on the magnetic braking, and effectively gives only one rotational
resonance when the rotation is low. This is also highly consistent with the experimental
observations with the n=3 [R12-1-7]. Results indicate the rotational resonances can be utilized to
improve the magnetic braking, but should be carefully treated especially in the low collisionality
NSTX-U plasmas. In near future, several important target plasmas for NSTX-U will be selected
to perform the POCA calculations, to have quantitative predictions for detailed braking profiles.

The same technique has also been actively applied to KSTAR RMP experiments. In the RMP
ELM control, it is considered that the magnetic braking effects should be minimized, to produce
the sufficient stochastic layers in the edge while reducing the unnecessary neoclassical transport
in the core. One can define a figure of merit by combining the two hypothesis, although the
precise physics is yet to be determined, by

F=0c"/T, where the o is the width of the 10° '
stochastic layer in the edge and T is the
NTV torque. The definition is made to 1021 4

remove the JB-scale dependency, as

o oc/dBand T oc B?. The IPEC and NTV
analysis shows indeed the figure of merit is
maximized in the successful ELM-
suppressing RMP configuration (90 phasing)
as shown in the Figure R12-1-2. Also, the 0 90 180 270  Mid
actual magnetic braking has been observed Phasing

in the midplane-alone RMP fields, by Figure R12-1-2: Figure of Merit factor showing the
q . / hich is al . effectiveness of the stochastic transport in the edge vs.
amping rate ~1/s, which Is also consistent eqc|assical transport in the core. The figure of merit is
with our NTV damping prediction. In this maximized in 90 phasing, which indeed the configuration
KSTAR campaign, the first experimental that only demonstrated the ELM suppression.
demonstration of the bounce harmonic resonances will be attempted with the n=1 midplane RMP,
based on these successful applications.

Figure of merit

The other important subject in magnetic braking physics is to have the reliable calculations of ¢B
from perturbed tokamak equilibria. The IPEC has supplied the 0B information to the various
analytic formulas as well as to the POCA, but the applicability of this non-self-consistent 0B

calculation is limited especially in very high beta and with strong braking. Indeed the POCA
simulation based on the IPEC field showed larger NTV than the observation, within a factor of 2,
which may be due to the non-self-consistent 0B without the self-shielding effects of the NTV
torque itself. For the self-consistent 0B calculation, the combined NTV formalism without the
large-aspect-ratio approximation is being integrated to IPEC. Also, we showed the combined
NTV formula is exactly identical to the MARS-K if the MARS-K is modified to handle the
energy-dependent collisionality. Since the MARS-K is already capable of the self-consistent 5B
calculation, we will upgrade the MARS-K in parallel with the IPEC upgrade to the general
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perturbed equilibrium code (GPEC). The two codes then will be cross-checked and under active
benchmark to successfully achieve the self-consistency in 0B calculations. Ultimately the POCA
will be integrated to IPEC, as the POCA implementation is carefully designed for this future
application.
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Development of &f particle code for NTV calculation and its application to NSTX

A new &f guiding-center particle code, 100 T T
POCA (Particle Otbit Code for Anisotropic £ /05" S Theory
pressures) was developed to investigate . + 1.0 | : ?
neoclassical transport in the perturbed

tokamaks. POCA tracks the guiding-center

orbit motion and solves the Fokker-Planck
equation in the presence of the non-
axisymmetric magnetic field perturbations.
Development and theoretical studies of 107

POCA was recently published [POCA-1]. 107 il e e e
. . . 01 02 03 04 05 06 0.7
Benchmarking studies of NTV calculation Normal. poloidal flux

with POCA have been performed Figure POCA-1: Comparison of NTV profiles between POCA
and combined theory in the various collisionalities.
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type of closed orbit by the resonance was discovered tracking the guiding-center orbit motion,
and a significant enhancement of NTV by the resonance was demonstrated.

Experimental analysis of NTV using POCA has been carried out for NSTX magnetic braking
experiments. The perturbed magnetic fields, calculated with IPEC including ideal plasma
response, are coupled to POCA throughout a fitting using Chebyshev polynomials. Toroidal
rotation measured by CHERS is used to calculate the electric potential. An analysis result is
presented in Figure POCA-2, where the NTV torque profile in the experiment was inferred from
toroidal rotation damping rate and neoclassical toroidal flow considering a neoclassical offset
rotation. As shown, POCA shows a good agreement of NTV torque profile with the experiment,
and provides an improved prediction. Total NTV torque by POCA is 4.5 Nm and agrees well with
the experimental value, 3.5 Nm. Further analyses of NTV experiments using POCA are actively
under way for NSTX and DIII-D, which will improve understanding of physics of NTV and
magnetic braking.
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FY2012 Research Milestone (R12-2): Project deuterium pumping capabilities for
NSTX-U using lithium coatings and cryo-pumping. (Target - September 2012.
Completed — September 2012)

Milestone Description: Access to reduced collisionality in NSTX Upgrade will be achieved with a
combination of increased temperature from increased field and plasma current, and from operation with
controlled and reduced normalized plasma density (Greenwald fraction). Key to achieving controlled and
reduced normalized density is sufficient particle control. Lithium wall coatings have been utilized in
NSTX to pump deuterium, and low deuterium Greenwald fractions of 0.3-0.5 have been achieved and
maintained for the full flat-top duration of NSTX. However, the lack of ELMs with thick lithium coatings
can lead to increased carbon confinement and Zeff and higher total Greenwald fraction ~1 (all of which can
be reduced with natural or triggered ELMs). A key question for the usage of lithium coatings in NSTX-U
is the deuterium pumping persistence of the coatings, i.e. whether such coatings can pump throughout the
entire flat-top of an NSTX-U plasma. To address this issue, modeling of the deuterium pumping from Li
coatings in NSTX will be performed with edge codes such as SOLPS and UEDGE. These codes will be
used to interpret and reproduce heat and particle flux profiles from high current and high beam-power
discharges from NSTX to project scrape-oft-layer profiles for NSTX-Upgrade. This SOL profile analysis
will be combined with time-dependent analysis of divertor deuterium recycling with lithium in NSTX, and
these trends will be used to project lithium pumping persistence in NSTX-U. A second deuterium pumping
technique — divertor cryo-pumping — will also be assessed for NSTX-U. Preliminary cryo-pumping designs
for NSTX-U will be developed compatible with the NSTX-U vessel geometry and a range of divertor
magnetic topologies, including the snowflake divertor. Further, this analysis will be used to assess which
NSTX-U operating scenarios and density values can be sustained with stationary deuterium inventory using
cyro-pumping. This analysis and modelling for lithium coatings and cryo-pumping will provide a
quantitative basis for projecting particle control in NSTX-U with application to future next-step STs.
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Milestone R(12-2) Report
Cryo-pumping design for NSTX-U
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Figure R12-2-1: Schematic of cryo system, and example of projected plenum pressures used to optimize pump entrance.

i

A physics design study of a cryo-pumping system for
the NSTX-Upgrade has been performed; the results of
the design were presented at the PAC-31 meeting in
April 2012 and will be presented at the APS-DPP
meeting this fall. A semi-analytic pumping model
[R12-2-1] was used in this effort, and extended to
include the effect of finite plenum throat length on
achievable neutral pressured. Recent NSTX
experiments measuring the scaling of the divertor heat
flux profile, as well as measurements of the electron
temperature in the far SOL were used in this model to
provide a semi-empirical projection of the pumping
performance of candidate cryo geometries, as illustrated
in Figure R12-2-1.

This model was used to optimize the length, height, and
radial position of the plenum entrance. Using the
optimized entrance parameters, the achievable plasma
density has been estimated by assuming a balance
between neutral beam fueling and the pumped flux, and
combining this with a two-point model for the SOL to
relate the upstream and line-averaged density to the
divertor density at which this balance is achieved.
Pumping in the optimized configuration has been tested
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over a wide range of plasma position relative to the cryo pump and flux expansion, and the
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modeling indicates that low plasma densities (fg ~ 0.5) can be achieved over a broad range of
configurations. Notably, the cryo-pump is found to be compatible with the high flux expansion
Snowflake divertor, and in fact performs better in this configuration. Due to the improved power
handling capability in this configuration, the allowable operating space with simultaneously
sufficient pumping and low peak heat flux is larger with a Snowflake divertor. In the future, this
work will be extended by using 2D plasma-neutrals modeling to evaluate pumping efficiency in
radiative/detached regimes (which are not captured by the semi-analytic model used).

Persistence of pumping by lithium coatings

The ability of lithium coatings to pump throughout a discharge has been studied through
modeling of the PFC recycling during several time points in a discharge. Previously, the
experimental edge profiles at the midplane combined with the measured divertor heat flux and D,
profiles were used to constrain the PFC recycling coefficient in 2D modeling using the SOLPS
code [R12-2-2,3]. This work has been extended by performing modeling for multiple time slices
within the same discharge. The results are summarized in Figure R12-2-3. The midplane SOL n,
and T. profiles, as well as the peak divertor heat flux and D, emission are all approximately
constant over the time frame considered. Consistent with this, the modeling indicates that the

PFC  recycling  coefficient

6 8 remains at a relatively low level
——415 ms; R=0.89 N . .

= — 515 ms. R=0.90 of 0..9 over.the three time slices

£ 4| |—615 ms; R=0.87 (and in fact is reduced to 0.87 at

= the final slice, due to a slight

=2 reduction in the D, emission).

2 This indicates that, over the time

0 frame considered (up to t~0.7 s)

40 the lithium coatings remain

S 300 sufficiently activated to pump,

9’0 200 with no evidence of saturation.

= These results were presented at

190 the Plasma Surface Interaction

8a 08 1 11 -Oos 0 005 (PSD meeting in the spring of

YN R-Rgp (M) 2012, with a corresponding

Figure R12-2-3: Measured (points and dashed lines) and modeled (solid paper submitted to the Journal of
lines) midplane and divertor profiles for three time slices of 129038. Nuclear Materials
Inferred Rprc is indicated in legend )

Collaboration on EAST studying lithium pumping persistence

As the only other diverted H-mode tokamak in the world fusion program using lithium coatings
as a means of particle and impurity control, the EAST tokamak can provide important data for
understanding the pumping persistence of lithium coatings in a tokamak environment. In June
2012, several NSTX researchers led and participated in experiments to assess the particle
pumping capabilities of lithium coatings in EAST. A supersonic molecular beam injector (SMBI)
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was used for precise density feedback control and to modulate the gas fueling to measure particle
pump-out times in L-mode plasmas heated with lower hybrid waves. Divertor Langmuir probe
data was also taken to measure ion saturation current response to the gas fueling, and the
saturation current decay-rate trends (related to local divertor recycling rates) were found to be
consistent with the global pumping trends as indicated by the total SMBI fueling required to
maintain constant line-average electron density. The global density and local/divertor pump-out
measurements were obtained for a variety of configurations including upper single null, double
null, and lower single null, and up-down asymmetries in global pumping rates were evident.

Electron density [10" m?] The lower panel of Figure R12-2-4
e ' I shows the integrated SMBI fueling
required to maintain constant density
decreased by ~40% within 6 shots as
evident from comparing the 2 USN
plasmas.  This  result  implies
degradation of very strong pumping
by lithium after 6-8 shots which
ool ‘ ‘ , , , , corresponds to 60-80 total shot-
seconds. Further, by comparing the
first USN (42352) to the last LSN
. (42365), the lithium pumping is
reduced by roughly a factor of 2 after
13 shots. Finally, lithium pumping
reached ~3-4 times lower but nearly
stationary values after 25 shots (250
total shot-seconds). These results
imply an effective e-folding time for
the global lithium pumping of ~18
shots or ~180s of accumulated shot
Time [s] time. Future lithium pumping
Figure R12-2-4: (Top) EAST line-average electron density vs. persistence experiments on EAST
time and shot'-nur.nber, and (bottom) ii?tegrated SMBI gas fueling will be proposed in beam-heated H-
needed to maintain the requested density.
mode regimes and at higher density to
improve understanding for both EAST performance optimization and to aid extrapolation to
NSTX-U. For example, even if the lithium pumping degradation rate is increased by an order of
magnitude by higher density in H-mode, the pumping efficiency would still only be reduced by
25% at the end of a 5s discharge in NSTX-U.
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Strike-point variations were also performed in EAST both with and without cryo-pumping for
LSN discharges, and the results indicate the density pump-out is a very sensitive function of the
strike-point position in the divertor. It was observed that variations as small as a few ¢cm changed
the global pumping rate by up to a factor of two. These results from EAST will be further
analyzed in the near-term and could influence the choice of plenum height gap for the divertor
cryo-pumping system proposed for NSTX-U as described above.
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Progress of MAPP: Materials Analysis Particle Probe

The Materials Analysis Particle Probe
(MAPP) [R12-2-4] has been designed Probe Head

to allow for the prompt analysis of D'Verter\’\é\( @
plasma-facing components exposed to -
NSTX-U discharges (see Fig. R12-2-5).
It is expected that MAPP will play a
MAPP Analysis

very important role in NSTX-U
operation  for understanding the
evolution of lithium coatings in
addition to other surface chemistry
effects. MAPP is part of a four-part
endeavor, along with post-mortem tile
analysis, atomistic simulations [R12-2-
5], and controlled laboratory
experiments [R12-2-6], that aims to
decipher the fundamental physics and
chemistry occurring at the plasma-
facing surface. Up until now,
examining the influence of plasma-
surface interactions (i.e., surface
chemistry, retention, etc.) on first wall

Chamber

materials required either post-mortem SRR

tile analysis or offline laboratory (b) ==
experiments. These “offline” methods - “ = |y soo‘&
provide  valuable insights  on Al'agr';gggt —— 1% £
fundamental phenomena, however lack , !

in several key areas including: 1) the ERESE
ability to discern the effects of - e
individual plasma discharges, 2) A,,a,yz&

monitor the evolution of PFC chemistry ‘ | Probe head
over a campaign, and 3) prompt = :

analysis of PFCs.

A unique sample head has been Figure R12-2-5: (a) The MAPP chamber connects to the bottom
designed for MAPP to allow bay port of NSTX. (b) Following plasma exposure, samples are

imult f to f retracted in-vacuo to be analyzed using a suite of diagnostics that
simultaneous exposqre of up to qur include XPS, ISS, DRS, and TDS. See text for details.
samples to plasma discharges (see Fig.
R12-2-6). The surface of each sample is positioned (via shims or custom machining) colinear to
the top surface of the retaining stems in order to avoid self sputtering. Independently controlled
heaters are contained beneath each sample and radiative and conductive cross-talk heating is
reduced using perforated sample stems and vertical heat baffle shields.

Following plasma exposure, samples are retracted in-vacuo into an adjoining chamber, where a
variety of analysis techniques are performed during the in-between shot window. Analysis
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techniques include X-ray photoelectron spectrscopy (XPS) — used to assess the chemical
interactions of the top ~10 nm, ion scattering spectroscopy (ISS) — interrogates the top 1-2
monolayers to determine surface

chemical composition, and direct Custom

recoil spectroscopy (DRS) — uniquely
capable of measuring the surface
hydrogen content in samples. In
addition, thermal desorption
spectroscopy (TDS) can be performed
at the end of each day in order to
measure and quantify bulk deuterium
retention.

The MAPP design considered
operating under dedicated XP’s but
more importantly operating in ‘piggy-
back’ mode. In the latter, MAPP
operation is constrained to the in-
between shot window, performing a

Sl_"te Of_analyses u_nObtrUSIVEIy_ as a Figure R12-2-6: Four samples can be mounted to the MAPP
diagnostic for the primary experiment. head for exposure to NSTX-U plasma discharges.

Dedicated experiments will be used

for MAPP experiments that either

require operational times exceeding the in-between shot window or to examine plasma
characteristics that may not be available in other XPs.

Stem

Probe head
base
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FY2012 Research Milestone R(12-3): Simulate confinement, heating, and ramp-up
of CHI start-up plasmas (Target - September 2012. Completed — September 2012)

Milestone Description: Elimination of the ohmic heating (OH) solenoid is essential for proposed ST-
based nuclear fusion applications. Coaxial helicity injection (CHI) is a leading candidate method for
plasma initiation without an OH solenoid.  Understanding CHI plasma formation and sustainment is
important for projecting non-inductive start-up and ramp-up efficiency to next-steps. CHI initiated plasmas
have been successfully coupled to induction in H-mode plasmas with Neutral Beam Injection (NBI)
heating. While these results are favorable, fully non-inductive plasma current ramp-up has not yet been
achieved and is a major research goal of NSTX Upgrade. The Tokamak Simulation Code (TSC) has been
successfully used to simulate CHI plasma formation, and these simulations will be extended with
systematic variations of plasma transport parameters and other plasma parameters such as current,
temperature, and density to study how NBI couples to these plasmas with low and zero loop voltage. These
studies will inform the requirements for CHI plasma parameters for direct coupling to NBI. TRANSP
calculations will also be performed using selected cases from TSC simulations to improve estimates for
NBI heating and current drive profiles. Finally, optimized CHI target plasmas will be used as target
plasmas for NBI ramp-up modeling using the present and 2nd NBI of NSTX Upgrade. High-Harmonic
Fast Wave (HHFW) and (more recently) NBI heating of low-current ohmic targets have been demonstrated
in NSTX and will be assessed in these modeling activities. This milestone will inform the early plasma and
auxiliary heating and current drive requirements for non-inductive start-up and ramp-up for NSTX Upgrade
and for next-step ST facilities.

Milestone R(12-3) Report:
CHI Start-up and Current Ramp-up modeling using TSC

TSC is a time-dependent, free-boundary, predictive equilibrium and transport code. It has
previously been used for development of both discharge scenarios and plasma control systems. It
solves fully dynamic MHD/Maxwell’s equations coupled to transport and circuit equations
[SFPS-1,2]. It is now being used for full non-inductive start-up and current ramp-up modeling in
support of NSTX-U research. As a first step it has been used to study the importance of CHI
discharge electron temperature during the plasma start-up phase. The peak electron temperature
of NSTX CHI discharges is typically 25 eV, with peak temperatures up to 50 eV having been
measured [SFPS-3, 4]. The observed decay time of the current from its peak is on the order of 20
ms, similar to expectations for classical resistivity at those temperature calculated with TSC.

In order to ramp up the plasma current with neutral beam injection after CHI in NSTX-U, both
the CHI-produced toroidal current and the electron temperature in the CHI plasma need to be
increased to confine the beam ions and to increase their slowing-down time on the electrons,
respectively. Electron Cyclotron Resonance (ECH) heating at a power level of about 1.0 MW
should be capable of boosting the initial electron temperature of the low-density CHI plasma to a
few hundred eV. Experience on NSTX has shown that its HHFW heating can rapidly the boost
the electron temperature of a 300 kA, 300 eV discharge to over 1 keV [SFPS-5]. This would
produce a target with low density and high electron temperature well suited for neutral-beam
current drive.
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1.4 It is also possible that a further
E /\ reduction of low-Z impurities, such as
o 10 for example through the use of full
£ metallic divertor plates or full lithium
9 0.6 .
- coverage of the divertor plates or a
= 02 higher temperature vessel bake-out, or a
— 600 \ . combination_of these methods, may
%_ \aﬁﬁ ‘““‘*Ei naturally  increase t_he electron
£ 400 temperature of CHI. discharges. To
= / \ s0eV —+— assess the benefit of electron
% 200 I temperature on CHI discharges we have
2 /’ 25eV |7 run simulations with the TSC code in
E 0 which the electron temperature is
12 BN / TO0eV increased from 25 eV to 50 eV and 100
g F\n\__ﬂf;’“ \ eV, such as could be expected from an
c 8 7 efficient electron heating system. The
% 25eV \ -50eV results in Figure SFPS-1 show that for
o 4 the same applied injector voltage, the
= 0 initial CHI generated current increases

2 4 6 8 10 12 14
Time (ms)

16 18 with increasing electron temperature.

Figure SFPS-1: Injector voltage, CHI produced toroidal
current and injector current for CHI discharges with electron
temperatures of 25, 50 and 100 eV.

For the present NSTX injector flux
conditions, the peak toroidal current
increases to over 600 kA at 100 eV and

drops to below 500 kA at 25 eV. An
examination of the injector current trace shows that the increase in toroidal current is due to an
increase in the injector current, which must increase because the plasma resistivity is lower at the
higher electron temperature. In addition, as could be expected the current decay time rapidly
slows down at an electron temperature of 100 eV [SFPS-6].

2 600 VAN Figure SFPS-2 shows that at the lower
= electron temperature of 25 eV, the initial
g 400 higher toroidal current could be reestablished
§ \\ if the injector voltage is further increased, in
.'g“ 200 ——  this case by 25%. The additional voltage
S o0 ~ compensates for the increased resistivity at
12 \/ the lower electron temperature and increases
% 8 \ the injector current back to the levels
é \ required to generate the 600 kA target.
g 4 However, as shown by the toroidal current
E 0 ~_ | trace, the current decay would remain rapid.
2 4 6 8 10 12 14 16 18

Note that at 9 ms, the peak toroidal current is
over 600 kA, similar to the 100 eV case
shown in Figure SFPS-1. However, later on
in time, the current decay rate is similar to

Time (ms)
Figure SFPS-2: Toroidal current and injector currents
for the 25 eV case shown in Figure SFPS-1, but with the
applied voltage increased by 25%.

23 of 116



the 25 eV trace shown in Figure SFPS-2. This shows that simply operating the external CHI
circuit at a higher voltage is not sufficient to obtain a discharge that persists for a longer time. It is
also necessary to heat the discharge to increase its temperature during the current decay phase so
that more time is available for the neutral beam ions to couple to the decaying discharge. The
detailed modeling of ECH heating of a CHI target is presented in the report section on wave
heating and current drive.

These simulations indicate that the CHI system on NSTX-U would benefit from a higher voltage
as this provides an important capability for optimizing the discharge evolution. These results also
indicate that NSTX-U CHI discharges could significantly benefit from an efficient electron
heating system and such a capability may be quite important for NSTX-U to demonstrate direct
coupling to neutral beam current drive and thus to demonstrate the possibility for eventual
elimination of the solenoid.

NSTX-U researchers have recently conducted the first ever simulations of a full discharge with
non-inductive start-up with CHI and subsequent non-inductive current ramp-up using neutral
beams in support of planned experiments on NSTX-U. In initial results presented below, a CHI
discharge is initiated by TSC as described in Reference [SFPS-2], and a 600KA target is
generated. The first step involves current driven by the external injector circuit on purely open
field lines. During this phase after the open field line discharge fills the vessel, the applied CHI
voltage is rapidly reduced. The resulting rapid decrease in the injector current and the rapidly
decaying poloidal flux induces within the open field line CHI discharge a positive loop voltage
that causes the generation of closed field lines. At the onset of flux closure a second step in the
simulations locates and keeps track of the divertor X-point. After the generation of closed flux
surfaces, the flux surface averaged transport equations are solved. This final phase begins 17ms
after the CHI discharge is first initiated.

The initial electron temperature for the CHI discharge is 100eV. This is a reasonable starting
value for the reasons described above in Figures SFPS-1 and 2. The initial electron density is
assumed to be 3x10™ m?, similar to the densities obtained during CHI start-up in NSTX [SFPS-
3,4]. The initial plasma internal inductance is also below 0.5, also as calculated by EFIT for CHI
discharges in NSTX [SFPS-3,4]. However, transiently, at about 200ms it increases to 1.35.
Beyond 500ms it is maintained at about 0.4 for the rest of the discharge. The initial transient is
probably because the CHI discharge is rapidly decaying in current and possibly related to the very
low level of confinement (less than 1ms during this period) used in these initial simulations.

At 17ms, horizontal position control is implemented and at 55ms vertical position control is used
to vertically center the up/down asymmetric CHI plasma. The electron transport is adjusted to
keep the energy confinement time well below 25ms. During the low density phase of the
discharge the RF power is increased to 2.5MW. This is assumed to be from a combination of
0.5MW absorbed ECH power and 2MW of absorbed HHFW power. Neutral beams are added in
increments to keep the current overdrive at acceptable levels, as TSC is not capable of handling
the generation of current holes. After the current has built up to sufficient levels, both the density
and neutral beam power are ramped-up. Figure SFPS-3 shows the results from this first evolving
discharge, which at t=6s is still increasing in current.
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Figure SFPS-3: Shown are TSC simulation results of a full non-inductive discharge plasma start-up using CHI
and current ramp-up using neutral beam and bootstrap current drive. (4) Poloidal flux contour at the end of the
CHI-only phase at 17ms and at 37ms during the coupling phase and at 6s. (B) Plasma current traces including
neutral beam and bootstrap current drive components. (C) The energy confinement time calculated with respect to
input power.

CHI start-up modeling with NIMROD

Resistive MHD simulations using the NIMROD code are being used to model CHI start-up in
NSTX; to improve understanding of the physics of injection, flux-surface closure, and current
drive for CHI plasmas; and to extend these results to NSTX-U. During FY12 the NSTX model
has been improved by comparison with experiment and exploration of simulation parameters.
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Flux surface closure following the helicity-injection pulse has been demonstrated as seen in the
Figure SFPS-5. Magnetic field-line tracing verified flux closure. Critical to the closure have
been a 4-cm wide injection slot as used in the experiment and a rapid, monotonic voltage
reduction at the end of injection. An X-point forms above the injection slot resulting in a
separatrix surrounding a closed flux region. These results were obtained in an axisymmetric
simulation indicating that resistive effects are important. A narrow current foot-print along the
bottom boundary of NSTX (due to the narrow injection slot) is apparently needed for the
reconnection generating this closure. The enclosed volume and toroidal current decay slowly
following closure, although faster than experimental results. Ongoing, near-term research is
directed to obtaining a larger volume of closed surfaces, to demonstrating improved quantitative
comparison with experiment, and to determining the optimum conditions for closure.
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Figure SFPS-4: Flux surface closure for a simulation of a 4-cm wide injection slot. (a) “Fast” closure within 50 us
after rapidly reducing the injection voltage. (b) Injector voltage and current; Toroidal current for (a).
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ECH Modeling for NSTX-U

CHI discharges are typically characterized by having a very hollow electron temperature profile
as shown in Figure ECH-1(a). A 1-2 MW, 28 GHz electron cylotron heating (ECH) system is
planned for NSTX-U. Intially the system will use short, 10-50 ms, 1 MW pulses to heat CHI
start-up plasmas in order to significantly increase the core electron temperature [ECH-1]. The
GENRAY [ECH-2] ray tracing numerical code, and the ADJ [ECH-3] Fokker-Planck numerical
simulation were used to model second harmonic 28 GHz X-mode ECH in a NSTX CHI start-up
plasma with an axial toroidal field, B+(0) = 0.5 T (shot 148072). Figure ECH-1(a) shows the
electron density and temperature profiles that were used for the GENRAY-ADJ modeling. In this
case the electron temperature is only 5 eV near the magnetic axis. The central electron density is
4 x 10" m™ and the density profile is broad. As shown in Fig. ECH-2(b), 28 GHz microwave

power is resonant with the second

a Shot 140872 @ 22 ms R
@ 100 S= e harmonic electron cyclotron
80 J resonance (2f.) at a major radius (R)
T, 60 n, i
o ) J (ctom) 9f_0.9 m. The right hand cutoff (fg)
40 e is just below 28 GHz at R = 0.9 m.
20 -7
of= =" . ! ! o 100 rays were used for the

GENRAY-ADJ modeling. The ECH
antenna orientation was adjusted for

(b) ©° . . .
maximum first pass absorption.
- Figure ECH-2 shows the ray
Frequency . .
(GHz) trajectories calculated by GENRAY

when the antenna was oriented for
‘ maximum first pass absorption;
002 04 06 08 10 12 14 pointing 5 degrees down and 1

R(m) degree right of the normal to the

Figure ECH-1(a) Electron density (solid line) and temperature ; _
(dashed line) profiles used for the GENRAY-ADJ ECH modeling, ECH port. Figures ECH-2(a) and

derived from multi-point Thomson scattering data acquired at 20 2(b) show the rays projected onto the
ms during NSTX CHI shot 148072. (b) Electron cyclotron poloidal cross section and toroidal
resonances and cutoffs on the midplane of shot 148072 . .
calculated using magnetic equilibrium data at 22 ms and the midplane., respectively. The power
density profile data of Fig. ECH-1(a). deposition profile is relatively

narrow and located at a normalized
minor radius, r/fa ~ 0.17 on the low field side of the magnetic axis (see Figure ECH-2(c)).

Figure ECH-3(a) shows the dependence of the first pass absorption on toroidal launch angle when
the antenna is pointing 5 degrees down. The peak first pass absorption reaches 27% with the
antenna pointed 1 degree from normal to the plasma surface, and falls to 10-15% as the toroidal
angle is increased from 3 to 8 degrees. The actual absorption will probably be enhanced
significantly by wall reflections. As the core electron temperature rises as a result of the ECH the
first pass absorption will increase, reaching about 60-80% when the central temperature is 100-
200 eV as shown in Figure ECH-3(b).
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Figure ECH-2: Ray trajectories calculated by GENRAY plotted in (a) the poloidal and (b) the toroidal midplane
for the case with maximum first pass absorption of 28 GHz ECRH at 20 ms during NSTX CHI shot 148072, with
the antenna pointing 5 degrees down and 1 degree right of the normal to the ECRH port. (c) First pass power
deposition profile versus normalized minor radius (r/a) calculated by GENRAY for 1 MW of 28 GHz.
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Figure ECH-3: (a) First pass absorption fraction plotted versus the toroidal angle between the antenna axis
and the normal to the plasma surface when the antenna is pointing 5 degrees down, and (b) the dependence
of first pass absorption on electron temperature when the antenna is pointing with a toroidal angle of 1
degree to the normal to the plasma surface and 5 degrees down.
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Additional NSTX-U Research Achievements in FY2012

Beyond the completion of the FY2012 research described above, additional important scientific
results were obtained during the FY2012 period and are described below.

Boundary Physics Research Results

First observations of ELM triggering by injected lithium granules in EAST

Large transient events, including edge localized modes (ELMs), would be problematic for high
power fusion devices, including ITER, because of the associated large, periodic heat loads on
plasma facing components. Two methods to address this issue are elimination of large ELMs
altogether with, e.g. 3-D magnetic perturbations, or controlled triggering of rapid, small ELMs for
a manageable transient heat load. One proven method for ELM triggering involves injection of
periodic, high-speed cryogenic

deuterium pellets. The use of fuel 400 i : . - 22
pellets, however, introduces the . [ M“’WW%M 1
prospect of increased plasma - 0 / e ¥ I \ 0
density; while recent research [BP- : o

ELM-1] has nearly eliminated - -
density increases, the flexibility to
use pellet materials other than fuel
is still desirable. In this paper, we
report the first results of ELM
pace-making with lithium granules
accelerated into H-mode
discharges at the outer midplane in 6 j '
the EAST device, using a rotary '
motor to impel a controllable i
velocity, and hence a controllable 0 , i , .

1013m-2
T
@
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4
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penetration depth. 0 5 10
Time (s)
Figure BP-ELM-1 shows an H- Figure BP-ELM-1: H-mode Discharge in EAST (with naturally

; ; i occurring mixed Type I/Type Il ELMs) into which lithium granules
mode dIS-Charng m_ lower Smgle were injected for ~ 1 sec. Nearly every granule triggered an ELM,
null COHfIgUI’atIOH in the EAST which became locked to the granule injection times.

device, with heating from both a

lower hybrid current drive (LHCD) system and an ion cyclotron radio frequency system (ICRF).
The discharge was in a naturally occurring mixed ELM regime, i.e. with both Type I and Type Il
ELMs. The 0.7mm size lithium granules were injected for ~ 1 sec at a 20-25 Hz repetition rate
from ~ 5.4-6.4 sec, and these granule triggered ELMs with a nearly 100% efficiency (D,, spikes in
between the vertical red lines). Following a brief H-L transition period after injection of the third
granule, the H-mode was re-established with a modestly increased stored energy and line average
electron density.
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Figure BP-ELM-2 shows an expanded time region during the granule injection phase. Nearly
every signal shown in Figure BP-ELM-2 reflects the granule injection; the edge soft X-ray (SXR)
and Mirnov (‘MHD”) signals reflect the triggering of ELMs. The third granule followed a large,
naturally occurring ELM, and triggered a brief H-L phase, indicated by the blue shaded area.
Following resumption of H-mode, all of the observed ELMs except one were coincident with the
lithium granule injection.

The pellet impeller motion and lithium granule acceleration was captured by a 16,000 frames/sec
visible camera. Somewhat fortuitously, the granule ablation process timescale could be assessed
because the ablation resulted in a transient but clear reflection on the impeller body. These
reflections were observed only during ablation, and not during natural ELMs or MHD activity.
From the known distance to the separatrix (~ 2 m), the average granule velocity was estimated at
52 m/s, in good agreement with the momentum imparted to the granule from the rotary motion of
the impeller. Furthermore the penetration depth was also measured because the duration of the
reflection had a definite, measureable timescale in the 400-900 usec range. Using the estimated
granule speed, we compute a penetration depth past the separatrix of 2-5 cm, the minimum value
of which is of order the pedestal pressure full width.
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While this is the first observation of ELM triggering by lithium granules, substantial research is
needed to assess the minimum penetration depth needed to trigger ELMSs; this can be assessed by
varying the impeller speed. In addition, the reason for occasional triggered H-L back transitions
needs to be determined; we conjecture (based on very limited statistics) that those granules had
deeper penetration than other granules. These research questions will be addressed in the next
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EAST campaign in 2013. The system implemented in EAST is compact and relatively
inexpensive, with a rotary motor attached to redirect ~ 100 mm lithium granules dropped
vertically via an apparatus developed [BP-ELM-2] in NSTX. Granule injection frequencies up to
100 Hz have been achieved in the laboratory, with higher frequencies possible with higher speed
motors. The frequency can be easily varied even during plasma discharges. Looking ahead to
ITER or perhaps JET, beryllium spheres could be accelerated with a similar system to test ELM
pace-making, in case lithium is undesirable. For NSTX-U, the rapid triggering of ELMs using
lithium granules could be an effective means of impurity reduction in Li ELM-free H-modes.

Advances in pedestal equilibrium and stability theory and modelling for NSTX/NSTX-U

While the peeling-ballooning mode theory has shown reasonable success in explaining the ELM
stability boundary on other tokamak devices, it has been less successful on NSTX. It was
speculated by the edge theory group at PPPL that one possible reason for such a discrepancy is
inaccuracy in the widely used Sauter bootstrap current formula in the steep edge pedestal in
contact with the magnetic separatrix. The Sauter formula was developed only using the
conventional core plasma profiles and magnetic geometry. In order to resolve this question, the
neoclassical kinetic edge code XGCO has been used to investigate the bootstrap current in
realistic tokamak edge geometry
including the magnetic separatrix. It
is found that, due to the smallness of
the passing particle fraction and the
strong poloidal inhomogeneity of
the toroidal magnetic field, the
bootstrap current in the NSTX
pedestal is significantly greater than
the Sauter value if the pedestal
electrons are in the plateau-
collisional regime. Based upon the
oo . . . . . l XGCO simulation result, a new
2 4 6 8 10 12 14 analytic formula, as a modification

Normalized Pressure Gradient (a)

; BPELM3: El il bound dition for NSTX to the Sauter formula, has been
igure BP- -3: ite stability boundary condition for .
129015, compared to the kinetic EFIT results with Sauter vs XGCO- developed [BP-!ELM-3]. When this
produced bootstrap current. new formula is used, the edge

stability boundary in NSTX is found
to be in reasonable agreement with the ELITE stability analysis results. Figure BP-ELM-3 shows
the ELITE stability boundary plot compared to the kinetic EFIT results in NSTX plasma 129015
with Sauter vs XGCO bootstrap current densities. It can be seen from the figure that the XGCO-
based formula yields a good agreement within the error bar limit, while the Sauter formula yields
a significant disagreement.
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Advances in pedestal turbulence theory and modelling for NSTX/NSTX-U

To gain some physical insights in the spatial characterization of the fluctuations observed in
pedestal region from the newly installed BES system, we used the global gyrokinetic edge code
XGC1 to study the ITG turbulence. The usefulness of a localized gyrokinetic simulation is highly
limited in the edge pedestal since the radial correlation length is similar to or longer than the
radial pedestal width. Realistic experimental profiles of 139047 are used, but Coulomb collisions
were not turned on in order to study the collisionless physics first. For a clearer analysis under
given experimental plasma profiles, XGC1 was operated in the delta-f mode, even though XGC1
normally operates in full-f mode in predictive simulations. Figure BP-XGC-1 displays a cross-
section of the potential fluctuations in the non-linear stage of the simulation, which shows
characteristic poloidal structures propagating in the ion diamagnetic direction. The ITG
drive/source is found to reside at the pedestal top, but nonlinearly and nonlocally penetrates into
the pedestal region. Sampling a region encompassing both BES and the reflectometer
measurements (as indicated in the second panel of Fig. BP-XGC-1), one can estimate the
equivalent radial and poloidal correlations as shown in the third panel of Fig. BP-XGC-1. The
correlation is obtained from band-pass filtered potential fluctuations to mimic the BES frequency
window. A good agreement is obtained. Poloidal correlation length of approximately 11 cm is
obtained from simulation, compared to 12 cm from BES. Radial correlation length of

XGC1 data low-pass filtered < 10 kHz
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Figure BP-XGC-1: (left) potential fluctuations in the pedestal region as computed by XGClI,
(right) turbulence radial and poloidal correlation lengths from XGC-1.

approximately 4 cm is obtained from simulation, compared to 3 c¢cm from BES. Future
simulations will include possible modifications by the Coulomb collisions, by the addition of
kinetic electrons and by multiscale interaction with background neoclassical flows.

320f116



Progress on the characterization of fluctuations and transport in the pedestal region

In FY 2012, NSTX researchers characterized the 807  Correlation length evolution
spatial scales of the fluctuations at play in the during inter-ELM phase
pedestal during the inter-ELM phase. Identifying

the spatial scales between ELMs is a current 60
research topic, as it will provide the physics basis
for predictive capabilities of the pedestal height
and width. The work performed focused on high
performance discharges with type I ELMs. The
diagnostics utilized were the BES system for the
poloidal scales and the reflectometer system for the
radial scales [BP-PED-1]. Both systems provide

density fluctuation spectra in the pedestal region. 0 20 40 60 80 100
ELM cycle [%)]
BES inter—ELM poloidal correlation lengths

Correlation length & [mm]

Results indicate that fluctuations with spatial scale

18: (b)
k 1 pj<0.2are present in the pedestal region as 16 +
shown in Figure BP-PED-1. In addition, these 4] +

fluctuations spatial scales are found to be
anisotropic and shown to propagate in the ion
diamagnetic direction. These results seem to point
to ion-scale fluctuations of the type ITG/TEM or
KBM. While a complete identification of these

Poloidal ?c [cm]
2 .®
——
—yp—

fluctuations  remains  difficult, preliminary o] kep“d ~ 0.1- 0.2
simulations using a full-f XGC1 have been 0 20 _40 80 80 100
L. ELM cycle [%]
performed (see above). Preliminary XGC1
simulations show fluctuations of the potential Figure BP-PED-1: Measured correlation
. . . lengths during ELM cycle. (a) Radial
(fully nonlinear) localized at the pedestal top with correlation lengths in both the steep gradient
estimated poloidal correlation of 11 cm, radial and at the pedestal top. These measurements
correlation length of 4 cm, both in agreement with are performed using the reflectometer. (b)
. BES  measurements of the poloidal
experimental measurements [BP-PED-2]. correlation lengths.

In the pedestal transport research area, 2D interpretive simulations using SOLPS showed
marginal changes in the pedestal region of the effective electron heat and particle diffusivities
during the ELM cycle. In addition, NSTX researchers have compared SOLPS and XGCO ion heat
diffusivity in the pedestal and found it to be neoclassical.

The microstability properties of the pedestal without and with lithium coated PFCs has been
analyzed with the GS2 code. At the pedestal top, microtearing modes are dominant without
lithium. With lithium, these are stabilized by the larger density gradient at this location. Within
the pedestal, the experimental parameters are close to the ideal and kinetic ballooning boundaries,
but are in the second-stable region with growth rates decreasing with increased pressure gradient
[BP-PED-3].
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Collaboration with Alcator C-Mod

Later in FY12, to further our understanding of the
fluctuations responsible for clamping the pedestal
gradient early in the ELM cycle, NSTX researchers
collaborated with the C-Mod group to document
characteristics of pedestal fluctuations in both EDA
and ELMy H-mode discharges on C-Mod. Figure BP-
PED-2 displays the spectrograms of fluctuations
between ELMs as observed using a magnetic probe
dwelling near the limiter and density fluctuations
measured using the reflectometer near the steep
gradient. Preliminary results indicate clear
correlation between density and magnetic fluctuations
in the edge region. Furthermore, from this figure, it is
clearly seen that the 300 kHz mode appears to track
the edge temperature (see third panel) buildup. A
proxy for the edge temperature is represented by the
ECE outer channel as Te(a) where a is the separatrix.

[BP-PED-1] A. Diallo et al. APS-DPP Invited 2011; to be submitted to Phys. Plasma (2012).
[BP-PED-2] A. Diallo US-TTF, Annapolis, MD (2012).
[BP-PED-3] J. Canik, 536/ EX — P7-16, to be presented at IAEA Conference (2012)

Edge 3D equilibrium, stability and transport
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The physics behind the triggering of ELMs by 3D fields
has been studied through the generation of 3D MHD
equilbria using the VMEC code for discharges with 3D
fields applied, combined with calculations of changes in
stability and transport caused by these fields [BP-3D-1].
Results indicate that ballooning stability is degraded by
3D fields, but the effect is weak and unlikely to explain
the robust ELM triggering observed. An assessment of
the 3D neoclassical transport shows that, while small in
the present experiments, this transport channel may be
significant in the reduced collisionality plasmas enabled
by the Upgrade. Finally, the new code SIESTA was
used to calculate an equilibrium allowing for island
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formation. In contrast to simply applying the vacuum perturbation, with the plasma response
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included, islands and stochastic regions are largely avoided at the plasma edge (Figure BP-3D-1),
consistent with the lack of a reduction in T, observed in experiment.

Determining the properties of open magnetic field lines in
high-performance tokamaks is essential for advancing our o
physics understanding of the pedestal, SOL and divertor
plasma. These open field lines result from bifurcations of the
plasma edge that produce a complex web of intersecting
homoclinic tangles [BP-3D-2] when 3D fields from non-
axisymmetric perturbations such as: 1. field-errors, 2. magnetic
materials, 3. correction coils, 4. control coils and 5. a variety of
MHD plasma instabilities are present in any toroidal
confinement system. In lower single null diverted tokamaks,
the properties of these open field lines, such as the distribution
of connection lengths from the outer to the inner target plates,
penetration depths into the pedestal plasma and detailed
distribution patterns on the divertor target plates, are calculated
using a field line integration code that linearly superimposes
the fields from engineering quality models of non- i
axisymmetric electromagnetic coils on an axisymmetric plasma 0704 0s Rt M
equilibrium magnetic field. This is known as a vacuum field  gigure BP-3D-2: NSTX poloidal
line solution. This code, referred to as the TRIP3D code,  cross-section showing n=3 lobes

. . . . due to homoclinic tangles.
contains models of control and correction coils from a wide
variety of tokamks such as DIII-D, NSTX, MAST, ASDEX-
Upgrade, KSTAR, JET and ITER as well as models of the DIII-D field-errors that are based on
measurements made over several years. The TRIP3D code also has algorithms needed to quickly
prototype coils designs for machines considering adding new coils or modifying existing coils.
Additionally, in order to model the plasma response to 3D perturbation fields TRIP3D is coupled
to a two-fluid MHD code referred to as M3D-C1. This provides a powerful research tool for
guantifying changes between the open field line properties found in a vacuum solution and those
found in the corresponding plasma solution.
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Recently, the TRIP3D code has been modified to run on a 960 core Tesla GPU computer and is
being used to study the open field line properties in NSTX due to 3D fields from an external non-
axisymmetric RWM field-error correction coils. Figure BP-3D-2 shows the connection length
distribution of field lines passing inside the unperturbed separatrix, between the upper and lower
divertor, in a double null NSTX plasma. Here, the lobes of the upper and lower hetroclinic tangle,
as theoretically predicted [BP-3D-3] in double null plasmas, are seen intersecting the low-field
side target plates over a relatively narrow region. The Tesla computer is essential for carrying out
these studies since reasonably good quality simulations of divertor footprint distributions require
calculations of at least 800,000 field lines which would take of order 3,000 cpu hours on a
standard Linux workstation with the TRIP3D code but have been done in 56 gpu hours using the
TRIP3DGPU code on 240 cores (i.e., a single GPU board) on the Tesla computer. As the
development of the TRIP3DGPU code continues over the next few years simulations of the open
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field line properties from a proposed internal non-axisymmetirc perturbation coil on NSTX-U
will be carried out and field-error models will be tested.

Lastly, the 3D edge transport code EMC3-EIRENE [BP-3D-4,5] was applied for the first time to
NSTX [BP-3D-6]. Figure BP-3D-3a shows the electron temperature in the lower divertor region
for shot 135183 at t=433, with 1kA of n=3 current in the RWM coils. Characteristics lobes
formed by the separatrix manifolds are observed. These lobes are filled in by hot plasma from the
pedestal region. The intersection of the lobes with the lower horizontal target plate creates
spiraling ‘finger” patterns in the heat and particle fluxes. At a given toroidal angle, a radial profile
of the heat flux shows multiple peaks (see Fig. BP-3D-1b). Good qualitative is found in the
modeled patterns and those measured by a 2D divertor IR camera.

Model ]
Measurement

-140

30 35 40 45 50 55 60
R (cm)

Figure BP-3D-1: a) Electron temperature at p=0 and b) modeled (black) and measured (dashed blue) normalized heat fluxes for a

perturbed plasma.
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L-H transition physics

It is routinely observed on NSTX that the heating power required for accessing H-mode decreases
as the triangularity decreases (larger X-point radius) and as the amount of pre-shot lithium
increases [BP-LH-1,2]. A dedicated experiment made a careful documentation of the L-H power
threshold (P.n) over a wide range of triangularity and levels of lithium deposition. The open
divertor and ability to pump both strike points with lithium depositions independent of the strike
point location on NSTX provided a unique opportunity to decouple the dependence of P, on
changes in the X-point location and the divertor pumping. It was found that P, decreased 30%
as the X-point radius was increased to a low-triangularity shape. A reduction in P of about 20%
(constant line-average density) to 100% (constant pedestal density) occurs when aggressively
pumping with lithium [BP-LH-3]. The edge ion and electron temperatures were very similar at
the time of the L-H transition, regardless of the core heating power, but did appear to scale with
triangularity. Full-f kinetic neoclassical XGCO simulations [BP-LH-4] indicate the Py vs Rx
scaling can be attributed to changes in the E x B shear driven by an ion orbit loss hole [BP-LH-
5], while the dependence of P.y on divertor recycling is due to changes in the neutral penetration
and fueling efficiency which impacts charge-exchange losses and ion particle transport.
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Scrape-off-layer (SOL) turbulence - modeling

In previous work [BP-SOL-1], Lodestar researchers successfully modeled qualitative features of
the scaling of the heat-flux width for four discharges in NSTX. The experimentally observed
strong inverse scaling with plasma current, lp, and a much weaker scaling with exhaust power,
PsoL, were recovered numerically. These studies provided an experimentally validated base from
which further numerical exploration of the SOL width scaling could be carried out using the
SOLT (Scrape-Off Layer Turbulence) code. The new studies [BP-SOL-2] have revealed a
transition from quasi-diffusive to convective transport in the SOL. Critical parameters for the
transition were investigated, including the power flux into the SOL, the field line pitch, the
connection length and the plasma collisionality.

In a separate study, the dynamics of blob-filaments in the edge and scrape-off-layer (SOL) region
of a tokamak plasma was considered, with emphasis on sheared flow generation. Edge sheared
flows are believed to be important for the L-H, and H-L transitions, and improved understanding
of their role will be required for first-principles scalings of these transitions for ITER and future
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devices. Both SOLT-code simulations and experimental data analysis were employed in our
studies. A blob-tracking algorithm based on 2D time-resolved images from the gas puff imaging
diagnostic was also developed [BP-SOL-3] and applied to NSTX, Alcator C-Mod and simulation
data. The algorithm tracks the blob motion and changes in blob structure, such as elliptical
deformations, that can be affected by sheared flows. Seeded blob simulations were shown to
reproduce many qualitative and quantitative features of the data including size, scale-length and
direction of perpendicular (approximately poloidal) flows, the inferred Reynolds forces, poloidal
reversal of blob tracks, and blob trapping and/or ejection. Mechanisms related to blob motion,
SOL currents and radial inhomogeneity were shown to be sufficient to explain the presence or
absence of mean sheared flows in selected shots. This work will be reported in a poster at the
upcoming 2012 IAEA meeting [BP-SOL-4], and in an invited talk at the 2012 DPP-APS meeting
[BP-SOL-5].

Scrape-off-layer (SOL) turbulence — measurements and analysis

Data from the gas puff imaging (GPI) diagnostic on NSTX taken in 2010 was still being analyzed
this past year, since the edge turbulence structure and motion which is seen in the GPI data is still
far from understood.

A graduate student Bin Cao from IPP in China visited PPPL for one year to work on the analysis
of the NSTX GPI data (ending March 2012). He evaluated the changes in edge turbulence which
occurred during a scan with variable lithium wall coating, in order to help understand the reason
for the confinement improvement with lithium. There was a small increase in the edge turbulence
poloidal velocity and a decrease in the poloidal velocity fluctuation level with increased lithium.
The possible effect of varying edge neutral density on turbulence damping was evaluated for
these cases in NSTX, and a paper on this topic was submitted to PPCF [BP-SOL-6].

This set of GPI data also provided a nearly ideal basis for validation of the DEGAS 2 model for
neutral transport in the edge plasma and for the transport of molecular deuterium in particular.
The principal improvement over previous DEGAS 2 validation exercises was absolute calibration
of the GPI diagnostic and the availability of data on the amount of gas puffed. Consequently, the
total number of photons recorded by the camera per source atom could be determined. The
corresponding quantity found in DEGAS 2 simulations of four discharges was very similar, with
differences much less than a factor of two. The radial location and width of the simulated and
observed light emission clouds in four shots agreed to within ~1 cm, comparable to the
uncertainties. A paper on this topic is in preparation.

The GPI diagnostic on NSTX can also be used to measure the two-dimensional evolution of Edge
Localized Mode (ELM) precursors. Precursor events were observed preceding ELMs and ELM-
induced H-L back transitions in radio frequency (RF) heated H-mode plasmas, and the growth of
the precursor mode through the ELM filamentation was imaged in the plane perpendicular to the
local B-field. Strong edge intensity modulations appeared to propgate in the electron diamagnetic
direction while steadily drifting radially outward. Intensity fluctuations were observed at
frequencies around 20 kHz and wavenumbers of 0.05-0.2 cm—1. Quantitatively similar precursors
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have been observed in Ohmic H-mode plasmas as well, though significantly fewer events are
seen in the Ohmic cases and none were observed in NBI heated H-modes. These results were
recently submitted to PPCF [BP-SOL-7].

A dual GPI diagnostic was designed for the EAST tokamak with the help of advice from PPPL.
First results were obtained during 2012 and a paper describing these results is being prepared for
the Review of Scientific Instruments.
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Divertor Physics R
Snowflake divertor studies for NSTX-U \ | 7

The snowflake (SF) divertor configuration is
being developed as a leading divertor heat flux : g&
mitigation candidate for NSTX-Upgrade and \
next-step devices such as ST-FNSF. In NSTX- i o) O |
U, two up-down symmetric sets of four divertor — wsnu dousieun NST“):"U:prl ' "ol
coils will be used to test SF divertors for
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equilibrium solver (Fig. BP-SFN-1) and 8 opAL H NSTX-
showed that a robust snowflake control can be ap| TRIEL PRICL e .
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electromagnetic effects are included.

Figure BP-SFN-1: Examples of modeled plasma equilibria
with snowflake divertor configurations for NSTX-U.

Analysis of NSTX snowflake divertor

experiments continued in 2012 [BP-SFN-1,2,3]. In NSTX, three existing divertor coils with pre-
programmed currents were used to obtain snowflake configurations lasting up to 0.6 s (< 10 ) in
1.0-1.2 s long 4 MW NBI-heated strongly-shaped H-mode discharges (Fig. BP-SFN-1). Analysis
of the experimental equilibria, in combination with a recently developed one-parameter analytic
description of the magnetic configurations provided guidelines for the design of a real-time
feedback control algorithm, which is presently being implemented. The snowflake divertor had a
profound effect on the H-mode discharge parameters. While core H-mode confinement with
7e~50-60 mS, Wyjasma =200-250 kJ, and H98(y,2)~1 (calculated using TRANSP) was maintained,
core and edge carbon concentration was reduced by up to 50 %. As the snowflake configuration
was formed, Type | ELMs that were otherwise stabilized by pedestal changes linked to the use of
Li, re-appeared (Fig. BP-SFN-2).

Transient heat and particle fluxes from Type | ELMs remain an unresolved issue for future
divertor designs. ELM elimination techniques are explored, as radiative buffering of ELMs has
been found ineffective. In the NSTX snowflake divertor, heat fluxes from Type | ELMs
(AWpiasma/Wpiasma=7-10 %) were significantly dissipated (Fig. BP-SFN-3). Peak target
temperatures, measured by fast infrared thermography at peak ELM times, reached 1000-1200 °C
in the standard divertor and only 300-500 °C in the snowflake phase. This was consistent with the
lower surface temperature rise due to the longer convective heat deposition time because of the
longer L, in the snowflake divertor, and the convective heat redistribution mechanism in the null-
point region proposed theoretically. The snowflake configuration was maintained during the
ELMs.
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As the snowflake divertor configuration was formed, the
plasma-wetted area Awe, the X-point connection length L,
and the divertor volume Vy;, increased continuously by up to
50-75 % (cf. standard divertor). This led to a stable partial 0
detachment of the outer strike point otherwise inaccessible g/ Flux expaﬂsioﬂ {fmm EF""}
in the standard divertor at Pso,=3 MW in NSTX. Peak Soj i :
divertor heat flux was reduced from 3-7 MW/m? to 0.5-1 18-
MW/m? between ELMs. The reduction factor quickly 4| Divertor Cil Intensity (au))
exceeded the geometric factor proportional to Ay, as the '
estimated q reduction from 80-100 MW/m? in the standard —
divertor to 10-30 MW/m? in the radiative snowflake phase 0o 02 04 %E([ﬂa 1012

was observed. The additional volumetric losses were

corroborated by the divertor radiation and the LS“° Z,I;}g%f :f,’;';fﬁf vies of plasma
recombination rates that also continuously increased, current (a). divertor outer strike point flux
exceeding that of the standard divertor by up to 50 %. An f;iiif;]n(csb)}na%edgzzarrdc (Zai';iﬁ”‘ZZZ
additional CD, seeding increased divertor radiation further, So/leke (red)  divertor  discharges

thus demonstrating the potential to enhance non-coronal

impurity radiation in the snowflake configuration due to its 200" "Heat fiux (MWimA2) g
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To enable these projections of heat and particle fluxes in [
NSTX-U a two-dimensional mu_lti-ﬂuid edge transport © 035 0405 06 07 R(m)
model based on the UEDGE code is developed. The model

. Figure BP-SFN-3: Divertor heat flux
development for NSTX-U started with an accurate tWO- ,ofiles measured in the standard and
dimensional numerical mesh that was based on the MHD snowflake divertor configuration at peak

T . Type I ELM times.

equilibrium modeled with the ISOLVER code. The
curvilinear meshes were generated for the standard divertor and for the snowflake-minus
configurations, as shown in Fig. BP-SFN-4. The meshes spanned about 3 c¢cm in the radial
direction at the midplane (0.9-1.2 in normalized flux coordinates). Radial transport was described
by constant electron and ion particle and heat transport coefficients Dyerp, = 0.25 m %Is, Yie=2M 2fs
in these initial simulations. A diffusive neutral model was used for deuterium neutral transport.
Initial modeling showed large reductions in 7, , T;, particle and heat fluxes due to the geometric
and radiation effects. Radiative detachment of all snowflake cases with 3% carbon and up to
Psor~11 MW was obtained, with gy, reduced from ~15 MW/m? (standard) to 0.5-3 MW/m?
(snowflake) as shown in Fig. BP-SFN-4. Initial modeling also showed higher neutral pressure
(density) in the lower flux expansion region of the snowflake-minus configuration at a radial

location considered for a pump duct for a cryogenic panel. Future plans include coupling this
model with DEGAS 2 Monte-Carlo neutral transport model for improved calculation of neutral
transport for the cryo-pump design.
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Figure BP-SFN-4: Projections of snowflake divertor parameters to NSTX-U from UEDGE model. Shown are high-
resolution numerical meshes, divertor geometry parameters, heat fluxes and neutral pressure distributions for the

standard and the snowflake divertors.
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Snowflake divertor results from DII1-D

In 2012 NSTX-U staff proposed and
executed an experiment to study the
snowflake divertor configuration on DIII-
D. Magnetic equilibrium reconstructions
have confirmed that the benefits of the
snowflake ~magnetic geometry  were
realized (w.r.t. the standard divertor): the
outer strike point poloidal magnetic flux
expansion (i.e. A,) was increased by a
factor of 2.5-3.0, with concomitant
increases in connection length and
divertor  volume. Results  show
significantly reduced (a) inter-ELM peak

Time (ms)

Divertor heat flux (a.u.) Divertor heat flux (a.u.)
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Figure BP-SFD-1: Divertor IR imaging shows reduction of heat
[flux during snowflake divertor configuration. The main (outer) peak
of the heat flux is shown.
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heat flux (Fig. BP-SFD-1) and (b) energy loss per
ELM without pedestal pressure reduction (Fig.
BP-SFD-2). In the DIII-D tokamak, steady-state
snowflake  divertor  configurations  were
maintained for up to 3 s using existing divertor
coils operated in their normal operational range.
Variations from the fully x-point overlapped
“ideal” snowflake configurations were also
studied as shown in Fig. BP-SFD-3: snowflake-
plus, where the secondary x-point lies in the
private flux region, and snowflake-minus, where
it lies in the boundary of the core plasma.

As shown in Fig. BP-SFD-2b, core confinement *
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in 1.2 MA 35 MW NBI-heated H-mode
discharges was unaffected by the snowflake
configuration as evidenced by HL89~2.1,
H98(y,2)~1.2-1.3 in the standard divertor phases
and the snowflake phases. Most discharges had a
steady n/m=3/2 MHD mode during most of the
high performance phase. In these initial studies,
the core density at which the divertor detaches
(measured by CIII 2-D profiles in the lower
divertor) was similar to the standard divertor.
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Figure BP-SFD-2: During the SF configuration
(highlighted), the c¢) EFIT flux expansion increases ~3x,
and the d) average between-ELM peak divertor heat flux
(IRTV) decreases. Detailed ELM analysis shows that the
e) pedestal energy is constant, while the f) change in
energy per ELM decreases.

The snowflake divertor magnetic geometry had a marked effect on the ELMs and divertor
transport. Detailed analysis of the pedestal parameters shows that the energy loss per ELM was
reduced by roughly a factor of 2 from AWg m/Weep~12% to ~6%. For the discharges analyzed,
most of the ELM energy loss appears in the conductive channel, as the change in pedestal density
per ELM Anepep / Nepep=27% before the Snowflake and ~24% during the Snowflake, while the
change in pedestal temperature per ELM is ATepep / Tepen=18% before the Snowflake and is
reduced to ~9% during the snowflake. This reduction in ELM conductive loss channel is similar
to that observed with gas puffing. However, in contrast to the gas puffing case, there is no
reduction in the pedestal pressure during the Snowflake divertor operation (Fig. BP-SFD-2f).

&fit03
150685
5100 ms

W Ideal snowflake

Snowflake-plus

&fit03
149736
i 4563 ms

% ‘\\ Snowflake-minus

Figure BP-SFD-3: The EFIT reconstructions of the (left) ideal snowflake, the snowflake-plus, and the snowflake-
minus configurations in DIII-D. The green plus-signs indicate the x-points. These configurations were made both
in different discharges, and in separate phases of the same discharge.
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The DIII-D results further support the SF divertor configuration as a promising plasma-material
interface for the advanced tokamak (AT)-based fusion nuclear science facility and for the DEMO,
where the standard axisymmetric magnetic X-point divertor may be inadequate for keeping
divertor heat load and divertor plate erosion within the operating margins of plasma-facing
components. Future experiments in DIII-D will seek to produce the SF configuration in ITER-
shaped plasmas, and to explore the operational regime.
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Development of radiative divertor control for NSTX-U

In the NSTX-U device, discharges with Ip <2 MA, Pyg < 10 MW and up to 5 s duration are
projected to produce steady-state peak divertor heat fluxes in the range 20-30 MW/m?, thereby
challenging thermal limits of divertor plasma-facing components (PFCs). A radiative (partially
detached) divertor technique is used in tokamak experiments and planned for ITER to mitigate
high divertor heat loads and material erosion of divertor plasma-facing components (PFCs) to
prevent their thermal and structural damage. The radiative divertor uses induced divertor
volumetric power and momentum losses to reduce heat and particle fluxes on divertor target
plates. Deuterium and/or impurity gas seeding has been employed to control the radiative divertor
plasma parameters in several tokamak experiments via a real-time feedback control of the gas
injection rate. In the National Spherical Torus Experiment (NSTX), a large spherical tokamak
with lithium-coated graphite PFCs and high divertor heat flux (Qpeax < 15 MW/mZ), radiative
divertor experiments employed D,, CD,, or Ne gas injections that were controlled by pre-
programmed waveforms. Experimental and modeling efforts are underway to design and
implement real-time feedback control of divertor conditions in the NSTX Upgrade facility [BP-
RDIV-1].

In previous NSTX experiments, a single-channel divertor gas injector was used. For NSTX-U, an
upgrade to the system is proposed. The upgraded system would include four outlets placed axi
symmetrically in the lower and upper divertor regions in the physical gaps between divertor
plates. To control the gas inventory, existing turbo-molecular pumps and a divertor cryogenic
panel (presently under consideration) would be used. The seeding impurity gas is selected based
on operational and atomic physics (radiated power at low Te) considerations. In the initial period
of NSTX-U operations, all graphite PFCs conditioned via lithium and boron coatings are planned,
and the seeding gas options are D,, CD,, and Ar. Nitrogen is excluded at this stage due to its
chemical reactivity with lithium coatings and its absorptivity into graphite. If NSTX-U is
upgraded with molybdenum and/or tungsten PFCs, then D,, N,, and Ar would be used.
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It is expected that the same divertor diagnostics used in NSTX would be available for NSTX-U
divertor characterization in the initial operations period. In NSTX radiative divertor experiments,
a significant reduction of divertor heat flux from peak values of 4-10 MW/m? to 0.5-2 MW/m?,
simultaneously with good core H-mode confinement characterized by H98(y,2) up to 1, has been
demonstrated in 1.0-1.3 s discharges. A partial divertor strike point detachment was characterized
in NSTX using a number of divertor plasma measurements: divertor plate PFC temperature (heat
flux), radiated power using bolometry and impurity emission spectroscopy, neutral gas pressure
measurements, ion flux using Langmuir probes, and divertor recombination using UV or NIR
spectroscopy. Shown in Fig. BP-RDIV-1 are divertor time traces in two 0.8 MA 4 MW NBI-
heated H-mode discharges, a reference discharge, and a radiative divertor discharge with CD,
seeding. In the radiative divertor discharge, peak divertor heat flux was reduced from 4-5 to 1-2
MW/m? in the detachment phase that started at about 0.7s. These time traces will be used to
illustrate the control signal options for NSTX-U. On the basis of these experiments, two
categories of diagnostics have been identified: (1) divertor plasma and PFC diagnostics and (2)
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Figure BP-RDIV-1: Time traces of a reference (black) and a radiative divertor (red) H-mode discharges: (a) Plasma stored energy
WMHD and CD#4 injection waveforms, (b) divertor C Il (A=658.5 nm) intensity, (c) divertor neutral pressure, (d) divertor Balmer n =
2-6 line intensity in the strike point region, and (e) divertor PFC temperature from IR thermography.

the diagnostics characterizing the pedestal or core plasma that can be used as “security” measures
to insure the radiative divertor compatibility with H-mode confinement. The control diagnostic
signals recommended for NSTX-U include divertor radiated power, neutral pressure,
spectroscopic deuterium recombination signatures, infrared thermography of PFC surfaces, and
thermoelectric scrape-off layer current, as well as spectroscopic “security” monitoring of possible
confinement or pedestal degradation.

45 of 116



Initial considerations for spatial and temporal requirements to the control signal are as follows.
The characteristic detachment onset time in NSTX was 5-20 ms, and it is expected to be similar
in NSTX-U. The control signal spatial resolution should be better than 1 cm, and the ability to
distinguish between inner and outer divertor leg parameters is important. One concern with
spatially (both poloidally and toroidally) localized divertor signals is that they can be affected by
changes in plasma shaping, strike-point locations, and toroidal asymmetries in heat and particle
fluxes during the application of 3D fields. This could limit the operating space of the control
system if it is based on a single spatially localized diagnostic.
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the reduction in carbon sputtering expected from the coverage of graphite tiles with lithium can

Measured Li |

MLIBIAR R RRER &

Radius (cm)
WhHh 1O\ N
OO0 O OO

46 of 116



be counteracted by both the limited lifetime of the coating (degrading under the divertor particle
and heat fluxes) and the change in divertor plasma parameters (due to the transition of the SOL to
a sheath-limited regime).

For what concerns Li sputtering and influxes, the analysis of neutral Li sputtering showed neutral
lithium sputtering yields less than 10% from solid lithium coatings, consistent with measurements
on other tokamaks and test stands. However uncertainties still remain on the actual surface
composition and the role of self-sputtering or impurity-induced sputtering. The expected
temperature enhancement of lithium sputtering was clearly observed both as a result of surface
heating due to plasma heat flux at the strike point region as well as a result of external heating of
PFCs. Toroidal asymmetries in lithium influxes were routinely observed as a result of the
toroidally asymmetric lithium deposition pattern of the lithium evaporators as shown in Figure
BP-CLI-2. Toroidal asymmetries were enhanced during transient heat loads and in the proximity
of the strike point.

Characterization of carbon and lithium particle transport in the plasma core

In NSTX lithium conditioned ELM-free discharges, a low concentration (~1%) and peaked
carbon density (nc) profile in L-mode typically evolves into a strongly hollow n¢ profile at the H-
mode transition with a steady slower accumulation into the core and concentrations up to 10%.
Lithium ions show a similar profile evolution but with the extremely low core n.; of ~1% of core
nc. In a typical ELM-free H-mode NSTX discharge, deuterium ions are well inside the banana-
plateau regime while both carbon and lithium ions are in plateau regime in the core and in
Pfirsch-Schlter regime in the edge region. Carbon is a strong impurity and is mostly collisional
on deuterium ions while lithium is a trace impurity

10.00
mostly collisional on background carbon ions, thus the

importance of including multi-ion effects for lithium 2 100l

transport. The neoclassical transport codes NCLASS and &

NEO were used to derive neoclassical fluxes and £

transport coefficients in mixed regimes, multi impurity é 0.10 Cobon NEOT
NSTX plasmas (two impurity species were included C** © EE&?EO&(ENN%B?:;)

and Li*) [BP-CLI-1]. The wvery low lithium 0.01 : n n '
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concentrations allowed a sensitivity study on ng; with
minor perturbation to the overall n. profiles using
NCLASS. This indicated a negligible effect on carbon
transport due to the presence of lithium ions as was also
suggested from collisionality estimates. Lithium
transport, on the other hand, is mostly driven by
collisions on carbon ions. The high background carbon
density leads to an increase in lithium particle . . . .
diffusivities. In Figure BP-CLI-3, the diffusion 00 02 04 t/a 0o 08 10
coefficients and convective velocities are plotted for the oo gp.cLi3: carbon and lithium
two different impurities as computed using NCLASS and  transport coefficients inferred from NEO and
NEO. Lithium ions have a 10x higher edge diffusivity NCLASS modeling.
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with comparable or higher inward edge convective velocities. The difference in the two
impurities transport characteristics was modeled using the MIST code in a predictive mode using
the neoclassical transport coefficients for carbon and lithium calculated by NCLASS to predict
the time evolution of the charge state distribution of the two impurities given the same edge
impurity source. Modeling with the MIST code shows how the high edge diffusivities results in
core ny; that varies from ~30% to a few % of nc, decreasing with the increase in nc over time.
This is qualitatively consistent with the low n;; observed in the NSTX core as well as with the
decrease of the lithium-to-carbon inventory as the discharge progresses. However, experimentally
measured ny; are usually 1% of nc or less since the early phase of the discharge indicating the
possible importance of other divertor/SOL processes in reducing the edge lithium sources.
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Simulations of radiating properties of divertor lithium

While the presence of a lithium coating in NSTX has an important effect on the surface recycling
properties, less is known of its impact on the divertor plasma. Owing to lithium being a low-Z
material, it is generally believed to not radiate a substantial amount of power from the core.
However, in the divertor with a low electron temperature (T, ~1 eV) and corresponding high
electron density, lithium has the potential to radiate a significant amount of power as can be
estimated  from  the
emissivities as shown in
Fig. BP-LIRAD-1. The
radiated power is the
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Figure BP-LIRAD-1: Coronal emissivity ~T18ure BP-LIRAD-2:  Predicted and carbon are shown.

divertor T, profile for two lithium In a more detailed stud
fluxes emitted from divertor at right. o . y
of lithium in the

divertor region for a simplified geometry with UEDGE, we have found that a sufficient about of
lithium sputtered or evaporated from a divertor plate can induce plasma detachment. This model
uses a full multi-charge-state lithium model with multi-step ionization processes included, thus
going beyond the coronal model used for the emissivity figure here. It is found that a small
increase in the divertor-plate emission of lithium, from 16 Amps to 20 Amps, has a dramatic
effect on the divertor T, as shown in Fig. BP-LIRAD-2. The region with T, = 1 eV shown in the
red curve is a signature of divertor plasma detachment, and the suddenness of the detachment
onset is thought to be associated with the thermally unstable portion of the emissivity curve in
Fig. BP-LIRAD-1. Work is continuing to model NSTX in more detail and to make direct
comparisons with data to determine the role of this mechanism on divertor detachment.

comparing lithium and carbon vs T,.
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Characterization of non-axisymmetric divertor plasma surface interactions

A pair of two-dimensional fast cameras with a wide
angle view (allowing a full radial and toroidal
coverage of the lower divertor) was used in NSTX
in order to monitor non axisymmetric effects [BP-
DCAM-1]. A custom polar remapping procedure
and an absolute photometric calibration enabled
easier visualization and quantitative analysis of non-
axisymmetric plasma material interaction. In
particular, this new capability was applied for the
analysis of asymmetry in impurity influxes as a e S

result of the toroidal asymmetry of evaporated § ////////)' .
lithium coatings. Furthermore, this technique was g >
applied for the study of non axysimmetric plasma R —
material interaction (e.g. strike point splitting due to
application of 3D fields). In Figure BP-DCAM-1,
three different cases (all imaged with a Li | filter)
compared to an axysimmetric unperturbed outer
strike  point  (Figure BP-DCAM-1a). Non
axisymmetric particle and heat deposition was 0 100 200 300
observed as a result of: application of 3D fields TishoiiaLSEgIe(DEgRees)
which results in outer strike point splitting (Figure  Figure BP-DCAM-1: Divertor camera imaging of
BP-DCAM-1b), edge localized modes (Figure BP-  heeteioum Heacom e heatine, ac
DCAM-1c) and HHFW heating of the edge plasma  explained in text.

which results in non-axisymmetric divertor helical structures (Figure BP-DCAM-1d).

References
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Impact of 3D magnetic field ELM control on radiative divertors

The compact size of the ST geometry naturally leads the divertor heat flux problem more
challenging for a given heating power and plasma current. This is true for both the steady state
and the transient ELM heat deposition. Therefore, the ELM control using the 3D fields and the
peak heat flux reduction technique with the divertor detachment must be compatible with each
other. Results for the effect of applied 3D fields on the divertor plasma in NSTX can be found in
[BP-3DD-1,2]. Partial divertor detachment both on the inboard and outboard sides has been
demonstrated in the high performance H-mode plasmas in NSTX [BP-3DD-3].

49 of 116



—=—Attached, t=340ms

——Attached, t=325ms
700 ——E);atacht;d + 35 ,ht:4i36ms 700
(a) 140508
2Rl Inter-ELM e
O 5001 %y Low gas puff 5500
g— 400 | g— 400
= 300 £ 300
< i <

200
10

30 35 40 45 50 55 U
Radius (cm)

200 gl d”

+Détached + 3D t:4i32ms
®) P\ 140509

 Inter-ELM
i, High gas puff]

1004

0 35 40 45 50 55 6

Radius (cm)

Figure BP-3DD-1: Measured surface temperature profiles for discharges
with divertor detachment by (a) low and (b) high divertor gas puff (D,).
Each profile is color coded; orange is before gas puff, blue is after gas
puff, gold is after gas puff plus 3D field application.
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Figure BP-3DD-2: Pedestal T, profile (left column) and poloidal
USXR channel signals (right column). The upper row (figures (a)
and (b)) is for high gas puff and the lower row (figures (c) and (d)) is
for the low gas puff, with 3-D fields applied later during the

A large amount of deuterium
(D,) gas is puffed into the
divertor area for the naturally
ELMing H-mode plasma to
produce partially detached
divertor condition, i.e.
detachment only occurs near
the strike point. Then n=3
perturbation field is
superimposed for the 2" half of
the gas puff period with the
amplitude of 3D coil current
(Isp = — 0.5 KA) below the
ELM triggering threshold [BP-
3DD-2]. Plots in figure BP-
3DD-1 are the divertor surface
temperature profile during the
inter-ELM period, measured by
the high speed dual band IR
camera. Two levels of gas
amount for the divertor puff
were tested. Figure BP-3DD-
1(a) is for the low gas puff and
BP-3DD-1(b) is for the high
gas puff case. Temperature
profiles in orange are before the
gas puff and are peaked near
the strike point at r~40 cm in
both cases, which indicates that
the divertor plasma is attached.
The blue profiles are obtained
after the detachment onset (by
gas puff) but before the 3D
field application. The peak
surface temperature is reduced

by ~50 % compared to those in the attached regime before the gas puff. It is also seen that the
surface temperature profile is slightly more peaked for the low gas puff case. This is interpreted
as a “weaker” detachment compared to the high gas puff case. The gold profiles are after the 3D
field was applied to the detachment. It is clearly seen that the temperature profile becomes peaked
again in the low gas puff case, i.e. the divertor plasma re-attaches. However, it stays flat in the
high gas puff case, which indicates that the plasma remains detached. Therefore, the 3D fields can
re-attach weakly detached plasmas but this can be avoided by enhancing detachment with higher

gas puffing.
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As the detachment of divertor plasma is established, the pedestal T, progressively drops with
increasing gas puff, while the pedestal n, changes only little [BP-3DD-4]. The T; and V, profiles
also decrease modestly in the overall pedestal region with the onset of detachment. Therefore, the
pedestal T, drop is most prominently observed in NSTX when the divertor plasma detaches.
Figure BP-3DD-2 illustrates the effect of 3D fields on the pedestal plasma with detachment.
Panels (a) and (c) are the mid-plane T, profiles and (b) and (d) are the emission profiles from a
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Figure BP-3DD-3: Evolution of
pedestal y, profile from TRANSP
modelling for (a) high and (b) low
divertor gas puff with 3D fields
applied later during the detached
phase.

poloidal array of ultra soft X-ray (USXR). The upper row,
panels (a) and (b), is for the high gas puff and the lower row,
(c) and (d), is for the low gas case. In the continued
detachment case with high gas puff, the pedestal T, profile
remains decreased before and after turning on the 3D field, so
the applied 3D field has no effect on the T profile, figure BP-
3DD-2(a). It is also seen in figure BP-3DD-2(b) that the
USXR data for the edge channels continuously decrease. On
the other hand, in the case of re-attachment, the pedestal T,
rises back up after the application of 3D fields (see figure BP-
3DD-2(c)). The increase is usually by ~100 eV and the edge
soft X-ray data also shows an increase - see Figure BP-3DD-
2(d). As the pedestal n. does not change significantly as
explained above, this increase of edge USXR is attributed to
the increase of pedestal T.

TRANSP modeling was carried out for these discharges [BP-
3DD-4] and figure BP-3DD-3 shows the pedestal electron
heat diffusivity (y.) profiles. For the continued detachment
case, the pedestal y, continuously increases during the whole
detachment and the later 3D field application phases. It shows

the same trend during the detachment phase, i.e. y. rises, in the low gas puff case, but comes back
down when the 3D fields are applied and the divertor re-attachment occurs. This result is
consistent with the T, profile data shown in figure BP-3DD-2. It is not yet understood why, under
this condition, the 3D fields lead to reduced y, and higher T, in the edge region.
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Divertor VUV spectrometer development for NSTX-U

Understanding divertor power balance and e
accurate power accounting is needed for
divertor experiments aimed at divertor heat ‘
flux mitigation. Divertor radiated power is
due to low-Z impurities that strongly radiate
T, <10 eV. At these temperatures, about 80-
90 % of power is radiated through line
emission in the 20 — 160 nm range. To
understand the impurity radiated power, the : ,
LLNL group is preparing to operate a fddmwcorvih S g o S,

vacuum ultraviolet (VUV) spectrometer “"""™ pdcRisete Seein
SPRED on NSTX-U. The spectrometer will — Mag, field 0 A, P_RF=55 W

be mounted on a horizontal divertor port with i e b A A

a view of the lower divertor region. The BSpTTTT T
measurements would support NSTX-U sol Xe 1 110.04.107.45
plasma-facing component and divertor o

programs_, by _prowdlrlg r0L_Jt|ne steady-state s 15 e
and transient divertor impurity measurements = |

(e.g., Mo II-XIV, Li ll, CII, C IIl, C IV line & 4

emissions). With supporting analysis, it may |

be possible to derive divertor carbon 05

ionization balance (steady-state and during g

ELMes), divertor T, estimates from C I1, C III, 0 b A AR o e
C IV line ratio measurements, deviation from Wavelength (nm)

Maxwellian electron energy distribution

function, and improved divertor Py e e ki 70 A, P rta
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Arl 71067
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The SPRED spectrometer has been brought
from LLNL (Livermore, CA) to PPPL and its
Wavelength (nm)
performance was evaluated at the Low )
Figure BP-VUV-1: The LLNL SPRED VUV

Temperature Plasma Laboratory at PPPL (Y. spectrometer mounted on the Penning low temperature
Raitses). The spectrometer was mounted on a ple(ljsma source at PPPLb(top) dand exgrfnfples of >I<en0n

. . . and Argon spectra obtained at different plasma
DC-RF Penning discharge F)perz?lted with femperatures,
argon and xenon, as shown in Figure BP-
VUV-1. A range of magnetic fields and RF power levels provided a number of confinement
modes and temperatures of the Penning discharge. The tests in LTP laboratory at PPPL confirmed
excellent VUV sensitivity and resolution properties of two gratings and MCP image intensifier.
The spectrometer has been moved to TFTR basement for storage at PPPL. For NSTX-U
applications, absolute calibration at NIST SURF |11 synchrotron source is being considered.
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Materials and PFC Research for NSTX-U

Magnum-PSI Collaboration Experiments and Liquid Metal PFC Development

Experiments on lithiated plasma facing component materials have been conducted on the

Magnum-PSI linear plasma device located at
the Dutch Institute for Fundamental Energy
Research (DIFFER). Magnum-PSI is a
magnetized, linear plasma device designed
for simulating the divertor conditions
expected in ITER-class devices (10*' m™, T.
~ 1-5¢V) [MP-1]. The device currently
operates with copper magnetic fields coils
with discharge lengths from 5-50s (field
dependent) and will soon be upgraded to
provide steady-state discharges with a
superconducting magnet. The plasma

Fast-camera Image Li-l Emission

—-— s .

Figure MP-1: Fast-camera image of sample exposed in
Magnum-PSI linear plasma device.

Image shows Li-I

conditions present at the Magnum-PSI target (671nm) emission.

provide similar density and temperatures as

those found in NSTX, for example, during the recent liquid lithium divertor campaign [MP-2]. In
these discharges densities of 1-5x10%° m™ and temperatures of T. ~ 3-5¢V were found in the
vicinity of the strike-point creating a good match between the NSTX divertor and Magnum-PSI

capabilities.

The Magnum-PSI device is well diagnosed and well suited to PMI studies. Plasma density and

temperature are measured via Thomson scattering on a single chord parallel to the target surface
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Figure MP-2: Normalized Li-lI (671nm) emission intensity as a
function of distance from the sample surface in the plane of the
camera view. Exponential decay fits are shown for the regions

indicated in each of the discharges shown.

40

at an adjustable distance of 1-3cm
(typical range). Numerous broad-band
spectrometers are available for
monitoring specific line emission from
the plasma; for these experiments the
spectroscopic views observed the same
volume of space as measured by
Thomson. Infrared thermography is
utilized for measuring  surface
temperature of the sample, in addition
to calorimetry of the cooling water.

Visible wavelength fast-cameras are

available for recording plasma
dynamics and observing spatial
emission structure directly in front of
the target. Figure MP-1 shows one

such image of Li-I (671nm) emission during plasma bombardment.
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For these experiments, a lithium

) Li-1 671nm Emission Intensity 1
evaporator was commissioned and 100 o
operated on Magnum-PSI. The E 1.8 | 08
evaporator  consists of a E‘ 80 1.6 o '
commercial source with custom g 60 1; QE 06
mounting for use in the Magnum- E 1‘ -
PSI  Target Exchange and £ 40 0.8 £ 04
Characterization (TEAC) 8 06 g

. £ 20 04 O
chamber. Evaporation  was - 0.2 0.2
monitored with a quartz-crystal a g _ — )
microbalance and calibrated to -30 -20 10 0 10 20 30 0

give approximately 100nm thick Radius [mm] Intensity [A.U.]

lithium depositions on the target. ure MP-3: Li-I (671nm) emission simulated using experimental density
and temperature profiles measured with Thomson scattering.
Samples were prepared at PPPL

composed of ATJ graphite, molybdenum alloy TZM, and pure tungsten. Exposures were taken
with and without deposited lithium over a range of densities and temperatures in the machine.

A set of experiments were carried out on Magnum to develop a database of observations of the
lithium migration in the local plasma as prelude to material migration modeling in NSTX-U. The
spatial distribution of lithium emission measured by the filtered fast-camera provides information
on the transport of this material near the target surface. Figure MP-2 shows a representative set
of data obtained by processing the emission intensity over a band through the center of the target.

Ionization, excitation and recombination 1

rate coefficients are available from the \ ;;Eﬂ .
ADAS database [MP-3] and show strong = 08 Excitation Only, —
. i = 1D transport
dependencies on temperature and density. <
litativelv. the visibl .. d = D06
Qualitatively, the visible emission data are [ A = 2.5mm
consistent with expectations based on 2 o4 Ay = B.5mm
I

temperature and density scaling.

0.2
A quantitative evaluation of lithium 0 . .

transport into the plasma requires inclusion 0 5 10 15 20 25 30 35

of 2D-spatial information and viewing Distance [mm]
Figure MP-4: Simulated Li-l1 (671nm) emission profile

. 4 o through center of plasma volume at relevant camera angle
diagnostic). An initial model Wwas  (~11° from parallel to surface).

developed using the fluid -continuity

geometry information (i.e. synthetic

equation to model neutral lithium transport with an “Onion-skin method” approach. Background
density and temperatures were obtained from Thomson scattering and assumed uniform in the z-
direction. A constant lithium sputter-yield corresponding to SRIM calculations [MP-4] at the
applied bias energy (40eV) was utilized alongside a calculated particle flux (also from Thomson)
to provide a lithium source term. Only excitation and ionization is included in the present model.
Figure MP-3 shows a model result corresponding to the plasma conditions in the top-most set of
data of figure MP-2. Figure MP-4 shows the simulated diagnostic profile.
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The modeling reproduces the double-peaked structure observed in the data and produces decay
constants about a factor of 2 off from those in the experiment. However, relative strength of each
peak are not well matched. Examination of the ADAS database indicates that recombination and
charge-exchange are significant in the density and temperature range of these experiments and are
not yet included in the model. In summary, the initial results are encouraging, but still require
additional work to reproduce the observed profiles. Once the basic elements of the model are
validated, then modeling of additional impurity species, such as oxygen and carbon, can be
validated with further experiments.

Liquid Metal Plasma-Facing Component

Research and Development [/ A structural Material (e.g. F82H steel)
Porous or textured surface

[ ILiquid Lithium
. . A [ Jcoolant (e.g. He or s-CO,) Incident
interactions  on  lithiated  substrates, Plasma

development of flowing liquid lithium PFCs / / / / / /
and related technologies is underway at
PPPL in the form of engineering analysis
and design work in addition to some modest

In addition to the study of plasma-material

experimental research and development in
on-site laboratory spaces. The present
efforts focus on an actively cooled,

Figure MP-5: Conceptual diagram of the actively
] ) ’ cooled, capillary-restrained liquid-metal PFC concept.
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emp
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long wicking path-length between a lithium

0003 (M
000225

source or reservoir and the PFC front-face,
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The thin liquid layer results in large viscous

resulting flow velocities are expected to be
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small which enables the temperature transport to be described by thermal conduction [MP-§].

This reliance on thermal conduction allows the significant work on gaseous cooling to be used in
the liquid metal context and scaling studies with the US-based T-tube concept [MP-9] have been
carried out as shown in Figure MP-6.  In addition to size scaling, an examination of the basic
cooling fluid is also being carried out. Supercritical carbon dioxide (s-CO2) has been identified
by many in the fission power industry as having favorable properties in a power cycle over
helium [MP-10]. These include more efficient power-cycles overall for similar turbine inlet
temperatures, more compact turbo-machinery leading to lower capital costs, lower leak rates
overall and improved heat transfer efficacy at power-cycle-relevant pressures and temperatures.
Calculations performed with ANSYS/CFX analysis code of the T-tube configuration with
identical volumetric flow-rates of He and s-CO2 indicate that s-CO2 can reduce the peak surface
temperature by over 250C of a solid-W target. While tungsten PFCs are the leading solid-PFC
choice, lithium-coated PFCs are expected to operate at temperatures below the tungsten ductile-
to-brittle transition temperature of 800C [MP-11]. At lower temperatures, however, steel
materials are potential substrates for use with liquid lithium where the lithium provides a low-Z
protective layer over the high-Z steel. This material choice eliminates the need to transition from
structural steels to tungsten where the operating temperature windows do not always overlap
[MP-11]. It is likely, however, that the oxide-dispersion strengthened (ODS) types of steels will
be necessary for the elevated temperatures and coolant pressures in a divertor PFC.

Despite even more efficacious cooling with s-CO2 in the T-tube configuration, surface
temperatures still range about 700C in the vicinity of the strike-point in the present set of design
studies. This temperature would result in significant evaporation and sputtering from the surface
of the PFC. Not only must the technology supply adequate replacement metal, but collection
schemes must be developed to re-condense the material and close the liquid-metal loop. This
result highlights the importance of plasma simulation with Magnum-PSI as such strong surface
evaporation has never before been studied in the divertor configuration. Strong ingress of lithium
into the local plasma also raises the possibility of developing continually vapor-shielded PFCs.
Robust liquid lithium PFCs would therefore enable the study of this potentially attractive
operating state in a high-power device such as NSTX-U.

Experimental demonstration of liquid metal PFC concepts is currently underway to complement
the design studies described above. These begin with the development of a liquid lithium loop
which will provide active pumping into and out of vacuum chambers. The facility will be utilized
for testing of candidate PFC designs to show such things as (1) stable operation and flow in a
tokamak-relevant vacuum environment (le-7 to le-6 Torr pressures), (2) restart capability after
periodic shut-down and gettering of residual gases, (3) maintainability and reliability in addition
to safe operation. Future plans include active purification of lithium inventory and upgrades to
include integrated tests with s-CO2 or other gas-based cooling systems.
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Compositional changes of lithium (Li) coatings on TZM during plasma bombardment

The Titanium-Zirconium-Molybdenum alloy TZM has previously been used as a metallic
plasma-facing component (PFC) in Alcator C-Mod and is being considered for use in NSTX-
Upgrade. While ex-situ tests have been performed to demonstrate the capability of Li-coated
molybdenum to withstand the high heat loads present in the NSTX divertor region [MP-12], Li-
coated TZM has not yet been studied in an NSTX-U relevant environment. The time evolution of
Li coatings on TZM under high heat fluxes were studied for the first time in 2012 on Magnum-
PSI, a linear plasma device located capable of ion fluxes up to 10® m?s™ at electron temperatures
<5eV. These parameters are similar to those extrapolated for NSTX-U [MP-13].

A bare TZM sample was exposed to a series of 5-second D, plasma discharges with plasma
parameters 0.6 eV < T, < 1.7 eV and 10° m™ < n, < 4.0x10° m™®. The sample was evaporatively
coated with a ~100 nm thick Li layer and the series of discharges was repeated. Electron density
and temperature were measured via Thomson Scattering on a single chord located ~2.0 cm away
from the TZM target. The time evolution of the Li-I (671 nm) and O-I (777 nm) line emission
intensity (in the same location as the
Thomson measurements) were also measured
using a broad-band visible spectrometer,
typically operated with a time resolution of 5-
10s™.
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discharge, despite similar electron densities Figure MP-7: Time evolution of the Li-l and O-I signal
i intensities for two consecutive plasma discharges. Li-1 intensity
and temperatures' In contrast, the peak Li-l continually increases throughout each discharge while O-I

intensity actually increases slightly in the intensity exponentially decays. The electron density and
temperature as well as the relative discharge times are given.
second plasma shot.

The physical interpretation of these results is that a layer composed of lithium hydroxide (LiOH)
and lithium oxide (Li,O) formed on the first several monolayers of the Li surface. This impurity
layer then partially eroded during each plasma discharge, as evidenced by the Li and O radiation.
The relative changes in impurity emission in the plasma suggest an evolving surface composition.
The evolution indicates a decreasing amount of oxygen in the surface that could be caused by a
difference between the local re-deposition of Li and O on the substrate. Previous experiments on
pure lithium in the PISCES-B plasma device also demonstrated cleaning of the Li surface under

57 of 116



plasma bombardment, but at much lower density and higher impact energy using helium
bombardment [MP-14]. Whereas the discharge cleaning in PISCES-B required several hundred
seconds of plasma exposure and elevated temperatures [MP-15], reduction of the oxygen
emission was obtained in Magnum-PSI within the first second of plasma bombardment and
reached saturation by 3-4s into the discharge.

Further analysis is ongoing to determine if the contamination and discharge cleaning can be
modeled and extrapolated to NSTX-U operating conditions. Surface science experiments at
PPPL have been examining the former process through controlled impurity gas puffs [MP-6, 7].
Shot-by-shot comparison in the Magnum-PSI divertor plasma simulator to obtain absolute
guantities of each impurity species is possible with the existing diagnostic set and will be
conducted to determine if a net cleaning of a lithiated PFC can be achieved for typical inter-shot
periods in NSTX-U (10-20 min).

The Li-1 and O-1 emission from a PFC surface in the divertor is expected to be highly localized
near this surface. The present experiments indicate that such a local measurement of impurity
influx provides information on the composition of the PFC itself. The present results indicate that
increased attention to the intensities of these two lines, at least, would prove a useful addition to
the NSTX-U diagnostic set for understanding and characterizing the response of lithiated PFCs in
the NSTX-U device.

NSTX-U-relevant Plasma-Material Interaction results from Alcator C-Mod collaboration

The NSTX-U Program is considering an option of molybdenum plasma-facing components
(PFCs) in the divertor. To improve molybdenum PFC erosion diagnostics and understand plasma-
surface interactions with boron-coated molybdenum, the LLNL/NSTX-U group started a new
collaboration with PSFC MIT on the Alcator C-Mod tokamak.

An intensified charge injection device (CID) camera with a narrow bandpass interference filter
was installed on Alcator C-mod to image the 550.6 nm Mo | emission associated with PFC
erosion. Initial observations, including molybdenum erosion proportional to ICRH power and
suppression after boronization, were found similar to those previously made with a visible range
spectrometer at C-Mod. Subtraction of continuum sources (i. e. Planck emission, visible
bremsstrahlung, D, molecular emission) and measurement of the SOL plasma temperature and
density are necessary to interpret observed emission as erosion. Modifications of the diagnostic
are in progress for simultaneous imaging of the line emission (including continuum) and
spectrally adjacent continuum emission to facilitate this subtraction. For the first time, the camera
spatially resolved hot spots on the primary (GH) limiter during operation of lower hybrid current
drive (LHCD), shown in Figure MP-8. These hot spots were identified via their Planck continuum
observed in coincident spectrometer views. Field line mapping links these locations to the LHCD
antenna horns on the opposite side of the torus. Seeding of impurities during ICRH operation has
been shown to suppress accumulation of eroded molybdenum in the plasma core. The
mechanism, believed to be a combination of changes in transport and erosion, is still under
investigation. The overall decrease of emission associated with Mo | as injected Neon increases
suggests an overall reduction of gross erosion.
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Figure MP-8: CID camera images filtered for 550.6nm Mo | emission showing hot spots during LHCD operation at surfaces with
field line mapping to the antennas for a scan of magnetic pitch.

Accounting for edge cooling due to injected Neon, and modest increase of local Mo | emission on
some portions of the GH limiter, the gross erosion source is observed to decrease even at regions
of strongest erosion. Emissive probe measurements of the SOL potential along field lines
mapping to the antenna face indicate an increase during ICRH from ~10V to >400V in some
cases, and the effect of Neon injection on these potentials will be studied shortly. Operating the
plasma in the I-mode results in a gradual purge of molybdenum impurities, as opposed to the
accumulation observed in H-mode.
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Macroscopic Stability Research
NSTX-U RWM Active Control

While NSTX-U is a modification of NSTX, changes to the device conducting structure (e.g. new
2" NBI port structure), midplane RWM control coils, and equilibria requires recomputation of
n = 1 active RWM control performance using proportional gain, and RWM state space control.
The upgrade also adds new capability, such as independent control of the 6 RWM coils. This new
capability, combined with the upgrade of the RWM state space controller will also allow
simultaneous n = 1 and n = 2 active control,

5

0 ' ' : ' ' along with n = 3 dynamic error field correction.

o Finally, the active control performance of the

@ ] _ s {1 proposed off-midplane non-axisymmetric control
= passive y 1 coils (NCC) also needs to be evaluated. The first
o 10 F g of these three tasks has been completed, with the
© results shown in Figure MS-CU-1 assuming no
S 10, kinetic RWM stabilization by plasma rotation.
5 The results are elucidating when compared to
o 10l 4 equivalent calculations made from past NSTX

natural modej S . . .
> rotation | equilibria and conducting structure (see Fig. 8. in
10° s . s Ref. MS-CU-1). Active control performance in

3 4 5 6 7 8 9
BN terms of Ay as measured as a percentage between

Figure MS-CU-1: n = 1 actie RWM control N =1 no-wall and with-wall limits (i.e. Cp) is
performance for NSTX-U equilibria, 3D device  similar to past calculations for NSTX results, as
gginl(si.uctlng structure, and 6 midplane RWM control expected. The major difference in the

controllable Ay level at zero plasma rotation is
due to the reduced n = 1 no-wall limit for the NSTX-U equilibria, which have higher aspect ratio
than NSTX due to the larger center stack. A significant increase in controllable £y is expected

with the RWM state space control in NSTX-U, as was found for NSTX.

Active MHD Spectroscopy Analysis and RWM Stability vs. Plasma Parameters

Active MHD spectroscopy is an experimental diagnostic technique that is used as a proxy for
kink-ballooning/RWM mode stability when modes are stable [MS-CU-2]. The “low-frequency”
version of this technique typically measures the amplification and phase shift of a travelingn =1
applied tracer field. Experimental evidence to date has shown large amplitude and phase shifts to
indicate reduced mode stability. Dedicated experiments were performed in NSTX to determine
the stability of long pulse, high By plasmas as a function of basic plasma parameters, and for
comparison to kinetic RWM stabilization physics established and quantitatively compared to
NSTX RWM marginal stability experiments [MS-CU-3]. Here, a 40Hz co-NBI rotating AC field
was applied with the NSTX RWM coils, and the resonant field amplification (RFA) of that
applied field was measured using magnetic sensors. MHD spectroscopy analysis software was
upgraded to match the analysis in Ref. MS-CU-2 for direct comparison to results in the literature.
Similar analysis was performed in a joint experiment conducted on DIII-D to compare results
with NSTX.
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Figure MS-CU-2 shows n = 1 RFA amplitude vs. gy / I; evaluated for many plasmas over the
majority of the discharge pulse length. The increase in RFA amplitude as gy / i is increased
toward ~10 implies a decrease in stability. There is a large variation in RFA amplitude at a given
P | i because other parameters, chiefly plasma rotation, are not constant. A particularly
interesting trend is the increased stability of plasmas with high gy/ I; > 10, which may be due to
those plasmas having favorable rotation profiles. Figure MS-CU-3 shows that some plasmas
become unstable at the intermediate rotation level of ~12 KHz while others survive and return to
lower, more stable, RFA levels at low rotation. Again, there is a large variation of RFA amplitude
at a given rotation level. This is partly because here we are plotting vs. only a single point in the
rotation profile, while RWM stability depends more generally on profile effects.

unstable RWMs unstable RWMs

157
~ G [
< 3 |
9 <
" 0.5
< 2
= [
~ Ik - it .
5 10 15 20 25
Q [kHz]
15 Figure MS-CU-3: RFA amplitude vs. carbon toroidal
B\/L rotation at CHERS channel 6 (near the core), showing

Figure MS-CU-2: RFA amplitude vs. By / I, showing generally decreasing stability as rotation is reduced
generally decreasing stability as Sy / |; is increased toward ~ toward ~12 KHz.

~10, and increasing stability at higher values.

Figure MS-CU-4 shows a comparison of three NSTX discharges showing the n = 1 signal on the
upper poloidal magnetic field sensors, Sy, carbon toroidal rotation at CHERS channel 6 (near the
core), and RFA amplitude, vs. time. Each discharge was subject to varying n = 3 non-resonant
magnetic braking, which accounts for the steadily decreasing rotation. The discharge shown in
blue became unstable at 0.9s when the rotation reached ~12 kHz. The discharge shown in red has
the same Sy, but higher rotation and maintains stability, as would be expected (although the RFA
rises to a high level when the rotation approaches ~13-14 KHz, near the rotation level that drives
the discharge shown in blue unstable). This discharge approaches marginal stability twice, but
does not become unstable (see (a) and (d)). The discharge shown in black has higher gy and
lower rotation, but also maintains stability, which is counter-intuitive based on early RWM
stability theory. Invoking resonant kinetic stabilization at low rotation provides an understanding
for this observation [MS-CU-3]. Note that the RFA level for this discharge also peaks near the
same rotation level that drives the discharge shown in blue unstable.
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Development of NSTX kinetic RWM stabilization physics model and application to ITER

Theoretical development of the kinetic RWM stability model has continued, in collaboration with
Riccardo Betti from the University of Rochester. It was demonstrated, and presented at the 2012
Sherwood Fusion Theory Conference in Atlanta, GA, that pressure anisotropy, as may occur for
energetic particles injected with neutral beams, leads to a modification of the energy principle. A
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new anisotropic term modifies the
pressure-driven ballooning fluid term,
and can be significant. The modified
fluid 6W was shown to maintain self-
adjointness.

ITER advanced scenario discharges
analyzed with the MISK code were
previously shown to require the
stabilizing effects of alpha particles to
maintain RWM stability due to the
low expected toroidal rotation in
ITER (see Fig. 5 of Ref. MS-CU-4).
However, low rotation in ITER may
not be entirely detrimental to RWM

barriers [MS-CU-5] that have strong
internal gradients (see Figure MS-CU-
5a). This can create a large ion

T 15k 3 stability.  Stability analysis was
< b i performed on ITER advanced
N _ scenarios with internal transport

:f’;m'_ diamagnetic frequency, w+, which
e f combined with relatively slow internal
< osf rotation can zero out the ExB
=T ] frequency, we = @, — - (Figure MS-
s o " " 5 ., CU-5b).  The slow internal e

Time (s)

effectively allows resonance between

Figure MS-CU-4: Comparison of multiple NSTX discharges
showing, a) n=1 signal on the upper poloidal magnetic field sensors,
b) BN, c) carbon toroidal rotation at CHERS channel 6 (near the
core), and d) RFA amplitude, vs. time.

the mode and slowly precessing
particles. This is shown in Figure
MS-CU-5b, where a linear rotation
profile with 3kHz core rotation causes
we — wp = 0, and Figure MS-CU-5c, where |we|? indicates where this precession resonance
occurs. Combined with the more internal nature of the marginally stable eigenfunction for these
plasmas (which resemble “infernal” modes [MS-CU-5]), strong kinetic stabilization can occur
(Im(6Wy) in Figure MS-CU-5c). Figure MS-CU-6 shows that when the rotation drops to a low
enough level in this ITER case with an ITB, Kinetic resonance occurs and stabilization without
alpha particles is possible. Note that at higher rotation this ITER case is even less stable than a
previous case without alphas (shown varied along the ordinate in Figure MS-CU-7).
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DI111-D kinetic RWM physics and resonant field amplification near marginal stability

A joint experiment between NSTX and DIII-D was conducted in 2012 (DI1I-D MP2012-83-02).
Columbia U. collaborators Dr. S.A. Sabbagh and Dr. JW. Berkery participated in the two
session, one day experiment with session leader Dr. J.M. Hanson of Columbia U. to further
validate the kinetic RWM stabilization model quantitatively established on NSTX. Data was
taken in 2012 using DIII-D’s unique off-axis NBI capability, and also separately with NBI all
injected on the device midplane. MHD spectroscopy using an n = 1 field (as described above as
used in NSTX experiments) in a beta-controlled target of gy = 2.4 was used to determine RWM
stability from RFA for several plasma parameter variations including the amount off-axis NBI
power, and toroidal field (Figure MS-CU-8). Additionally, the RFA was examined at
substantially higher gy, to examine the RFA behavior as the plasma approached the RWM
marginal stability point. Plasmas were produced with Sy exceeding 3.5, and in this regime n = 1
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RFA clearly increased to large magnitudes — 2-3 times the vales reached in the lower Sy target.
The higher normalized beta values exceed the nominal n = 1 no-wall stability limit. The n =1
RWM amplitude increased to values exceeding 15 G with no strong tearing mode activity. At this
point, higher frequency modes appeared (few kHz range), which either caused mode locking, or
clamped the plasma n = 1 RFA. This activity, which precludes RWM instability in NSTX, is
being investigated to determine if the perturbations are ideal or tearing. The present analysis has
not yet conclusively shown RWM instability and the associated hard disruption limit observed in
NSTX, but does establish a soft beta limit for DIII-D. Further analysis, and comparison with
NSTX unstable RWM data, will focus on the scaling and physics that cause this limit.

n = 1 plasma response amplitude (G/kA ' N T i 3
MPIDIICpDIL, f ext=-20 Hz,')l:unslanlbetan"l:i’, q95, densigy,rutatio)n 25_ MPID n=1 amplltllde (G) - 14 ?82 1
14 T T T T - 20 ;
u
12+ . 15
- 10
10+ . 5
L - - = 0
8r " 1 150
) 100
60 . . . " =] 500
0 1 2 3 4
Off-axis NBI power (MW) 0
n =1 plasma response amplitude (G/kA) -0 1 1 ]
MPID/ICOIL, {_ext = -20 Hz, constant betanl, density. g5, rotation -100¢ . ) . 1 ) | K
, 2000 2050 2100 %150 2200 2250
6F " time {ms)
" '
L . ]
L=
5C "1 Figure MS-CU-8: (left) Dependence of n = 1 RFA
1 amplitude (a proxy for RWM stability) in DIII-D vs. off-
1 axis NBI power, and toroidal field; (right) measured n =1
4 I i1 amplitude in a high gy > 3.5 DIII-D plasma increasing to
- 1 high values > 15 G, and producing very high n = 1 RFA >
al = i 30G/A in phase (1) before the appearance of a faster
Eos L - . ..d  rotating mode (2) which clamps the n = 1 amplitude to ~

12 93 T4 45 T8 7 56
Toroidal field (T)

ITER Collaboration
RWM active control and error field correction — sensor/actuator control scoping studies

The ITPA/ITER Integrated Plasma Control Working Group, led by Dr. J. Snipes of the ITER
Organization, has conducted a community-wide study of control system needs for ITER.
Seventeen categories have been investigated. Dr. S.A. Sabbagh was chosen as the leader for the
RWM Control, and Error Field Control categories. Significant contributions came from several
NSTX researchers including Dr. Sabbagh, Dr. M. Bell, and Dr. J.-K. Park. Needs for RWM and
error field correction actuators were determined, and needs for sensors were modified from past
ITPA MHD Stability Working Group 4, led by Dr. J. Lister. The full report is available from the
ITER Organization web site at: https://user.iter.org/?uid=4DUHTS&version=v2.0 . An example
of the calculations conducted for active RWM control is shown in Figures MS-CU-9 and
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Figure MS-CU-9: RWM passive growth rate for ITER
Scenario IV equilibria as computed by the CarMa and
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blanket modules. Note that the differences between the
codes are largely due to the VALEN calculation using a
more recently computed for ITER Scenario IV
eauilibrium.

MS-CU-10. An important aspect of the
study was the choice of a 3D thin shell
blanket model that yielded equivalent
control performance to a 3D volumetric
blanket - this allowed a common,
agreed point of comparison between the
VALEN and CarMa codes (Figure MS-
CU-9). In this study, the effect of sensor
positions on RWM active control
performance was determined. The
sensors considered were chosen from
the set planned for ITER. Several
groups, including those targeted to be
used for RWM control, were not the
best options. A combination of sensors
was computed to be superior based on
their proximity to the plasma, inductive
coupling to the plasma, and number of
toroidal and poloidal positions. The
dispersion curves for RWM active

control using different sensor sets are shown in Figure MS-CU-10.
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Figure MS-CU-10: (a) n = 1 RWM growth rate under active control (b) and natural mode rotation computations using
planned sensors for ITER. Sensors considered are 55.AK measuring poloidal field perturbation, (imagined) 55.AK
measuring radial field perturbation, and 55.Al saddle coils measuring normal field perturbation. Note that results use

proportional gain feedback, and are not fully optimized. Calculations are from the VALEN code using the same wall and
blanket model as in Figure MS-CU-9(iii).

Kinetic RWM analysis — ITPA MDC-2 Joint Experiment benchmarking activity

Benchmarking of the kinetic RWM stabilization physics in the MISK and MARS-K (Dr. Y. Liu)
codes continued in 2012 under the auspices of the ITPA MHD Stability Group Joint Experimental
Analysis Task MDC-2. The relevant frequencies and eigenfunctions now match between codes

for both analytical Solov’ev and ITER

0.09 , ‘ , , equilibria. It was demonstrated that the
I o a) I=0ions plus ele. real numerical approach to the frequency
= 006 \ . resonance fraction energy integral taken in
= , 1 MISK is equivalent to analytical limits
;* 0031 . %:‘*-»,, = 1 computed in MARS-K. MISK was upgraded
T 000] —misk \ / | to be able to take these analytical limits if
[ | desired as well as to separate out bounce
-0.03 : : : : harmonics (I=0 for precession drift
e Tt e ez Teh T80 resonance and | # 0 for bounce resonance). A
Figure MS-CU-11: Benchmarking comparison of comparison of oW for 1=0 ions and
Wy for 1=0 ions and electrons vs. scaled wg electrons over a range of ExB frequency for a
between MARS-K and MISK. Solov’ev equilibrium found good agreement
between the codes (Figure MS-CU-11).
KSTAR Collaboration

KSTAR stability experiments and analysis

Columbia U. Group research on NSTX is coupled directly to collaboration on KSTAR in
common topical areas with complementary data sets. A summary of results and analysis from
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areas covering the extended H-mode operational space, tearing mode characteristics, and
predictions of active RWM control using the present KSTAR RWM sensors are described below.

The H-mode was more stably sustained in 2011 for longer durations up to about 5 s (H-modes
were shorter than 2 s in 2010) with operational plasma current and toroidal field similar to the
prior campaign, 0.6 MA and 1.6 - 2 T, respectively. In ohmically heated plasmas, 1 MA plasma
current and a pulse length longer than 12 s were achieved. The expanded operating regime
expressed in stability-relevant parameters (l;, Sn) space is shown in Figure MS-CU-12. Progress
toward desired operation at lower |; and higher  in 2011 is shown and compared to data taken up
to 2010. Compared to the first diverted H-mode achieved in 2010 with maximum gy = 1.3, and
Wiot = 258 kJ, 7= = 148 ms [MS-CU-6], equilibria have reached new high values for KSTAR, Sy =
1.9, Wy = 340 kJ with a corresponding z= = 171 ms. The maximum Sy was reached at By of 1.6
T. Plasma internal inductance was also reduced to 0.94 from 1.15 at peak fBy. The equilibrium
enhancement toward higher values of gy / I; > 2 in 2011 without a substantial increase in auxiliary
heating power from 2010 is significant. Enhanced energy confinement due to improved wall
conditioning by boronization and higher bake out temperature (increased from 200°C up to 260°C
on the carbon tile surface) has allowed this improvement. These results mark substantial progress
toward the n = 1 ideal no-wall stability limit, computed for KSTAR projected equilibrium targets
by the DCON code to be most closely positioned at Sy = 2.5, I; = 0.7. An operating space plot of
plasma elongation versus internal inductance (l;, x) is shown in Figure MS-CU-12. The internal
inductance was lowered in 2011, which helped sustain higher operating x by enhancing vertical
stabilization. Although precise plasma shape control is still an important issue in the device,
sustained elongation higher than the designed target value of 2.0 was achieved in many equilibria
spanning 0.9 < 1; < 1.1,

20 22 T T
KSTAR design

target scenarios

- 2011 H-mode
“max. p_in 2011

e » 3/2 TM equilibria 21

« 2/1 TM equilibria

2011 H-mode

g
o

— max. p_in 2010

Elongation, k

@
T

05}

/ 2009-2010 operation
J

16 18 20 20

Figure MS-CU-12: KSTAR equilibrium operating space  Figure MS-CU-13: Plasma elongation versus internal
for 2011, and prior discharges. About 16,000 equilibria inductance of elongated equilibria for the present KSTAR
from 137 shots (93 shots from 2011) are shown. database. A total of 111 full discharge evolutions during
Expansion of the operating space in I; and Sy is current flattop are shown.

illustrated, along with the onset parameters for 3/2 and

2/1 tearing modes.

Rotating MHD modes are observed with perturbations having tearing rather than ideal parity as
determined by Mirnov and ECE [MS-CU-7] measurements. Modes with m/n = 3/2 (m structure
by 2D ECEI [MS-CU-8]) onset at lower I; than modes with m/n = 2/1 in the range 0.5 < Sy <1 as
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shown in the expanded operating space in Figure MS-CU-12. The 3/2 modes are triggered during
the H-mode phase but are relatively weak and do not substantially reduce Wiy In contrast and
surprisingly, 2/1 modes to date have not onset in H-mode. The modes only onset when both the
stored energy and plasma rotation profiles are lowered after H-L back-transition with ggs ranging
from 4.3 t0 6.2 (4.9 < q¢s < 6.4 for 3/2 modes) as shown in Figure MS-CU-14. Subsequent 2/1
mode locking creates a repetitive collapse of 4y by more than 50%. Onset behavior suggests the
3/2 mode is close to being neoclassically unstable while the 2/1 mode is not certain. Figure MS-
CU-15 shows the 2/1 tearing mode amplitude dependence on local rotation shear measured by an
X-ray imaging crystal spectrometer (XICS) [MS-CU-9]. A correlation is found between the mode
amplitude and local rotation shear that impacts mode stability. Additionally (not shown in the
figure), 2/1 modes only onset below local rotation shear values of ~1,200 km/s/m (~670
krad/s/m).

Computation of future active RWM control using the VALEN code examines control
performance using present device sensors. Off-midplane saddle loops (SL) and midplane locked
mode (LM) sensors are analyzed. Using saddle loop sensors, the mode can be stabilized up to Sy
of 4.5 (Cs = 86%) and up to 3.6 (C; = 44%) with/without compensation of the prompt applied
field of the control coils from the sensors, respectively. The locked mode sensors are found to be
strongly affected by mode and control coil-induced vessel current circulating around the
elongated horizontal port penetrations facing the sensors, resulting in a reduced Cj; of 37% and
16% with/without the prompt field compensation, respectively. Continued analysis is
investigating improved control using LM sensors through compensation of the induced eddy
currents.

— - 7
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— _L—I_— ou'rw- —_ 1
5‘104. W' 32TM 64 i 3 " .-
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Figure MS-CU-15: Mirnov amplitude for 2/1 tearing
mode vs. local rotation shear from XICS.

Figure MS-CU-14: Mode frequency vs. equilibrium qgs
for 3/2 and 2/1 tearing mode evolutions.
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Error fields and mode locking physics

The IPEC applications to intrinsic error field corrections have been successfully extended to
various tokamaks. Figure MS-EF-1 shows the compiled error field threshold scaling vs. critical
density in locking, across five different tokamaks including L-mode and H-mode. Especially the
new KSTAR and the revision of the old JET data increased the reliability of the size scaling, and
the scaling is presently given by

B,,/Bry =0.96x107(n, [10°m 1) % (B, , [T]) % (R[m]) 02,

This tokamak locking scaling will be updated for ITER prediction if further data are supplied.

The error field threshold based on the resonant = 3B,, threshold vs. density
. .o - . @ 100.0 ! !
field driving magnetic islands has been quite = o, =1.1+0.07
successful as shown, but recently it has also been 2 o 0T

. . . . @ - 2 - 3
found that this resonant picture can be incorrect if & -
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so-called proxy error field experiments in DIII-D @ é;‘;::;i%,’,’;%*”’
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showed that the residual non-resonant field was increased by more than the sum of each, while
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Figure MS-EF-1: Error field threshold scaling vs. critical
density for locking across different tokamaks, including L-
mode and H-mode plasmas.
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Figure MS-EF-2: IPEC and NTV analysis on the DIII-D Proxy error field experiments. The left figure shows the successful
reduction of the resonant components as intended, but the figure on the right shows the non-resonant field and NTV is largely
increased by more than the sum of each.

the resonant field was decreased by more than 50%, as shown in Figure 2. How to quantify these
non-resonant effects in error field threshold will be challenging due to its non-linear nature, but
will be attempted by looking into various special cases such as TBM mock-up experiments.
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Neoclassical Tearing Mode Stability Dependence on Aspect Ratio and Curvature

Toroidicity in a tokamak makes the total magnetic field on a flux surface vary poloidally so that it
is stronger on the inboard side and weaker on the outboard side. Drift is added to particle
gyrations and a fraction of particles are trapped on the outboard side in magnetic mirrors formed
due to the poloidal variation of the magnetic field [MS-NTM-1]. A bootstrap current arises
(carried by passing electrons) which is approximately proportional to the product of the trapped
fraction and the electron pressure gradient [MS-NTM-2]. Neoclassical tearing modes (NTMs) are
destabilized and sustained by helically perturbed bootstrap currents [MS-NTM-3]. At sufficiently
high beta (ratio of volume averaged plasma pressure to magnetic field pressure), a linearly stable
tearing mode if seeded by another MHD event can have the seed reinforced, a destabilizing effect
that can lower the plasma magnetic energy. However, curvature effects, i.e. field line bending by

the island, tend to raise the magnetic energy, a stabilizing S Tr=rewe f,g%%%n
effect [MS-NTM-4-8]; this is often called the GGJ effect A 21 DD g4 133577 '/, o
after the original authors. The destabilizing helically _ 3/o0¥1DmDg,-7 ~
perturbed bootstrap current is counter-acted by a number of gz Rl /}} | 4134020
effects at small island size; this tends to make an NTM ;E" ,’;%3586'1

linearly stable and non-linearly unstable, i.e., metastable 1 /,:, [ <

[MS-NTM-3]. 0ol g

All of the toroidal effects depend on aspect ratio R/a, i.e., [ 0.25 0.50 0.75

. . . . 12 at g=m/n
how spherical a tokamak is. While the GGJ effect is usually  fpigyre MS-NETM-I. Ratio of the

neglected at large aspect ratio [MS-NTM-3], time marginal island width to the ion

dependent modelling in the low aspect ratio device MAST fnafei’;: av;ldth vs square root of the
pect ratio.

confirmed its significance at low aspect ratio [MS-NTM-9-

10]. In this DIII-D/NSTX work, experimental results are contrasted between the typical “high”

aspect ratio DIII-D (R/a=2.7) and the low aspect ratio NSTX (R/a=1.4).

Both DIII-D and NSTX are run with near balanced double null divertor shapes of similar minor
radius (a=~0.6 m), elongation (k=2), triangularity (8,~0.4 and §,~0.7) and cross sectional area (=2
m?). The key parameter at issue is the local q=m/n rational surface inverse aspect ratio &
(estimated as /Ry which comes from the dominant poloidal in/out asymmetry in Br. Rigorously,
toroidal effects come from the variation in total B which is used here). € enters into the bootstrap
drive, the GGJ curvature effect, and small island stabilizing effects. The experimental procedure
in each device is: (1) raise beta in a high confinement H-mode to excite an m/n=2/1 mode, (2)
“slowly” reduce neutral beam injection (NBI) power and thus beta, (3) stay in H-mode as power
is reduced, (4) avoid the rotating n=1 mode locking to the resistive wall as torque is reduced with
less NBI, and (5) reach the marginal point for self-stabilization, i.e., removal of the metastable
parameter space.

For an island of full width w, the island growth rate is given by the Modified Rutherford

2
1 _ Wsmalll

Equation (MRE) [MS-NTM-11,12]: TR _ . o ™Dk, 12" o .
wo 3w

rodt w Lpe

Here A’ (in m™) is the classical tearing index and C Dy [w is the GGJ effect of assumed good
average magnetic field curvature with dimensionless Dy the “resistive interchange parameter”. To
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leading order in inverse aspect ratio at the rational surface, D, ~—(q° —1)(Lf4 IrL,)B where L,
is the radial magnetic shear length, L, is the total pressure gradient scale length, and g =24 p/B?,

with p the local total pressure. Cg= (1) is a constant of proportionality which can be modified
by finite aspect ratio effects. The destabilizing bootstrap current drive term is £¥2 (qu / Lpew),[)’éé

where L,=(-pc/dps/dR) and S, =24 p,/B. is the local electron beta poloidal. Finally, all of

small island stabilizing effects [MS-NTM-13,14] are lumped together as wgya. The ratio of the
marginal island width to the ion banana width is found to be experimentally well correlated with
the square root of € as shown in Fig. MS-NTM-1.

The inferred experimental sum of the A'r and curvature terms has also been computed, and there
is a good correlation for NSTX with the curvature parameter rDr/w. The linear fit (not forced
through zero) extrapolates to about 0 at »Dp/w = 0. This suggests that A'r ~0.0+0.4 to the one
sigma of the fit and that the curvature term is the dominant stabilizing effect. In contrast to
NSTX, the curvature parameter in DIII-D for all three cases is much smaller. This is confirmed
by the NIMROD [MS-NTM-15] resistive MHD stability code which calculates the resistive
interchange stability parameter Dyin full shaped geometry [MS-NTM-7]. Dp from NIMROD is

close to the large aspect ratio expansion analytic formula for NSTX, but NIMROD finds Dj, in

DIII-D is 3~5 times a bigger effect than that of the expansion formula. However, curvature
stabilization is found to still be relatively small in DIII-D. The NSTX case is found by NIMROD
to have a significant stabilizing curvature effect comparable to that of a negative A'r (not directly
calculated), but not dominant. The DIII-D cases are found to be A'r dominated. More on all this
work has recently been published [MS-NTM-16].
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Disruption Halo Current Studies

Research in the past year has refined out understanding of halo currents in the NSTX lower
divertor; these are currents that flow between the plasma and the divertor during a disruption, and
that can cause significant damage due to the forces they exert on the vessel and divertor
components. These studies were made possible by the installation of toroidal array of “shunt
tiles” in the NSTX lower divertor that can measure the current flowing into individual tiles.

] Figure MS-HALO-1a shows
a); contours of current flowing into the
- divertor floor, as a function of time

?141687
3003
i and toroidal angle, while Figure MS-
HALO-1b) shows the plasma current
rapidly decreasing to zero during the
disruptions. At t~0.407, current

begins to flow into the divertor; this
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Figure MS-HALO-1: (a) contours of current flowing into the
divertor floor and (b) plasma current during large halo current  Two key observations come from
during a disruption in NSTX. . .. .
this and similar measurements. First,
the dominant spatial structure of the halo currents is a single, toroidally localized lobe of current,
regardless of whether the pattern is rotating or stationary. Secondly, the temporal dynamics of this
lobe can vary rapidly, even over the ~6 ms duration of the halo current pulse, examples of rapidly
varying quantities include the rotation frequency and toroidal extent of the lobe. Finally, the halo
currents are observed to decay in a toroidally symmetric fashion at the end of the pulse, starting at
t=0.4135 s. Modelling indicates that the magnetic axis has been almost completely driven into the

divertor floor, leaving behind residual open field line current.

Disruption Detection

Recent research in NSTX has examined the detectability of disruption in a high-f3 spherical torus.
This research has proceeded in two steps. First, the ability of individual sensor signals to predict a
disruption has been examined. Then, a simple means of combining these single-signal tests has

been developed.

Example results for a “single signal” test are shown in Fig. MS-DD-1. In frame a), the time
between the n=1 RWM sensors reaching a threshold value and the initiation of the current quench
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is plotted, for a database of ~1700
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Figure MS-DD-1: Histograms of time between thresholds being
crossed and the current quench. Tests are based on a) n=1

poloidal field sensors, and b) the neutron rate.
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H-mode disruptions; this time is
called the “warning time”, with
negative values implying that the
quench proceeded the
sensor exceeding the threshold. We

current

see that a warning level of 5 Gauss
produces many false positives, here
defined as a warning more than 300
ms in advance of the current

quench. Increasing the warning

level to 10 and 15 G reduces the false positive count, at the expense of more late warnings. In
frame b), the ratio of the measured neutron emission rate to the prediction from a simple, rapidly
evaluated model for the neutron emission is used for disruption detection. The time between that
ratio dropping beneath a given threshold value and the initiation of the current quench is
recorded, for various values of the threshold. A threshold ratio (measured/model) of 0.7 often
leads to false positives, while thresholds of 0.5 and 0.3 reduce the false positive count. However,
these two frames show that no single signal can be used to predict all disruptions.

In order to test the ability of a combined set of tests to predict disruptions, we have developed a
simple algorithm that combines the output of single-signal tests like those described above. In this
case, a “point score” is assigned to each test, and the total points from 17 such tests are summed

at each time slice to determine a aggregate
level;, different of this
aggregate warning level can be chosen, trading
off false positives and late warning. Fig. MS-
DD-2 shows an example output of this study,
showing that for the chosen warning level
threshold, only ~2% of disruptions cannot be
detected within 10 ms, and that only 4% of
discharges are false positives. Furthermore,

warning values

this false positive count is dominated by
discharges with severe MHD modes, which
cause severe rotation damping and stored
energy loss, but no current quench.

occurence

1 _2 T T T T T
' i Reset Time: 25 ms
1.0 N Required Points: 8
1 -
0.8l ' -500<t,,,<10: 2.07% |
: vl 10<t, },<25: 10.4%
' 1
06L i 25<t,,,<100:50.9% 1
: e 100<t,,,.<300: 32.3% 1
04l i I 300<t,,,,<1500: 4.24% 1
. b A early+late:6.31%
1 sl I
il T |
o2 ST hm | ]
1| ! ! ]
0.0 AN v r— :
0 Ll 1 Pt Ve
-100 0 100 200 300 400 500

Warning Time t,,, [ms]

Figure MS-DD-2: Histogram of warning times
based on the combination of tests.
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Disruptivity Studies

log,,(disruptivity [s™"]): log,,(disruptivity [s']):
Research in NSTX during 2012 attempted 05 028 " 00 ?:2; 0s 875 100 05 -025 0.0 025 0.5 0.75 1.00
to determine what discharge regimes A —l. a) | B c)
resulted in minimum disruptivity. Here . - o | 1
disruptivity is defined as the number of .z} x 1 =24l
disruptions when the plasma is in a given \T .
portion of parameter space, normalized by 2 H 17 EE—
. .. 39257 total samples . 39257 total samples

the amount of time that the plasma is in 2 3 4 5 s 15 20 25 30 35 20
that space. Figure MS-DR-1 shows the a e P>

. Lo . b) d
disruptivity in NSTX as a function of By 4 | o )]
and a single additional parameter. In frame
a), the additional parameter is <°f | 1 <4 m
q*:gmBT(Hzcz)/yolp.We seearapid 2| ol
increase in disruptivity for g* < 2.4, but no 39257 total samples ., 39257 to.tal-sarnples.
. . . . . ' 10 20 30 40 04 06 08 1.0 12
increase in disruptivity at higher By. Note S h

that this is hlgher than the ideal MHD q_* Figure MS-DR-1: Disruptivity as a function of Py and
boundary of ~1.7. The reason for this a) q* b) shape factor, c) pressure peaking factor, and d)

increase in disruptivity is a wide range of ~ inernal inductance.

operational problems at the highest current or with low shaping. It should be noted that attempts
to access this very low g* regime have been limited in the campaigns under consideration here,
although they were more common in the initial years of NSTX operations. Frame b) shows the

disruptivity vs. Bn and shape parameter S = g,/ /aB, o g(1+ K‘z)f(l(‘,é‘,{;‘,...); boundary shapes

with low aspect ratio, high elongation, and high triangularity, all of which are typically beneficial
for stability, will have large values of S. The figure does indeed show a great reduction of
disruptivity with shaping. Finally, Fig. MS-DR-1c) and MS-DR-1d) show the disruptivity vs. two
parameters related to the peaking of the profiles: the pressure peaking, defined as the central
pressure normalized to the volume averaged pressure F, = p,/(p), and the internal

inductance /,(1) = /> _m BydV / V(yolp)z. These quantities are larger when the pressure and

current profiles are more peaked. We see clearly that operating at large pressure peaking,
especially at higher values of By, results in a strong increase in disruptivity. Note that increases in
the pressure peaking are well known to result in reduction to the ideal stability limit. Similarly,
while higher [; generally increases the no-wall limit for broad pressure profiles, NSTX often
operates in the wall-stabilized regime, where broad current profiles improve the coupling to
passive conductors.

This analysis has included other parameters as well. It is found that maintaining the mid-radius
rotation above ~7 kHz helps avoid disruptions, as does the use of n=1 RWM control and
dynamics error field correction. Maintaining gmi, > ~1.3 helps to avoid the onset of disruptive
core n=1 modes. This research shows that a combination of strong shaping, broad profiles,
sustained rotation, and elevated gmi, can be used to minimize the disruptivty. By, using the new
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actuators of NSTX-U with advanced control techniques, we will study how to maintain this
optimal state for long pulse in NSTX-U.

Disruption Mitigation Studies
Simulations using the DEGAS-2 code

In support of Massive Gas Injection (MGI) studies in NSTX-U, we are conducting DEGAS-2
simulations to better characterize the gas penetration physics and to improve the design of the
MGI gas deliver system on NSTX-U.

A review of the literature [MS-DM-1,2,3] shows that the amount of gas injected in MGI
experiments in present tokamaks varies from 100 Pa.m? to over 2000 Pa.m®, considerably less
than the projections for ITER. The fraction of this gas that penetrates the separatrix also varies
widely, with penetration efficiencies of over 20% being reported for cases that have a short MGl
pulse [MS-DM-4]. To better quantify the amount of gas required in a MGI pulse we have
initiated a DEGAS-2 Monte-Carlo code simulation effort to understand the extent of gas
penetration through the SOL region and private flux regions. In addition to supporting NSTX-U
needs, this simulation effort focuses on fundamentally studying the edge penetration issues to the
separatrix, which is needed for predicting gas penetration efficiencies in ITER. This work
complements other 3-D MHD modeling, initiated by the ITER organization, of the gas dissipation
inside the separatrix..

The results presented here are preliminary, and at an early stage with the goal of eventually
incorporating some of the important physics that is required for a more complete model. The code
employed is not yet capable of simulating energetic SOL flows and so does not yet correctly
reflect edge conditions that would exist in a high power discharge. A higher energy plasma in the
SOL would increase the gas ionization rate in this region and reduce gas penetration.
Development of the detailed modeling of the edge SOL flows is underway but may be beyond the
scope of our limited manpower capability.

As the first step in developing the full model to simulate the effect of increasing the SOL
parameters we have conducted simulations in which the background plasma density and
temperature are artificially increased, such as would happen when the auxiliary power of a
plasma discharge is increased. In these simulations, deuterium molecules are launched at the
injection port with a 300 K thermal energy distribution and a cosine angular distribution about the
normal to the surface. As the molecules penetrate the plasma, they undergo ionization,
dissociation, and elastic scattering; resulting molecular ions are assumed to be ionized,
dissociated, or recombined immediately. Any product atoms are then tracked through the plasma
and can undergo ionization and charge exchange [MS-DM-5,6,7]. The particle track terminates
upon ionization of the atom. Along the particles' paths, the volumetric source of plasma ions is
accumulated in each computational zone. The penetration fraction is then the ratio of the volume
integrated sum of those source rates over zones inside the separatrix to the gas puff rate.

For these simulations plasma parameters from NSTX discharge 128339, a lower single null 1 MA
discharge with 1 MW of neutral beam power was used. The computational mesh needed for
DEGAS-2 has been generated by the UEDGE code [MS-DM-8,9] for this discharge and was
previously used in a different study [10]. Plasma conditions at 300 ms are used. At the midplane,
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the total mesh width is 5.5 cm. The outer edge of the mesh is 8.1 cm from the vessel wall, which
is also the location for the mid-plane gas injection location. The separatrix is located 9.9 cm from
the gas puff location. Outside the UEDGE mesh, between that mesh and the vessel wall, there is a
coarser DEGAS-2 mesh. Here, DEGAS-2 subroutines break the background region into a series
of small interlocking triangles. Within each of these triangular “zones”, all parameters (source
rates, densities, temperatures, etc.) are constant.

The background plasma is located between the UEDGE mesh and the vessel walls. In this region,
a reference plasma density of 5 x 10" m™ and electron temperature of 25¢V was assumed. The
background plasma density and temperature were each then increased to 2 times, 5 times and 25
times the reference values.

Figure MS-DM-1 shows the deuterium ionization rate for the four cases. The vertical line marks
the location of the separatrix. The rapidly decreasing ionization rate inside the separatrix for the
cases with background plasma means that there is that much less neutral deuterium in this region
for ionization.

Because the ionization fraction would depend both on the plasma parameters and the depth over
which this condition exists, this study should crudely approximate the effect of increasing SOL
density and temperature. The results
D lonization Rate v. Distance (Midplane Gas Puff) show that the gas penetration fraction
o403 JA RN drops dramatically even for a factor of

3 Outer edge of P . .
] K UEDGE mesh Reparat two increase in the plasma parameters.
leg ' The gas penetration fraction is 33% for
the case with no background plasma. It
drops to 16% for the case with the
reference plasma and to 7%, 3% and 1%

164031

w8 8 = 8 -8 W

1€+030
3 No Plasma Background

With Plasma Background .

Plasma Background 2xn T plasma density and temperature.

Plasma Background 5x n.T ‘

respectively for the cases of increasing

lonization Rate (m-3 s-1)

14029 o

Plasma Background 25x n,T

e These results would suggest that more

U2 Sance Tom CarbPitar tmy = A energetic plasma conditions in the SOL
should make it more difficult for gas
Figure MS-DM-1: Ionization rates for the case of mid-
plane gas injection with increasing plasma density and . - ]
temperature in the region between the outer UEDGE mesh past the separatrix. However, if gas 18
and vessel walls. The ionization rates are for a molecular injected directly into the private flux
deuterium injection rate of 10°° molecules/s.

injected from the mid-plane to penetrate

region, and does not need to cross the
SOL, the penetration fraction should be higher so long as the private flux region plasma is much
less energetic than plasma in the SOL. This should be the case as the bulk of the exhaust power
from tokamak plasmas flows through the SOL, eventually being deposited on divertor plates.

To put this in perspective, the private flux region in ITER is predicted to have an electron
temperature of less than 2eV and an electron density of below 2x10” m® [MS-DM-11].
Representative values for these two parameters for detached DIII-D plasmas are an electron
temperature of less than 1eV and electron density less than 5x10"m” [MS-DM-12]. The
relatively low electron temperature in the private flux region in both ITER and DIII-D is due to
active gas puffing in the divertor region to obtain a detached divertor configuration, which is
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necessary to reduce divertor heat loads. The electron temperature and electron density in the SOL
at the mid-plane region of ITER is predicted to be about 100eV and 2x10"m™ [MS-DM-13]. The
corresponding values for DIII-D are an electron temperature less than 20eV and an electron
density less than 3x10'® m™ [MS-DM-14]. The parameters for the NSTX-U could be expected to
similar to those for DIII-D.

In summary, the planned experiments and simulations are expected to contribute to the
understanding of important physics questions related to the MGI experiments in support of
NSTX-U, ITER and future ST based machines. The primary study to be conducted would be to
understand the gas penetration efficiency as a function of poloidal gas injection location and
variations in plasma parameters, especially at the edge. The second objective would be assessing
the resulting reduction in divertor heat loads and halo currents. Supporting DEGAS-2 studies
would contribute to quantifying the MGI system requirements aimed at minimizing the gas
throughput and maximizing the gas penetration through the separatrix.

Development of Electromagnetic Particle Injector (EPI) for NSTX-U and ITER

This section describes on-going work for developing a new system for safely terminating
discharges in ITER. The system, referred to as an Electromagnetic Particle Injector (EPI) propels
a coaxial projectile, containing particulate matter of various sizes and composition, in a coaxial
electromagnetic rail gun, then shatters it prior to injecting a dust of particles into the tokamak. At
present this is a design activity that will be completed by December 2012. After that the plans
will be discussed with NSTX-U management and the US-DOE to obtain guidance on how to
proceed with the next step, which involves fabricating a proto-type and testing it off-line during
2013.

At the recent US Disruption Mitigation Workshop (GA, March 12-13, 2012) it was concluded
that although the Massive Gas Injection system is the best understood for safely terminating
discharges in ITER, both the time response of this system and the controllability of the amount of
gas and impurities injected by this system for variations in the initial plasma current at which a
disruption initiates may be inadequate to fully rely on this system. It was decided that other faster
acting systems should also be tested and developed. During this meeting, we presented the EPI
concept. It was noted that this system was more complex as compared to a conventional gas gun,
but no technical flaws were identified. It was also suggested that a proto-type should be built and
tested before considering it for ITER.

The proposed system, shown in Figures MS-DM-2 and MS-DM-3, is now under design. It has
several advantages over other disruption mitigation systems being considered for ITER.

e  Well suited for long stand-by mode operation
- Large particle inventory
- All particles are delivered at nearly the same time
- Particles are tailored to contain multiple elements in different fractions and sizes

- Tailored particles fully ionized only in higher current discharges (to control current quench
rates)
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e Toroidal nature and conical disperser ensures that,
- The capsule does not enter the tokamak intact

- The capsule will fragment symmetrically and deliver a uniform distribution of particles (or
via. tapered final section)

- Particle penetration is not impeded by magnetic fields

e Coaxial Rail Gun is a fully electromagnetic system with no moving parts, so should have
high reliability from long stand-by mode to operate on demand

- Conventional gas guns will inject gas before capsule and trigger pre-mature thermal quench

Electrical Outer electrode, facricated Radial support bars to support the cone
insulator out of tungsten or inner structure (mostly open to allow
: side coated with tungsten fragmented dust particles to pass
or other refractory material through)

Outer electrode
flange (Positive 1
Z Ground potential) |

Particulate container projectile |

| ™ |

Inner electrode
flange (Negative
% potential)
-
1 \

‘

Coaxial current :nggr cyu:drlcal'e_ll_ec!rode, Cylindrical support
feed cables ‘abricated out of Tungsten structure (stainless steel
(total about 10 or coated with tungsten or or other suitable alloy)

to 20) other refractory material

Shallow angled cone region to fragment the projectile container and
disperse the powder into the plasma discharge. It also acts as a
neutron shield to prevent neutrons from entering coaxial electrode
region. Fabricated out of tungsten or other suitable neutron shield
with adequate structural strength.

Figure MS-DM-2: Electromagnetic Particle Injector (EPI) using a coaxial electromagnetic rail gun

(B) Trailing end of (A) Outer shell of

container coated with  annular container

conductive material Dotted line to show left and right
side of capsule that would be
fabricated separately and later

joined
Outer diameter Inner diameter
about 310 4 cm about 1to 3 cm

»

(D) Interior of

container is packed

with disruption (C) Leading edge of

mitigator powder container coated with
insulating material

Capsule design

Figure MS-DM-3: Shown are the primary elements of the capsule design. The purple ring at the trailing end of
the capsule serves two purposes. In an electromagnetic accelerator it is used to increase the inertial strength of
the capsule. If the capsule is used in a conventional gas gun it could be fabricated out of a non-conductive
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Transport and Turbulence Physics Research

In FY2012, NSTX transport and turbulence studies, in the absence of operation, focus on
analyzing existing data and performing experiment-theory comparisons. In supporting FY2012
JRT, a specific emphasis was to simultaneously assess turbulence and transport in electrons and
particles.

Collisionality Scan in H-mode

a. Energy transport

It was recently found that the unlithiated and lithiated discharges in NSTX scale differently with
engineering parameters; the lithiated discharges revealed confinement dependences on I, and Bt
that are dissimilar from the early NSTX observations, but which are similar to those in
conventional aspect ratio tokamaks, as embodied in the ITER98y,2 scaling, scaling as 1,>%B;
[TT-1]. Now we find that these differing dependences could be reconciled by an underlying
collisionality variation, which unifies both sets of data and which exhibits a strong improvement
of normalized energy confinement with decreasing v’ [TT-2].

The discharges used for this study are all H-modes based on I,, By scans in both lithiated and
unlithiated plasmas, and a lithium deposition scan at fixed I, and By. The unlithiated discharges
cover the range of I, from 0.7 to 1.1 MA, By from 0.35 to 0.55 T, had deuterium neutral beam
(NB) heating powers of ~ 4 MW into Lower Single Null (LSN) deuterium plasmas, elongation, ,
~2.2 and plasma densities up to 6x10™° m™. All of these discharges exhibited small ELMs, which
did not affect confinement significantly. The lithiated discharges were obtained from results of
several different experiments, all in the LSN configuration. I, and By scans were performed in
sets of discharges for which the between-shots lithium evaporation was held to between 90 and
270 mg. These discharges covered the range 1,=0.7 to 1.3 MA, B1=0.34 t0 0.54 T, x~2.3, and had
NB heating powers of approximately 3 MW. Another set of discharges was taken from a lithium
evaporation scan (Li scan), covering the range from 0 to 1000 mg of lithium evaporated between
shots at fixed 1,=0.8 MA, B+=0.44 T and k=1.8. The NB heating power in this latter set varied
from 2.2 to 4.2 MW. While there were repetitive Type | ELMs at low levels of lithium, the ELMs
disappeared at higher levels [TT-3]. Confinement and transport levels for the analysis presented
here were taken during inter-ELM periods (for lower deposition values), and thus the direct effect
of ELMs was removed.

The primary reason for the strong improvement in confinement time with decreasing
collisionality was the broadening of the temperature profile with decreasing v . Figure TT-1a and
1b show the how T, changes with changing collisionality. Fig. TT-1(a) shows the color-coded
sequence of T, profiles themselves, plotted as a function of the square root of the normalized
toroidal flux, x, while Fig. TT-1(b) is a spectrogram of the T, profile as a function of x and v, .
This data was taken from a collection of lithiated and unlithiated discharges in which
dimensionless parameters other than v, were held as fixed as possible. For this series, Q=05 = 2
to 2.5 and <f was between 8.5 and 12.5%. Both panels clearly show the broadening of the T.
profiles with decreasing collisionality.
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The electron temperature profile broadening reflects a progressive reduction in the electron
thermal diffusivity in the outer region of the plasma as collisionality decreases. The decrease of
the electron thermal diffusivity can be seen clearly in Fig. TT-2(a). The curves are color-coded to
be proportional to the collisionality for that discharge within the collisionality range studied. As
can be seen in the figure, the electron thermal diffusivities decrease by approximately an order of
magnitude over the range of collisionality at x=0.7, going from 10 m?s at the highest
collisionality to 1 m?/s at the lowest.

The change in electron thermal diffusivity with collisionality can also be examined in a relative
sense by normalizing vy, to Xe’gyrogohm:p* 2c4/a. This normalization takes into account changes in p-
and ion sound speed c, due to changes in T, to reflect the transport levels relative to what may be
expected by gyroBohm transport. The profiles of Xc/YcgyroBonm are shown in Fig. TT-2(b) in
arbitrary units, and similar to the trend observed for y. alone, the normalized transport also
decreases approximately an order of magnitude.
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Figure TT-2: (a) Electron thermal diffusivity profiles and (b) y. normalized by Y, groponm I arbitrary units
color coded by collisionality

Ion transport behaves differently from that of electrons. A comparison of the ion thermal
diffusivity to the neoclassical ion thermal diffusivity as computed by NCLASS for both scans at
x=0.60 shows that at the highest collisionality, ¥i/Yine ~ 0.5, which we take to be at a neoclassical
level when the differences among neoclassical theories and the uncertainty in y; are taken into
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account and the ions become more anomalous, reaching a factor of four to five at lowest
collisionality. The increase of ion thermal transport at lower collisionality is found to be
correlated with reduction of local flow shear at low collisonality.

b. Impurity transport

The transport of carbon is determined with respect to predicted neoclassical transport. Departures
between measured (measured on the low field side) and predicted profiles are possible indications
of anomalous (i.e., turbulence-driven) processes. The tools used for the impurity transport
calculations include MIST [TT-4] and NCLASS [TT-5], the latter two describing local and non-
local neoclassical transport respectively. One of the approaches taken is to wuse
interpretive/predictive MIST runs in which experimental profiles are first input into NCLASS to
determine the neoclassical particle diffusivity, D, and then, the particle convective velocity, v, is
adjusted for both carbon and lithium to arrive at the best match between predicted carbon and
lithium profiles (using the D and v combinations) and the time evolution of the experimental
impurity profiles. Another approach is to use fully predictive MIST runs in which time-dependent
neoclassical values for both D and v are determined from NCLASS, and are used as input for
fully predictive MIST calculations to derive the full neoclassical prediction of the impurity
charges states. Analysis has been carried out for both low and high collisionality discharges.

The results of hybrid and predictive MIST calculations for the high collisionality discharge are
shown in Fig. TT-3 where the experimental carbon density profile at various times is compared to
those calculated by the two methods. In the hybrid calculation (labeled “Interpretive (MIST)”), D
is determined from neoclassical theory and the particle convection velocity v is determined from
the best fit between the measured and calculated carbon density profiles. In the predictive
calculation, both D and v are calculated from neoclassical theory. It is clear from Fig. TT-3 that
there is much better agreement in the hybrid calculation, where the measured and calculated
profiles (solid and dashed curves respectively in the right column of Fig. TT-3) show much better
agreement than the profiles determined in the fully predictive calculation. The comparison in the
predictive case shows that the early development of the carbon profiles is relatively in agreement
with neoclassical predictions, but outboard peaking at later times is farther inward for the
prediction than for the measurement (see lower right panel in Fig. TT-3). In addition, peaking is
predicted in the very core of the plasma, especially at later times; this core peaking is not seen in
the measured profiles. The results suggest that processes, such as turbulent transport, may be
important; neoclassical transport alone cannot explain the carbon density profile evolution. A
similar comparison was made for the low collisionality discharge and the results are similar to
those shown in Fig. TT-3; neoclassical transport alone is insufficient to describe the transport
necessary for agreement between measured and predicted carbon density profiles.

In summary, it is seen that collisionality has a strong influence on the electron and ion energy
transport, with a strong decrease in electron transport, especially in the outer portion of the
plasma, with decreasing collisionality. Ion transport with respect to neoclassical estimates
actually increases going to lower collisionality, with neoclassical transport at the high
collisionality but several times greater than neoclassical at the lowest collisionality. This trend
may, in fact, also be due to decreasing rotation (and ExB) shear as collisionality is reduced,
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instead of collisionality itself, and future experiments in NSTX-U will help resolve this
uncertainty. Particle transport, as gauged from impurity transport, does not show the strong
dependence on collisionality that is seen in the thermal ion species. Hybrid and predictive
calculations indicate that neoclassical transport alone cannot account for the characteristic
peaking near the edge of the plasma of the measured carbon density profile as the discharges
evolve temporally; purely neoclassical transport would predict outer region peaking farther in
than is measured, and an additional strong peaking in the very core. Consequently, some turbulent
process may be important.
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Figure TT-3: (Left column) Evolution of the carbon density profile vs time and radius for the experimental
measurement (top panel), Hybrid MIST calculation (middle panel) and predictive MIST calculation (bottom panel)
for the high collisionality discharge. The direct comparisons between the respective MIST calculations (dashed
lines) and experimental profiles (solid curves) are shown at increasing times in the Right column. Curves are
plotted for t=0.2 to 0.6 s in increments of 0.1 s.
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L-Mode Transport Studies

a. Energy Transport: Effect of
Characteristics

ExB Shear on High-k Fluctuations/Turbulence

@ Recent analysis lead us to identify the

first experimental observation of a
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Figure TT-4: (a) The ratio between the ExB shear rate and the
maximum linear growth rate for ITG instability (both the Hahm-Burrell
(wg.ppg) and Waltz-Miller (wg,.pyy) EXB shearing rates are
shown); (b) k, spectra in arbitrary unit at the 4 time points shown in
(a); (c) and (d): The radial profiles of lon (c) and electron (d) thermal
diffusivity at t=364 ms (blue), 398 ms (red), 448 ms (black), 482 ms
(green) . The ion neo-classical thermal diffusivity, x; y¢, (magenta) is
also shown in (c). The vertical width of the colored bands denotes the
experimental uncertainty mainly due to the uncertainty in ohmic
heating and measured kinetic profiles (applicable to y; and ). The
rectangular shaded region denotes the high-k measurement region.

kG, a plasma current of 900 kA and a
two-phase NBI with the first 2 MW
NBI pulse from about 100 ms to 200
ms and the second 2 MW NBI pulse
from about 350 ms to the end of
discharges. During the second phase
of NBI, plasma continuously spins
up, which leads to a simultaneous

increase in the ExB shearing rate in
the outer half of the plasma (r/a = 0.5).
scattering system [TT-6].

Turbulence spectrum was measured by a high-k

The change in ExB shearing rate and measured electron-scale wavenumber spectra are shown in
Fig. TT-4 (a) and (b) at 4 time points of interest. The ion and electron thermal diffusivity profiles
at the same times of interest are plotted in Fig. TT-4(c) and (d), respectively. (We note that the
uncertainty in y; and y. in Fig. TT-4 is mainly due to uncertainties in ohmic heating and measured
kinetic profiles). To model ExB shear effect on microturbulence, nonlinear gyrokinetic
simulations are needed. However, here we use linear stability analysis to provide some initial
assessment of the ExB shear effect in the experiment, motivated by the studies on ExB shearing
rate and linear growth rate reported in Refs [TT-7,8]. In Fig. TT-4(a), twgwg/¥max averaged in
the high-k measurement region is plotted as a function of time (Note that both Hahm-Burrell
shearing rate, wgypyg, [TT-8] and Waltz-Miller shearing rate, wgw gy, [TT-9] are used and
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they differ by about a factor of 5), and ¥4, 1S the maximum linear growth rate for the most
unstable ion-scale instability (ITG modes) calculated with the GS2 code [TT-10]. We note that
the gradual increase of wgwg/¥max from t=364 to 448 ms is due to the increase of wg.. 5, While
the faster increase of wg.g/¥max after t= 448 ms is due to both the increase of wg. 5 and
decrease of ¥mgqx Figure TT-4(b) shows the measured k ; spectra at time points used in Fig. TT-
4(a). From t=364 to 398 ms, the measured maximum spectral power (at k&, g # 5) decreases by
about 40% while wgwgwar/Vmax iNCreases from about 0.17 to 0.24. Meanwhile, the spectral
power at larger wavenumbers (k; p. = 8) has about a factor of 2 increase, and it appears that the
slope of the spectra (at k,p. % 7 for t=364 ms and at k,p. < 8 for t=398 ms) is preserved.
Larger decreases, about 60-80%, in spectral power at k;p. % 10 occur while @gw g /Vmasx
approaches 0.4 at t=448 ms and 0.7 at t=482 ms. We note that from t=398 to 448 ms the k spectra
seem to preserve the shape and power at k,p. < 10, but at =482 ms the spectral power at
k,p.=< 10 also starts to drop. This overall decrease in spectral power with the large
WexgwM/ VYmax (~0.7) at t=482 ms is consistent with being close to the quenching threshold
wWexswy ¥ (1.1 — 1.2)¥max calculated using the quenching rule in [TT-11] with A=1.9-2.1 and
k% 2. Since the maximum ETG growth rate in the high-k measurement region,
V¥maze ™ 10 —20C_fa (C, is the sound speed and a is the plasma minor radius), is much larger
than the experimental ExB shearing rate [(0.1 —0.4)C,/a], ETG turbulence is unlikely to be
affected by the experimental amount of ExB shear. However, as we have shown in Fig. TT-4(b),
electron-scale turbulence indeed decreases as ExB shearing rate is increased, and this motivate us
to speculate that some of the observed electron-scale turbulence is nonlinearly driven by the ion-
scale turbulence and its power decreases as the ion-scale turbulence is progressively suppressed
by the ExB shear. However, in order to fully investigate this multi-scale interaction, multi-scale
gyrokinetic simulations are required and are planned and will be carried out in future work.

From Fig. TT-4(c) and (d), we can immediately see that the largest decrease in both y; and y.
occurs at R = 130 cm (r/a = 0.5), which coincides well with where the ExB shear varies most
in the experiment. It is also clear that from t=364 to 398 ms, ¥; decreases by about 50% and ¥,
decreases by about 35% in the high-k measurement region, and a decrease in ¥; and ¥, by about
50% occurs from t=398 to 448 ms, which correlates well with the changes in wgwgwar /Ymax
shown in Fig. TT-4(a), i.e. about 40% increase from t=364 to 398 ms and about 50% from t=398
to 448 ms. y; is always anomalous since at its smallest at t=448 ms, it only approaches to a factor
of about 2-3 of the ion neo-classical thermal diffusivity, y; »-, which is consistent with the ion-
scale turbulence not being completely quenched. We also point out that y; becomes larger and
remains essentially the same from t=448 to 482 ms, even though g5/ ¥masx 1S almost doubled.
We note that an n=1 MHD mode which starts to grow at about =450 ms and saturates at t=470
ms may be responsible for this observation.

b. Particle Transport

A series of shots was analyzed to assess the thermal deuterium particle transport in the core of the
plasma. The study was confined to the core since that is where the particle source, dominated by
beam fueling, is known best. The particle source beyond r/a~0.6 is dominated by gas fueling, and
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the precise source rates, including recycling, in this region are not well known. The discharges
chosen have 1,=0.9 MA, B1=0.55 T, line-averaged density of ~4x10" m™, and injected heating
powers of 2 MW. The range of effective

particle fluxes, and predicted levels of T T T
neoclassical particle transport for the »
R o e
thermal deuterium ions is shown in Fig. TT- S5 05
5. The experimental range is indicated by — = 2 . J
. . & © k. Experimental
the brown shaded region, which has been = o \ ,
- —Q 0 N
plotted only out to 1/a=0.8 for the reasons X E N
given above. The range of predicted T3 S
neoclassical fluxes is given by the blue A~ 05 Neodlassical
shaded region. This comparison indicates %
that the particle flux ranges are comparable 10
to what would be expected from 0 0.2 0.4 0.6 08

neoclassical transport within r/a~0.6. A

greater difference between the two is seen [@/D4]1/2

for larger radii, but the experimental Figure TT-5: Inferred and neoclassical deuterium particle
determination of particle transport is very /iesfor L-mode scan

uncertain due to not knowing the source of neutrals from gas puffing. lon thermal diffusivities are

approximately a factor of several greater than neoclassical, as is seen in Fig. TT-4(c).

In summary, the energy transport in representative L-mode discharges is anomalous for both ions
and electrons, with the ion energy transport becoming more anomalous as the plasma radius
increases. The transport levels, however, decrease with increasing rotation (ExB) shear, and this
is accompanied by a reduction in the mid-k range levels of microturbulence. It is believed that
this mid-k range of turbulence is coupled to that at lower k. Particle transport of the main plasma
species appears to be somewhat decoupled from the energy transport in that the particle transport
appears to be consistent with neoclassical estimates in the core (1/a<0.5) of the plasma. There is
more of an anomalous behavior farther out.

Particle transport in neon puff experiments
a. Edge Impurity Transport Measurements with a Multi-Energy SXR Diagnostic

Perturbative impurity transport measurements were performed in the NSTX plasma edge using
short neon gas puffs and a multi-energy soft x-ray (ME-SXR) diagnostic which utilizes multiple
filters to help distinguish low charge state emission from higher charge state emission, has been
used to measure impurity transport in the ST plasma edge for the first time. Emission from low
charge states, measured with thinner filters, provides the source terms for transport analyses of
higher charge states.

To model the particle transport of an injected impurity, the STRAHL 1D impurity ion radial

transport code [TT-12] is used. For a given impurity, the density evolution of each ionization
state is described by a transport equation with a flux-surface averaged diffusion coefficient D(r, t)
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and convective velocity w(r, t) provided by the user. The particle source/sink term for each
ionization state depends on n., T, and the density of neighboring states through the rate
coefficients for ionization and the recombination coefficients for radiative and dielectronic
recombination. Neutral deuterium density is not diagnosed in NSTX and is assumed to be
negligible inside the separatrix, thus recombination coefficients due to charge exchange are not
included in the model. The plasma parameters 7, and 7, are measured with Thomson scattering.
Along with D and v, the third free parameter in this transport model is the source of neutral
impurity atoms, both directly from the impurity injection and from divertor and vacuum vessel
wall recycling. A simple synthetic diagnostic uses the densities of each charge state of an
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impurity, calculated by STRAHL, to determine the filtered x-ray intensities that would be
measured by the ME-SXR system.

Figure TT-6: (a) The resulting diffusion profile and (b) convection profile from the I, = 0.8 MA, By = 0.40 T
discharge. The shaded region represents the results from NCLASS neoclassical transport calculations. (c) Diffusion
profile and (c) convection profile for the Ip = 1.1 MA, By = 0.55 T case. The radial knots are defined for fixed values of
Ppor and thus shift radially between the two cases with different q profiles.

Perturbative impurity transport measurements were performed in NSTX using short 5 ms neon
gas puffs at the outboard midplane, injecting about 2.5x10'” neon particles. Electrons from the
neon puff accounted for only about 0.5% of the total plasma electron density, and Thomson
scattering indicates that the perturbation to the bulk plasma was negligible. The impurity transport
profiles calculated by STRAHL for an 7, = 1.1 MA and By = 0.55 T discharge, are shown in
Figure TT-6. The error bars represent the uncertainty in the transport profiles due to uncertainty
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in the ME-SXR and Thomson measurements and in the neoclassical values used to constrain core
transport. For comparison, the results from the NCLASS neoclassical transport calculations are
shown with shaded regions on the plots, covering the variation in the calculations during the time
frame of the measurement. The results from the measurements roughly match neoclassical
calculations, in agreement with previous results from the core [TT-13,14]. The diffusion
coefficients obtained from measurements are within a factor of 2 of neoclassical transport across
most of the plasma radius. Deviations from neoclassical diffusion in the edge region, particularly
in the far edge of the low-field discharge, are likely due to edge turbulence and are the topic of
ongoing studies. The convection profiles also roughly agree with neoclassical values, though
NCLASS does not provide reliable convective velocities outside of #/a ~ 0.9. For the two cases
shown, the neoclassical convective velocity remains outward far into the core, which is consistent
with the hollow neon profile found in the STRAHL simulations at later times. Previous results
from core measurements have shown that neon convection near mid-radius can be either inward
or outward, depending on the ion temperature and density profiles, and that neon profiles can thus
be either peaked or hollow [TT-13,14]. In conclusion, inside the pedestal region and under the
conditions of these quiescent discharges, plasma turbulence is not sufficient to alter transport
from neoclassical levels.

Electron Thermal Transport through Parametric Studies and Modeling

Following first nonlinear simulations of microtearing turbulence in NSTX [TT-15, 16], additional
simulations (using the GYRO code) have been extended to test the influence of varying impurity
(carbon) concentration and magnetic shear on resulting turbulence and transport. Simulations
show that there is a dependence of transport somewhat consistent with linear analysis [TT-17],
i.e. transport increasing with impurity concentration (n., or Ze) and magnetic shear. However,
for some range of parameters the turbulence appears to transition (in time) from microtearing to
instead a dominant electrostatic mode. For example, when artificially reducing the carbon
density (n.) from the experimental level to zero, the microtearing transport (EM component) is
initially reduced as expected from a known reduction in linear growth rates. However, as the
simulation progresses, the EM transport drops towards zero and instead an electrostatic-dominant
turbulence emerges. Similar long-time behavior has been found for scans in magnetic shear,
which may be indicative of a physically relevant transition in turbulence regimes as parameters
are varied. Ongoing simulations are testing whether this behavior survives at increased resolution
a. ETG
The response of high-k turbulence to changes in local parameters has been studied using the
coherent microwave scattering diagnostic [TT-6]. In one set of experiments the local core density
gradient was increased by about a factor of 5 as a consequence of a large ELM [see the density
gradient change in the high-k measurement region in Fig. TT-7(a) before and after the ELM].
Both the measured high-k turbulence spectral power and local electron heat flux was reduced
with this increasing density gradient [see Fig. TT-7(b) and (c)], consistent with trends in linear
ETG calculations [TT-18]. Nonlinear ETG simulations were able to predict transport
approaching the experimental level for the low density gradient case, as well as the reduction in
transport at increasing density gradient [see Fig. TT-7(c)] [TT-19]. Global, ion scale simulations
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are being pursued to better understanding the discrepancy between experimental and simulated

transport at the large density
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Figure TT-7: (a) Radial profiles of electron density before and after an ELM with the shaded region denoting the high-k
measurement region; (b) The k, spectra in arbitrary unit (normalized to ng and S is the spectral density calculated using
the total scattered power in the spectra of each channel) before and after the ELM. The absolute upper bounds for the
density fluctuation spectral power are denoted by horizontal solid lines on the tops of vertical dashed lines; (c) Electron
heat flux from experiment (solid rectangles) and nonlinear ETG simulations (lines) at different observed density

gradients before and after the ELM.

gradient.

Additional experiments were carried out to vary

electron collisionality (vi) by more than a factor of two
with other normalized parameters kept relatively
constant. It is found that the measured high-k spectral
power appears to increase with a reduction in
collisionality [see Fig. TT-8(a)], even though the
normalized confinement time increased with QtF~v. 2
[TT-19]. (The difference in spectral power in lower
wavenumber between the two low collisionality shots
could be due to a difference in the EXB shearing rate
[TT-19]). This anti-correlated dependence of the high-k
turbulence with confinement is counterintuitive to
expectations. Linear and nonlinear simulations
illustrate the ETG instability is independent of
collisionality for these parameters, but is sensitive to the
small variations in other local parameters such as

density gradient [see Fig. TT-8(b) for nonlinearly
predicted electron heat flux as a function of density
gradient] and magnetic shear. Furthermore, large
profile variations in equilibrium quantities, e.g. ExB
shear, actually may make the contribution from ion-
scale turbulence possible, and global ion scale
gyrokinetic simulations are needed to address this
issue.
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Figure TT-8: (a) The spectra in arbitrary unit
(normalized to n2e and S is the 4, spectral
density calculated using the total scattered
power in the spectra of each channel. for shots
141031 (blue square?, 141032 (red asterisks),
141007 (black circle), and 141040 (green
diamond). The direction of increase of
collisionality is denoted by a black arrow; $b)
predicted Q. as a function of density gradient for
shot 141040 (green asterisk) and shot 141031
(open square).

Electron internal transport barriers (e-ITBs) have been previously been reported to occur with
strong negative magnetic shear (s<-0.5). For a large collection of discharges, both the large local

electron temperature gradients (much larger than the

linear ETG threshold) and the small
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measured turbulence intensity from “high-k scattering are strongly correlated with the largest
magnitudes of negative magnetic shear. Recent non-local GYRO simulations have now verified
that the ETG turbulence and transport is suppressed with strong negative magnetic shear in the
region of the e-ITB, as shown in Fig. TT-9 (top, middle) [TT-20]. In the outer regions of the e-
ITB the predicted ETG flux reaches experimental levels but turbulence cannot propagate past the
barrier. Additional local simulations verify that this suppression results predominantly from a
nonlinear stabilizing effect that occurs in the absence of strong ExB shear, confirming that
negative magnetic shear alone is sufficient for ETG suppression. This nonlinear effect is very
strong, with the threshold for significant transport approaching three times the linear critical
gradient in some cases (Fig. TT-9, bottom).

b. KBM/TEM

As part of the FY12 JRT, linear stability calculations have been run for dozens of NSTX NBI
heated H-modes (e.g. [TT-2]). In the locations of r/a=0.6-0.8 there are often multiple
independent modes unstable simultaneously, an example of which is shown in Fig. TT-10 (top),
where a microtearing instability is subdominant to a ballooning instability. (The symbols and
dashed lines correspond to solutions from different numerical solvers or geometry assumptions.)
Subsidiary scans for the kops=0.37 ballooning mode (Fig. TT-10, middle) illustrate the mode
exhibits characeteristics very similar to a TEM: driven unstable by electron density and
temperature gradients (a/L,, a/Lr.), weakly dependent on ion temperature gradient (a/Lr;), and
strongly stabilized by increasing collisionality (v.;). However, unlike a traditional electrostatic
TEM instability, this mode is extremely sensitive to 3. with the appearance of an effective
threshold (Be.ci~0.8%) similar to that expected for a KBM instability. The fact that the scaling of
the growth rates are unified by the MHD alpha parameter (Fig. TT-10, bottom), aup=-q°RVp
[where B=%(n,T;)-21¢/B?], highlights the KBM nature of the instability, so we refer to it as a
“hybrid” KBM/TEM. Similar KBM behavior has been predicted in GS2 simulations near the top,
and inside of, the pedestal region [21].

First nonlinear simulations based on this case [22] (not including flow shear) show a number of
interesting features (Fig. TT-11). First, the predicted heat fluxes are experimentally significant
(~2-4 MW) although the transport is very bursty. Second, there is a significant contribution to
heat and particle fluxes from the compressional magnetic perturbations (Bj). One can also see
around t=100-150 a/c, there is a burst in electron thermal transport from the A perturbations,
which eventually subsides. This is likely a consequence of the subdominant microtearing
instability at higher kop, that is ultimately unable to compete with the strong KBM/TEM
turbulence, although we have not run a proper convergence in radial resolution to verify the
microtearing physics is sufficiently represented. The time-averaged transport fluxes peak around
kops~0.4 (not shown), and total predicted transport is reduced with a reduction in beta, as would
be expected from the linear scalings in Fig. TT-10 (middle).

It is also interesting to note that the KBM/TEM turbulence can predict significant momentum

transport, although in this particular case the turbulence is strongly reduced with the inclusion of
finite ExB shear. Nevertheless, the KBM/TEM turbulence provides one possible mechanism that
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could account for both anomalous electron and momentum transport, with near neoclassical ion
thermal transport. Additional simulations are underway to test the sensitivity of these predictions,
and at other locations where the ExB shear suppression is not as strong.
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Development of the in-vessel Multi-Energy Soft X-ray (ME-SXR) diagnostic

The first generation ME-SXR diagnostic
was designed, built, and implemented on
NSTX by the Johns Hopkins University
(JHU) group for the late 2010 and 2011
experimental campaigns [TT-23]. While
total run time was limited by the early
transition into the NSTX upgrade phase,
the acquired data measuring ‘edge’
impurity transport provided a strong
contribution to the 2012 JRT milestone as Figure TT-11: In-vessel, atmospheric re-entrant ME-SXR for

. . . NSTX-U showing cable access port, PCB electronics inside
shown in the previous section [TT-24]. housing, vacuum diode arrays, and pinhole assembly
The goal of the in-vessel ME-SXR is to
maintain and expand the capability to measure filtered SXR emission to provide high time
(>10kHz) and spatial resolution (~1-3cm) electron temperature, density, and impurity profiles
from the edge to the plasma core. The addition of another neutral beam, along with a reshuffling
of port diagnostic allocation, necessitated a new ME-SXR diagnostic design with the capability
for in-vessel operation using a re-entrant, atmospheric housing for the ME-SXR electronics (Fig
TT-11). The severe space constraints involved in placing a diagnostic between the vacuum vessel
wall and the plasma edge make the engineering and design quite challenging; however, a
preliminary design has been completed that provides adequate interior room for the amplifier
electronics and cabling. The electronics will be similar to the first generation ME-SXR with
ongoing development to test on-board A/D and serial conversion to significantly reduce the in-
vessel cabling requirements for the system. Furthermore, the JHU group is developing advanced
algorithms using neural network programming to incorporate ME-SXR data along with other
plasma constraints to provide robust and fast electron temperature and density profile
reconstructions with the potential for real-time feedback information.

ME-SXR collaboration with EAST

The capability of the ME-SXR system to provide high time and spatial resolution profiles
generated interest from the EAST fusion research program. The JHU group was subsequently
contacted by Dr. Gousheng Xu, leader of the edge physics group, to investigate possible
collaborative opportunities to provide similar data for the EAST facility. With support from DoE,
Dr. Kevin Tritz from the JHU group is working with EAST to design, build, and implement on
EAST a high spatial resolution (<1cm) ME-SXR diagnostic to measure profiles in the plasma
edge. Because the EAST ports have a long throat due to the existence of a cryostat necessary for
the superconducting coils, this system must also be based on a re-entrant, atmospheric assembly
to provide the required field of view of the plasma edge. The EAST ME-SXR design is complete,
and more closely based on the physical assembly of the NSTX 1% generation system (Fig TT-12).
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Present plans are to complete the
construction by summer 2013 for
delivery to EAST for testing and
integration into the data acquisition
system, with installation into the vessel
scheduled for later that same year. This
system will be used to study edge
profile dynamics during ELMs, provide
estimates of electron temperature
profiles, and can also be used to study
perturbative transport, ideally using the
EAST molecular cluster injector. An
expansion of the edge ME-SXR
diagnostic on EAST to a full edge/core  Figure TT-12: EAST ME-SXR in-vessel, re-entrant design for high
system at multiple toroidal locations is spatial resolution (< 1cm) measurements of the plasma edge
planned for the future pending funding from a grant submitted to the ‘Collaborative Research in
Magnetic Fusion Energy Sciences on International Research Facilities’ solicitation.
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Energetic Particle Research

Energetic Particle Research in FY-2012 has been driven by two fundamental themes in the study
of fast ion driven instabilities, which include Alfvénic modes (AEs), Energetic Particle modes
(EPMs) and lower frequency MHD modes such as kinks and fishbones. The first theme is the
dependence of the instabilities’ behavior on modifications of the fast ion distribution function,
Fno, in energy and pitch (phase space), in addition to more obvious parameters such as the fast ion
pressure or the radial fast ion density gradient. The second theme is the importance of non-linear
effects in regulating stability and saturation mechanisms of AEs, as well as the multi-mode
dynamics involving disparate classes of AEs.

Previous studies of the effects of Toroidal Alfvén eigenmodes (TAES) on fast ion transport in
NSTX have been extended to a broader set of conditions [EP-1], including H-mode plasmas [EP-
2]. A statistical correlation between the bursting/chirping nature of the modes and some discharge
parameters (e.g. ratio of fast ion to thermal plasma pressure) has been established. However, the
available database should be further extended to reach more conclusive and gquantitative results
on the relationship between plasma parameters (such as g-profile, NB injection geometry), mode
stability and specific regime of the instabilities [EP-1].

The effects of TAEs on the fast ion distribution have been investigated through numerical
simulations based on the NOVA-K [EP-3] and ORBIT [EP-4] codes. Simulations indicate that
TAE effects on fast ions are more complicated than a simple enhancement of radial diffusion. In
the presence of multiple modes characterized by different helicity, fast ions are redistributed in
energy as well as space [EP-2]. This is important, for example, to understand (and develop tools
to predict) the effects of instabilities on NB-driven current. In the analysis, ideal eigenmodes
obtained via NOVA-K are selected and re-scaled based on measurements of the radial mode
structure from a multi-channel reflectometer array [EP-5]. The selected modes are then used in
the gyro-center orbit following code ORBIT to simulate the fast ion response to the modes [EP-
6]. Most analyses have been performed
for so-called TAE avalanches, because [
of the large enhancement of fast ion 100F
transport and NB-driven  current
redistribution they can induce. ORBIT
simulations for H-mode scenarios have All lost (2 ms)
shown the complex modifications of fast 50 - Lost to detector .
ion phase space caused by avalanche '
events [EP-2]. An important conclusion “un
is that a depletion of the higher energy
portion of F,, can occur even without a T

noticeable loss of fast ions from the core E (keV)
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Fast ion transport associated with TAE avalanches has been further investigated by comparing the
measured and simulated response of a scintillator-based Fast Lost lon Probe (sFLIP [EP-7])
during avalanches. Two discharges with similar avalanching TAEs and neutron rate drops but
different observations from sFLIP are compared. For the first discharge, sFLIP does detect lost
fast ions at the plasma edge. The measured energy spectrum and pitch range of the lost particles is
in fair agreement with ORBIT predictions (Fig. EP-1), indicating that the model is capturing the
essential features of fast ion transport from the core to the plasma edge up to the vessel wall,
where sFLIP is located. In a second discharge, in spite of the similar level of TAE activity and
neutron rate drop, no substantial loss is detected by sFLIP, which is consistent with the outcome
of NOVA-K and ORBIT simulations [EP-8].

As pointed out previously, results from NOVA-K and ORBIT modeling confirm the importance
of a detailed knowledge of F,, modifications over extended regions of phase space to overcome
simplistic conclusions on fast ion transport and redistribution and to provide more stringent
constraints for code validation/verification, thus enabling accurate theory-experiment
comparisons. The physical models of mode growth and saturation are being challenged to explain
the avalanching behavior commonly observed for TAEs in NSTX plasmas with fast ion pressure
greater than ~30% of the thermal pressure. To this purpose, codes that are capable of capturing
the full non-linear dynamics of wave-particle interaction are being upgraded and applied to
NSTX scenarios. For example, the self-consistent, non-linear code M3D-K [EP-9] is being
upgraded to use numerical fast ion distribution
functions from the NUBEAM module within
the TRANSP code. This is necessary for
accurately modeling the details of a realistic
beam ion distribution, which cannot be
adequately captured by commonly used
analytic distribution functions. In addition to
M3D-K, simulations of NSTX plasmas with
the gyro-kinetic code GTC [EP-11] have
begun to verify whether the observed
bursting/chirping TAE regime can be  -2f. ..,
explained by the rapid formation and
destruction of phase space structures, even in
the absence of fast ion sources and sinks [EP-
12]. Based on the improved understanding of
TAE effects on fast ion transport, a project has
started in FY-2012 to incorporate the physics

NSTX 135419 0.320s
T

Resonant Orbit
SPIRAL

Energy 68.4 keV

Pitch ™ 0.77 /!

Rpirth 1.15m A%
;‘,"

0.3
.60 14 12 13 14 15

of fast ion distribution modifications by
resonant TAEs into the TRANSP code for
improved simulations of heating and current
drive by neutral beam injection.

Major Radius (m)
Figure EP-2: Orbit of a representative fast ion resonant with a
GAE mode, (a) mapped on a poloidal cross-section of NSTX, (b)
plan view on the equatorial plane and (c) mod(B) on mid-plane.
The shaded region shows the range spanned by the guiding centre.
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Figure EP-3: Example of enhanced NPA flux at the full NB
energy E=90 keV (c) observed during a period (blue bar) of
reduced low frequency and robust high frequency MHD activity
(a) that is attended by increases in the neutron yield and stored

energy (b).

In addition to TAE modes, a broad spectrum of
Global and Compressional Alfvén eigenmodes
(GAE/CAE) is commonly observed on NSTX
at frequencies comparable to the ion-cyclotron
frequency. An improved characterization of
radial structure and temporal evolution of the
modes has been achieved through analysis of
data from reflectometers and Mirnov coils [EP-
5]. A method to distinguish between GAE and
CAE modes, based on a combination of toroidal
mode number analysis and comparison of the
mode frequency evolution with a local
dispersion relation, has been developed [EP-
13]. Progress has also been made in simulating
and understanding the complicated Doppler-
shifted cyclotron resonance drive for counter-
propagating CAE and GAE modes, see Fig. EP-
2. The full-orbit, particle-following code
SPIRAL [EP-14] has been used to model fast
ion orbits and verify the resonance conditions.
It seems likely that the relatively low ratio of
the cyclotron frequency to the transit frequency
in NSTX facilitates this type of resonance drive.
More detailed simulations with the combined
SPIRAL and HYM [EP-15] codes are planned

to quantify the effect that GAE and CAE modes have on the fast ion distribution. Similarly to
TAE modes, phase space modifications by GAE/CAEs are believed to be crucial to explain
features such as an enhanced flux corresponding to full energy NB ions observed on the NPA
diagnostic (Fig. EP-3). Redistribution of fast ions toward larger pitch (higher parallel velocity) by
GAE/CAE modes is a candidate mechanism to explain this phenomenon [EP-16]. If confirmed,

the same mechanism could be important

to understand how (and if) conveniently

stabilized/destabilized high-frequency AEs can be used to redistribute particles in phase space,
for example to push trapped fast ions toward passing (better confined) orbits that are more
favorable for NB current drive or to broaden the fast ion pressure profile.
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Fast ion phase space modifications are also believed to be responsible for a number of
observations involving different classes of
MHD modes. A first example is provided by :

the destabilization of high-frequency AEs _ ‘900; B
that follows the appearance of low- fI_f 1700 -
frequency kink-like modes [EP-17], as :
shown in Fig. EP-4(a-b). Recent M3D-K "% (a) E
simulations suggest that these long-lived ®Emy L as ]
kink modes are a saturated, non-resonant

2100 sHoT#142296 kA 3

40= :

(1,1) kink mode. These modes can in turn g 3 E
flatten the radial beam ion profile and lead = 20° - :
to significant broadening of beam-driven o =
current [EP-18]. SPIRAL simulations have e Sie o oS 54 ToE 2B 250

Time [ms]

been performed with a kink radial structure

obtained through the PEST code and 10
validated by soft X-rays data. The i: s
simulation indicates that fast ions are s

scattered to larger pitch, cf. Fig. EP-4(c), * -10

into phase space regions where CAE 90

resonances are expeCted' The depletlon of Figure EP-4: (a-b) Destabilization of CAE modes soon after
the smaller pItCh pOI’tion of Fnb is also low-frequency kink-like modes are destabilized. (c) SPIRAL

istent with a d . | ob d simulation of fast ion redistribution, showing an increase in
consistent with a drop In signal observea on F,p, in regions where CAE resonances are expected.
a Fast lon D-Alpha profile diagnostic, that
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400-700 kHz. The modes are probably gsoo‘ i T
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Figure EP-5: Modification of GAE activity during RMP pulses with

this case, anaIySIS with the SPIRAL code »-=3. (a-b) Time traces of RWM coil current Da and SXR emission. (d)
indicates that the external field perturbatlon Measured neutron rate. (e-f) Frequency spectrum and rms signal

amplitude of magnetic fluctuations from Mirnov coils. (g) Detail of

depletes the portion of phase space that mode evolution around i~0.5 s.
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drives the GAE instabilities. This interesting observation contributes to an overarching goal of EP
research: Develop tools that can control fast-particle driven instabilities.

Possible coupling between different MHD and fast ion driven instabilities can further complicate
the non-linear mode dynamics and their effect on the fast ion population on NSTX. For instance,
otherwise (linearly) stable modes can be destabilized through non-linear coupling. The non-linear
saturation level of Alfvénic instabilities can be significantly affected by non-linear coupling.
Experiments on NSTX have evidenced non-linear, three-wave coupling between pairs of TAE
modes and a n=1 kink. This appears to be a direct mode-mode coupling between TAEs and the
kink mode. Coupling of Global Alfvén Eigenmodes to TAE modes through the fast ion
distribution is also observed, with GAE avalanches triggering TAE avalanches. Likewise, low-
frequency MHD activity (kinks or tearing modes) is suspected of redistributing fast ions and
destabilizing high frequency CAE modes, as discussed before. In general, the broad spectrum of
Alfvénic activity on NSTX potentially interacts both directly, through wave-wave coupling, as
well as indirectly, through modifications of the fast ion distribution. In turn, the latter affects
stability and saturation of energetic particle driven modes. Further improvements in theoretical
models, numerical codes and diagnostics are required to untangle this complex web of
interactions.
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Wave Heating and Current Drive
HHFW SOL/Divertor Interactions in NSTX

lon-cyclotron range of frequency (ICRF) heating and current drive can provide an important tool
that supports the development of burning plasma science. Twenty megawatts of ICRF heatng are
currently planned for ITER. Furthermore, FNSF designs based on the spherical torus (ST) do not
have a central solenoid to drive the plasma current
EAEEC)  so the plasma must be initiated, ramped-up and

sustained fully non-inductively.

High-harmonic fast wave (HHFW) power can, in
principle, effectively ramp-up the plasma current
through bulk plasma heating and bootstrap current
enhancement in an FNSF ST device, even at low
plasma currents where neutral beam current drive is
ineffective due to poor fast-ion confinement. HHFW
power is also a good candidate for on-axis non-
inductive current generation in future fusion
' reactors. HHFW heating and current-drive
t=0.433 s ' efficiencies on NSTX can be significantly lowered
by interactions of the HHFW with the edge plasma
E:gg;gedRspilrél ?c?rm shot Ifffaggfwitﬁog ed%i In the scrape-off layer (SOL) [RF-1-5]. In such
magnetic pitch of ~ 40°. Conditions are D,, By ~ €ases, the heating efficiency has been shown to be
=45KG, Ip = 1 MA, Pge = 1.4 MW, Antennarelated to the location of the onset density for
ty’ 10-189 mm.’f”;r;eﬁr?ﬂ’ci_smOgd:pw'fh T;(?O) ;ms perpendicular fast wave propagation, and it is

Locations for antenna, ports B, G, I, K, and IR
camera views are noted.

hypothesized that surface waves are being
excited just beyond this onset density
[RF-1, 2]. These edge interactions result in
RF power deposition from the antenna to
both the lower and upper divertor regions

RsoL(m)
1.57
my 1575

where bright spirals are produced, as shown 1.520
in Fig. RF-1. The location of the spirals in
the divertor regions is consistent with the 1514
hypothesis that HHFW power flows
through the SOL to the divertor regions 1 508

along magnetic field lines that pass in front
of the antenna [RF-6]. This includes the 1 0 1

. . Radius (m)
field lines across the SOL between the Figure RF-2: Magnetic field line strike points on lower

antenna and the last closed flux surface divertor region for field lines originating between the

(LCFS) as indicated in Fig. RF-2, that antenna and the LCFS in the SOL at the midplane of the

antenna for shot 141899 at t = 0.435 sec. (LRDFIT04 and
shows that the HHFW power flow to the congitions for Fig. RF-1.) (

divertor regions occurs across the width of
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Spiral strike points at Bay |. CHI gap is indicated
with dashed red lines. (Conditions of Fia. RF-1.)

the SOL. Comparisons of measurements of
power deposition in the divertor regions to SOL
field strike patterns for magnetic field lines
passing through the SOL midplane in front of the
antenna (as in Fig. RF-3) show good agreement
between divertor infrared (IR) and optical
camera data (IR camera views shown in Fig. RF-
1). These results support the hypothesis that the
HHFW power is flowing along SOL field lines
and gives an indication of the RF power
deposition radial profile across the SOL [RF-7,
8]. These results are important for benchmarking
advanced RF codes for predicting the amount of
fast-wave power coupled to the SOL [RF-9].
Fully understanding the underlying mechanisms
behind this loss mechanism is critical for

optimizing HHFW performance and fast wave performance in general, especially for high-power

long-pulse ICRF heating in ITER.

Interaction of HHFW RF Power and NBI Fast-lons
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Figure RF-4: Comparison of FIDA fast ion
profile data (black) with CQL3D simulation
results: ZOW (blue), 1% order FOW (green) and
Hybrid FOW (red). (a) for a discharge with NBI
(shot 129842) and (b) for a discharge with NBI
and HHFW (shot 128739).

Accurate numerical simulation of the interaction
between fast waves and neutral-beam-injected
(NBI) fast-ions is important for future fusion
devices that will use a combination of neutral
beam injection and fast-wave heating, such as
ITER, since significant fast-ion profile broadening
can result in the generation of less thermonuclear
power. Fast ion profile broadening caused by
HHFW heating during NBI has been measured by
a 16-channel fast-ion D-alpha (FIDA) diagnostic
[RF-10, 11] on NSTX. The measured FIDA spatial
profile has been compared with the prediction of
the synthetic diagnostic code “FIDAsim” using the
fast-ion distribution function from the CQL3D
Fokker—Planck code [RF-12].

In an earlier study where CQL3D used a zero-
banana-width (ZOW) model, CQL3D predicted a
fast-ion profile that was inboard of the measured
profile [RF-13]. Later CQL3D simulations used a
first-order finite-orbit-width (FOW) model that
calculates the bounce-average radial location of the
ions versus radius, and then uses these orbit shifts
to self-consistently obtain the fast-ion distribution.
CQL3D simulations using this first-order FOW

100 of 116



model predicted a large outward radial shift, due to large orbit shifts, that was not seen in the
experimental NSTX FIDA data. Recent CQL3D simulations have used a more accurate “hybrid”
FOW model based on guiding center orbits. FOW features were implemented for the neutral
beam source, the RF quasi-linear diffusion operator, and diagnostics. The FOW collisional
operator is implemented but not applied in the FOW-hybrid calulation. Together this full feature
set provides a full-orbit FOW neoclassical calculation. These latest simulations however do not
include transport across the trapped-passing boundary; this feature is currently being
implemented in CQL3D. A comparison of the FIDA data to the ZOW, first-order FOW, and
hybrid FOW CQL3D simulations is shown in Fig. RF-4 for a case with neutral beam injection
only (Fig. RF-4(a)) and with neutral beam injection and HHFW heating (Fig. RF-4(b)). Simulated
FIDA data are normalized to the FIDA experimental data for the NBI only case (Fig. RF-4(a)),
the same normalization factors are then used for the case with NBI and HHFW (Fig. RF-4(b)).
The hybrid FOW model predicts the peak of the fast ion profile well, although the simulated
profile is wider than the measured profile, especially for the case with only NBI. The predicted
FIDA energy spectra, NPA energy spectra, and neutron rate are also roughly consistent with
observations. Future CQL3D simulations with more accurate fast ion starting points and full
banana-regime CQL3D FOW neoclassical transport may help to distribute more fast ions towards
the plasma edge.

Non-Maxwellian lon Plasma Dielectric Contributions in the HHFW version of TORIC

Ongoing experimental studies in the HHFW regime on NSTX and DIII-D have indicated that the
fast ion population from neutral beam injection (NBI) is significantly modified by interactions
with the HHFWSs. Though the contribution of the non-Maxwellian fast ions to the plasma
susceptibility was included previously in the 1D all orders METS code [RF-14] and the 2D
AORSA code [RF-15], it was not yet implemented in the TORIC_HHFW code, which is utilized
within the TRANPS code for time-dependent analysis of various NSTX discharges. Over the past
year, various modules in the TORIC-HHFW code have been generalized to include gyrotropic but
otherwise arbitrary fast ion distributions in the plasma dielectric response. As with similar
calculations in AORSA [RF-15], TORIC IC [RF-16] and TORIC LH codes [RF-17], because of
the large number of velocity space integrations required to generate the plasma dielectric tensor
elements of a non-Maxwellian species, the dielectric tensor is pre-computed and input to TORIC,
so that the field and power deposition routines need only use a look-up table for the fast ion
contributions to the local plasma dielectric tensor elements. The routines are analogous to those
utilized in related work in the low harmonic ICRF regime. The results of the modified plasma
dielectric tensor modules for a numerically specified Maxwellian distribution function accurately
reproduce the response obtained previously for an analytic Maxwellian distribution. Details of
this code development were presented at the APS-DPP meeting in November 2011 [RF-18].

Continuing Studies of the Short Wavelength Slow Mode Identified in High Resolution
Simulations of the HHFW and ICRF Wave fields in NSTX and C-Mod

Previous AORSA and TORIC-HHFW simulations of HHFW wave heating and current drive in
NSTX have found that mode conversion to a slow wave structure is present if enough expansion
elements are retained to resolve small-scale spatial structures. Simulations with these state-of-the-
art full wave codes indicate that this new mode is also seen in the wave electric fields in the ICRF
regime in C-Mod. Theoretical analysis indicates that the origin of the propagating slow mode can
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be attributed to warm electron effects, o < k,vg, which allow the propagation of the additional
wave. In close collaboration with ORNL and the PSFC-MIT, the dependence of this mode on
finite electron temperature and k;; upshift, due in particular to the poloidal magnetic field, was
verified in a range of AORSA and TORIC-HHFW simulations. Localized strong electron
damping, as well as kinetic flux, was found to be associated with the new mode. In addition, the
presence or absence of finite ion temperature did not have a significant effect on the structure or
damping of the short wavelength mode. Though all of these features are consistent with the
theoretical model, the model predicts a smaller wavelength for the mode than is found in the
simulations. Furthermore, though the new slow mode appears first in the E; field solutions, as
expected from the theoretical model, as the solution grid is further refined, it then appears in the
E. and E. fields and the power convergence tests degrade and eventually fail. Because the mode is
found in two different regimes (ICRF and HHFW) and since it is observed in the solutions of two
independently written full wave codes with rather different algorithmic approaches and some
differences in the underlying physics content, it is probably a real mode rather than a numerical
artifact [RF-19]. More detailed comparisons will continue between the wave structure predicted
by analytic models and that seen in the simulations

to determine how much of the launched HHFW  (a) 0.2 lon k,=13m"

power may be absorbed by this mode, and identify Power Deposition

the reason why both TORIC and AORSA have Depostion N Electron
convergence difficulties at ultra high spatial ~ MW-M?) 7 Deposition
resolutions when this mode is present. '
NSTX-U HHFW Simulations 0lL"

rla

NSTX-U will operate with toroidal magnetic fields (b)
up to 1 T, nearly twice the value used in the
experiments on NSTX. While the dominant radio- Power
frequency heating mechanisms in NSTX were ?&%’ﬁgﬁ;‘ |
found to be Transit Time Magnetic Pumping

damping on electrons and fast ion damping at high

cyclotron harmonics, at the mid-harmonic range ot
expected on NSTX-U the power partitioning may
change. Initial simulations with the AORSA, () o7k
TORIC, METS and GENRAY codes indicate
significantly more thermal deuterium damping, in Power

0.2

addition to NBI fast-ion damping, may occur in [();‘\’,35;2‘2;’ I
NSTX-U.
Figure RF-5 shows calculated power deposition 0 g DA

from GENRAY ray tracing [RF-20] and CQL3D 0 ol Irfa) L !
. . Figure RF-5: lon (solid line) and electron
Fokker-Planck HHFW simulations [RF-12] that (dashed line) RF power deposition profiles
were performed on a prospective NSTX-U NBI-  calculated by GENRAY/CQL3D for a NSTX-U
_ : : plasma with Br(0) =1 T, I, = 1.1 MA, 6.3 MW of
heated H-mode discharge. This plasma had a B+(0) 90 keV, T,(0) = 13 kev, o ne(0) = 9x10%°m”,
=1T,1,=11MA 63 MW of 90 keV NBI, Results are shown for (a) k, = 13 m?, (b)

To(0) = 1.3 keV, ng(0) = 9x10"®m™ and a 0.06 m  ke=-8m™and (c) k= -3m™ antenna phasing.
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outer gap, compatible with HHFW heating. Modeling results for three antenna phasing are
shown; k¢ =13 m™ (heating antenna phasing) (Fig. RF-5(a)), k¢ =-8 m* (Fig. RF-5(b)) and k¢ =
-3 m™ (Fig. RF-5(c)) (both current drive antenna phasings). Strong single pass damping was
predicted for the three antenna phasings. For k¢ = 13 m™ heating, 52% of the HHFW power was
absorbed directly by electrons and 48% was absorbed by ions. For k¢, = -8 m™ heating, 35% of
the HHFW power was absorbed directly by electrons and 65% was absorbed by ions. For k¢ =-3
m™ heating, only 5% of the HHFW power was absorbed directly by electrons and 95% was
absorbed by ions. Simulations of HHFW heating in other NSTX-U plasma scenarios is ongoing.

First H-Mode Discharges Generated in EAST by ICRF Heating Alone

Sustained H-mode discharges produced by ICRF power alone have been produced for the first
time in the EAST superconducting tokamak in China. The first H-mode plasmas generated in
EAST used lower hybrid wave (LHW) heating alone and H-mode access was made possible
through the extensive use of lithium-wall coatings [RF-21]. H-mode discharges had also
previously been generated in EAST by a combination of LHW heating and hydrogen-minority
ICRF  heating, after

450 Ha) ~~ baking the plasma facing
300 4-(”\)' . -Hm'Ode_iP_rfs? —— components (PFCs) and
3.0 HO) ,mn-3) N—— extensive lithium wall
e E— T coating reduced  the
1% w\/".‘" el hydrogen to deuterium
70 (@) /’"""‘W" ) ratio to 5-10%. LHW
140 _'(e) r . 5|, Jda™ L heating wis uied in these
70 F Ve et experiments to increase
21 :_(f) Y« L L UL LA \‘; the electron beta and
7B xuv | /W\ —=08 hence the ICRF power
i‘ § T pjg'_BF(MI\N) — Ehm'ww):: B abSFertlon. However,
S, T N T\ _403  until recently the
2 3 4 5 6 7 8 maximum ICRF power
Time(Sec.) coupled to  EAST

Figure RF-6: Time traces of plasma parameters for a typical H mode discharges : s
with ICRH only. (a) plasma current, (b) the line average density, (c) the loop plasmas was  insufficient
voltage, (d) the stored energy, (e)the neutron rate, (f) XUV radiations at p=0,0.9 {0 generate an H-mode
and 1. (@) ICRF iniection power. The plasma is sustained in H-mode for 3.45s. discharge with ICRF

power alone.

On NSTX an almost fully non-inductive I, = 300 kA deuterium H-mode plasma was generated in
2010 with only 1.4 MW of 30 MHz HHFW heating power using current drive antenna phasing
and extensive lithium conditioning [RF-22]. In 2012 the NSTX HHFW team submitted an
experimental proposal to EAST that aimed to produce and study H-mode plasmas generated by
ICRF heating alone. While many of the goals of that proposal were not met during the ICRF
experiments on EAST in 2012, these experiments did yield the first H-mode discharges heated by
ICRF waves only (that is without using LHW heating). These ICRF-only H-mode discharges
were sustained for up to 3.45 s (Fig. RF-6).
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The H-mode phase during the longest duration H-modes was only terminated when the ICRF
power was turned off. During the EAST experimental campaign 25 ICRF H-mode discharges
were obtained in total [RF-23]. H-modes were only obtained in double null discharges that had an
elongation of ~ 1.7 and a trangularity ~ 0.45. H-mode plasmas with ICRF heating alone were
produced in a narrow range of operation parameters, with plasma currents between 0.4 MA and
0.6 MA, line averaged density between 1.83 x 10" m™ and 2.35 x 10" m™®, and axial toroidal
fields between 185 - 195 T. The total ICRF power was varied from 1.6 to
1.8 MW. Note that a higher plasma density is needed for effective coupling of ICRF power into
the core plasma. Normally, arcing was encountered in the RF transmission line when the line
averaged plasma density was less than 1.8 x10'°* m™. This was due to increased reflection of RF
power back into the antennas causing standing waves in the transmission line.

Unlike EAST H-mode discharges generated by LHW heating alone, that exhibit a decrease of the
core electron temperature, the electron temperature measured by an X-ray crystal spectrometer
showed an increase of 300 eV in the plasma core of a H-mode discharge heated only by ICRF
power, even though the density and radiated power loss during the H-mode phase were greatly
enhanced. H-modes started with a short ELM-free period, lasting ~ 500 ms, followed by type Il
ELMs (Fig. RF-7(a)) with frequencies from 200 to 500 Hz (Fig. RF-7(b)).

Arcing in the transmission lines between the RF sources and the antennas was one of the main
issues limiting the RF power that could be coupled into the plasma during the 2012 EAST
experimental campaign. More coupled ICRF power will be required to achieve H-mode access
over a wider parameter range than was possible during this first EAST ICRF H-mode campaign.
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Figure RF-7: (a) D, emission, (b) ELM repetition time and (c) ICRF heating power versus time during the
ICRF-heated H-mode discharge shown in Fig. 5. Type 1ll ELMs, with frequencies between 200 and 500 Hz,
were observed during most of the H-mode phase.
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EBW Modeling for a NSTX-U Advanced Scenario H-Mode Discharge
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Figure RF-8: (a) Profiles of electron temperature
(dashed line) and electron density (solid line) used for
modeling EBW heating and current drive, and (b)
electron cyclotron resonances and cutoffs for NSTX-U

TRANSP run 142301V11 at 11.875s.

A 1 MW, 28 GHz ECH system on NSTX-U
is planned for installation in 2016-17. It will
initially be used to heat non-inductive start-up
discharges in NSTX-U. Later it will be
upgraded to a 2 MW electron Bernstein wave
(EBW) heating and current drive system [RF-
24]. GENRAY-ADJ modeling [RF-20] was
conducted for a 1.1 MA advance scenario
NSTX-U H-mode plasma with an axial
toroidal field of 1 T (TRANSP run
142301V11 at 11.875 s). The density and
temperature profiles used for the modeling
are shown in Fig. RF-8(a). The electron
cyclotron resonances and cutoffs for this
plasma are shown in Fig. RF-8(b). 28 GHz
EBWs are resonant with f,. at R ~ 0.95 m,
close to the magnetic axis.

The O-X-B (ordinary mode to slow
extraordinary mode to EBW) double mode
conversion efficiency was calculated as a
function of poloidal and toroidal angle for

TRANSP run 142301V11 at 11.875 s and the results are summarized in Fig. RF-9. The maximum
O-X-B mode conversion efficiency was obtained for a poloidal angle of + 10 degrees and a

toroidal angle of =+ 38 degrees,
corresponding to n; = £ 0.7. Modeling
of the EBW heating and current drive
assumed a launched n;, = + 0.7. The
EBW rays were launched at the LCFS
and the vertical location of the launched
rays was scanned above and below the
midplane. The optimum location for
providing localized heating and current
drive was found between 15 and 25
degrees above and below the midplane.

Figure RF-10 summarizes GENRAY-
ADJ modeling results for 1 MW of
EBW power launched 20 degrees below
the midplane with n, = 0.7. EBWs
propagate to just inside the magnetic
axis (Fig. RF-10(a)) and travel about a
third of the way toroidally around the
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Figure RF-9: O-X-B mode conversion efficiency versus
poloidal and toroidal angle for NSTX-U TRANSP run

142301V11 at 11.875 s.

GENRAY-ADJ modeling was

performed assuming a launched n, = = 0.7, corresponding to
alignment of the mirror launcher with the indicated regions of
maximum mode conversion.

machine (Fig. RF-10(b)). EBW power deposition peaks at r/a ~ 0.25. In this case the EBW-driven
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current is 25 kA and it is driven counter to the ohmic plasma current. Launching 20 degrees
above the midplane drives a similar current but in the same direction as the ohmic plasma current.
Launching the EBW power less than 10 degrees above and below the midplane resulted in little
or no net current drive since the n;, of the propagating EBWs oscillated between positive and
negative values as they were absorbed, and as a result drove current in both directions. Launching
the EBW power more than 30 degrees above and below the midplane resulted in large Doppler
shifts, so that the EBW power was absorbed well off axis and the EBW power deposition profile
became very broad.
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Figure RF-10: EBW ray trajectories calculated by GENRAY-ADJ plotted in (a) the poloidal and (b) the toroidal
midplane for a case with maximum OXB conversion efficiency for NSTX-U TRANSP run 142301V11 at 11.875 s.
EBW rays were launched 20 degrees below the midplane with n, = 0.7. (¢) EBW power deposition and EBW-
driven current density versus r/a calculated by GENRAY-ADJ for 1 MW of 28 GHz EBW power.

Previously B-X-O radiometric measurements on NSTX had yielded 50-60% EBW coupling
efficiency from H-mode plasmas with lithium conditioning [RF-25]. The coupling efficiency
significantly degraded by EBW collisional losses near the B-X-O mode conversion layer, located
in the SOL, when lithium conditioning was not used. The higher magnetic field in NSTX-U
should yield higher scrape off temperatures and lower EBW collisonal losses, and as a result a
better O-X-B coupling efficiency.

References

[RF-1] J.C. Hosea, et al., Phys. Plasmas 15, 056104 (2008)

[RF-2] C.K. Phillips et al., Nucl. Fusion 49, 075015 (2009)

[RF-3] J.C. Hosea et al., AIP Conf Proceedings 1187, 105 (2009)
[RF-4] G. Taylor et al., Physics of Plasmas 17, 056114 (2010)

[RF-5] J.C. Hosea, et al., AIP Conf. Proceedings 1406, 333 (2011)
[RF-6] R.J. Perkins et al., Phys. Rev. Lett. 109, 045001 (2012)

[RF-7] R.J. Perkins, et al., Proc. 39" EPS Conf. on Plasma Physics 36F (Stockholm 2012) paper
P-1.011

[RF-8] R.J. Perkins, et al., IAEA Fusion Conference (San Diego 2012)
[RF-9] D.L. Green, et al., Phys. Rev. Lett. 107, 145001 (2011)
[RF-10] W.W. Heidbrink, et al., Rev. Sci. Instrum. 77, 10F120 (2006)

106 of 116



[RF-11] M. Podesta, et al., Rev. Sci. Instrum. 79, 10E521 (2008)

[RF-12] R.W. Harvey and M.G. Mccoy Proc. IAEA Technical Committee Meeting on Advances
in Simulation and Modeling of Thermonuclear Plasmas (Montreal 1992) (Vienna: IAEA)

[RF-13] D. Liu, et al., Plasma Phys. and Control. Fus. 52, 025006 (2010)

[RF-14] R.J. Dumont, C. K. Phillips ad D.N. Smithe, Phys. Plasmas 12, 042508 (2005)

[RF-15] E.F. Jaeger, et al., Phys. Plasmas 13,056101 (2006)

[RF-16] E.J. Valeo, et al., http://meetings.aps.org/link/BAPS.2006.DPP.VP1.47

[RF-17] E.J. Valeo, et al., Radio Frequency Power in Plasmas: Proc. of the 17" Topical

Conference. AIP Conf Proc. 933, [AIP, NY, 2007], p. 297

[RF-18] N. Bertelli, et al., http://meetings.aps.org/link/BAPS.2011.DPP.NP9.64

[RF-19] C.K. Phillips, et al., Radio Frequency Power in Plasmas: Proc. of the 19™ Topical
Conference, AIP Conf Proc. 1406, (AIP, NY, 2011) p. 341

[RF-20] A. P. Smirnov, et al., Proc. 15" Workshop on ECE and ECRH, (World Scientific 2009),

p. 301

[RF-21] G.S. Xu, et al., Nucl. Fusion 51, 072001 (2011)

[RF-22] G. Taylor, et al., Phys. Plasmas 19, 042501 (2012)

[RF-23] Y.P. Zhao, et al., “First Results from H-Mode Plasmas Generated by ICRF Heating
Alone in the EAST Superconducting Tokamak”, t0 be submitted to Nucl. Fusion Lett. (2012)

[RF-24] G. Taylor, et al., Proc. 17" Workshop on ECE ECRH, (EPJ Web of Conferences 2012)

32, 02014 http://www.epj-conferences.org/

[RF-25] S.J. Diem, et al., Phys. Rev. Lett. 103, 015002 (2009)

107 of 116


http://meetings.aps.org/link/BAPS.2006.DPP.VP1.47
http://meetings.aps.org/link/BAPS.2011.DPP.NP9.64
http://www.epj-conferences.org/

Advanced Scenarios and Control
Modeling of Equilibrium Scenarios for NSTX-U

Analysis was completed and a paper published [ASC-1] exploring a range of high-performance
equilibrium scenarios achievable with neutral beam heating in the NSTX-Upgrade [ASC-2]
device. NSTX-Upgrade is a substantial upgrade to the existing NSTX device [ASC-3], with
significantly higher toroidal field and solenoid capabilities, and three additional neutral beam
sources with significantly larger current-drive efficiency. Equilibria were computed with free-
boundary TRANSP, allowing a self-consistent calculation of the non-inductive current-drive
sources, the plasma equilibrium and poloidal-field coil currents, using the realistic device
geometry. The thermal profiles are taken from a variety of existing NSTX discharges, and
different assumptions for the thermal confinement scalings are utilized. The no-wall and ideal-
wall n = 1 stability limits are computed with the DCON code. The central and minimum safety
factors are quite sensitive to many parameters: they generally increase with large outer plasma-
wall gaps and higher density, but can have either trend with the confinement enhancement factor.
In scenarios with strong central beam current drive, the inclusion of non-classical fast-ion
diffusion raises qmi,, decreases the pressure peaking, and generally improves the global stability,
at the expense of a reduction in the non-inductive current-drive fraction; cases with less beam
current drive are largely insensitive to additional fast-ion diffusion. The non-inductive current
level is quite sensitive to the underlying confinement and profile assumptions. For instance, for
Br =1.0 T and Pi,; = 12.6 MW, the non-inductive current level varies from 875 kA with ITER-
98y,2 thermal confinement scaling and narrow thermal profiles to 1325 kA for an ST specific
scaling expression and broad profiles. Scenarios are presented which can be sustained for 8—10 s,
or 20-30 1cg, at By = 3.8-4.5. The value of q,;, can be controlled at either fixed non-inductive
fraction of 100% or fixed plasma current, by varying which beam sources are used, opening the
possibility for feedback control of the current profile. In terms of quantities like collisionality,
neutron emission, non-inductive fraction, or stored energy, these scenarios represent a significant
performance extension compared with NSTX and other present spherical torii.
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Steps Toward More Accurate Predictions of Vertical Instability Growth Rates in NSTX

Studies of NSTX control have focused on understanding discrepancies between calculated and
experimentally derived growth rates. The growth rate of a VDE can be predicted by the plasma
response codes rzrig and Gspert [PC-1] which are part of the GA TokSys computational
environment for control design and analysis. Gspert is a nonrigid plasma response model based
on the linearized Grad-Shafranov equation. For DIII-D, these predictions have been in very good
agreement with observed growth rates after triggered VDE’s for a range of growth rates.
However, for VDE’s in NSTX the same codes predict values that are 3 times smaller than
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observed. One of the reasons for the observed discrepancy, and possibly the most significant, can
be that the models make incorrect assumptions about how the current and pressure profiles are
affected when the applied flux changes. Figure PC-1 is an example of predictions made by
Gspert. The example shows the flux at a point named “isoflux point 5, which is an arbitrary
point on the boundary.
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Figure PC-1: Validation of NSTX isoflux response during a VDE using Gspert and EFIT.

In this plot RED is the EFITs from the experiment, GREEN is Gspert predictions, BLUE is
Gspert prediction with corrections for profile variation and convergence errors, dashed lines are
individual effects from applied flux, li, betap, ip, dashed lines with diamonds show effects from
profile variations and convergence errors. The two remaining sources for discrepancies between
Gspert predictions and EFITs are due to the finite grid size and non-linearities in the plasma
response. These are not shown. The VDE occurs at 0.53 seconds in the shot. As can be seen, the
Gspert prediction in green is slower than the EFITs from the experiment in red. The blue line with
Gspert prediction corrected for details of the profile behavior is in good agreement with EFIT.
The Gspert model is usually calculated with the assumption that li, betap, ip are unaltered by
perturbations of the applied flux (with specific recipes for the details of the profiles). Any
changes of these quantities are regarded as external influences, and shown by the dashed lines in
Figure PC-1. If a model is developed that correctly includes the detailed response of the current
and pressure profiles to changes in the applied flux then the prediction in blue would follow
without the addition of any “external influences” and the growth rate should therefore be
correctly predicted.

In addition to the Gspert calculations, the free-boundary equilibrium and transport code Corsica
[PC-2] has also been used for NSTX vertical stability calculations for benchmarking purposes.
Such benchmarking is important, since NSTX vertical plasma motion shows non-linear
characteristics in agreement with previous spherical tokamak data from MAST. Figure PC-2
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shows the result of comparison between the simulations and the experimental data. There is a
large error bar in the growth-rate calculations due to the uncertainty that results from fitting an
exponential curve to the experimental data.
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Figure PC-2: NSTX VDE growth rate versus aspect ratio for Gspert and Corsica simulations and for experiment (shots
141639-141642)

While the error bars are large, both the experimental data and the simulations show a clear trend
in the increase in the growth rate as an increase in A. The statistical analysis of the NSTX-U
vertical motion via Gspert and Corsica simulations is obtained based on the results from the
NSTX data. The controllability of the VDEs for a variety of parameters is assessed for NSTX-U
under the current control algorithm. Results of these studies show that since NSTX-U will be
operating at higher A, the vertical growth-rate will be higher, which in turn will make control
more difficult. Also, the acceleration in the growth-rate as the plasma drifts as shown in Figure
PC-3 leads to the prioritization of early detection and faster control over more control power.
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Figure PC-3: VDE grow-rate versus the displacement in the plasma vertical location (#127077)
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With these considerations in mind, there are currently three improvements planned for the NSTX-
U. First, a new, more sophisticated vertical position estimator will enable early and more accurate
detection. Second, RWM coils, which are much faster than the poloidal field coils, were put in the
vertical control loop, which will reduce control action delay against VDEs. Improvements to the
control algorithm are also under development.

NSTX Inboard Midplane Gap Controllability Study

The effectiveness of the NSTX PF coil-set for gap control has been assessed using recently
revalidated system and plasma response models. The assessment was done using a “decoupling”
controller, produced by inverting the mapping matrix from coil currents to isoflux errors and
plasma current. Figure PC-4 shows that this decoupling matrix controller produces poor
decoupling of the inboard midplane gap (isoflux segment 7 in Figure PC-1) error, and even this
poor degree of decoupling requires unrealistically large coil current variation from the
equilibrium values.

A key result of the recent model validation process is that the representation of experimental
response appears accurate enough to enable reasonable calculation of high order matrix
controllers produced using the decoupling approach or other model-based design method.
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Figure PC-4. Errors corresponding to best decoupling of isoflux segment 7 (inboard midplane gap) from other isoflux
segments and corresponding coil current vector.
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