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ORNL RF Research: Team and Goals 
• ORNL maintains two independent but coordinated 

research teams on NSTX-U (coordinates w/UT-K) 
– Boundary Physics Program (M. Reinke– 5/17) 
– Heating and Current Drive (J. Caughman – today) 

• ORNL RF Program has ongoing research in: 
– Understanding and improving HHFW power deposition, heating, 

and current drive efficiency, including increasing reliability 
– Understanding and improving power propagation through the edge 

plasma to the core 
– Providing heating power to transition from non-inductive startup 

plasmas to neutral beam injection target plasmas 
• ORNL RF staff 

– Staff (Caughman, Lau, Bigelow, Diem, Green) supports operations, 
diagnostics, and simulation of HHFW and EBW programs 

– Available on-site during RF plasma operations or run days needing 
diagnostic support, available remotely for other run days  
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Present FY 16 Diagnostics & Status 
•  SOL X-mode reflectometer 

upgraded to handle higher NSTX-
U magnetic fields 
– New technique using X-mode L, R 

cutoffs, and O-mode cutoffs to resolve 
density profile will allow for both NSTX 
B fields and higher NSTX-U B fields 

–  SOL reflectometer electronics are 
installed for density measurements 
and working through calibration tests 
with oscilloscope 

–  new 4 channel, 65 MSPS DTACQ 
digitizer is still being debugged  

•  An updated RF Langmuir probe 
will be used to measure near-field 
plasma interactions 
– Mechanical design review held in April 
–  Expect installation on Bay D port within 

next few weeks 

New Langmuir Probe Head 

HHFW Antenna 



4 NSTX-U Collaborator Diagnostics Meeting – May 2016 

• FY16 
– commission density profile and fluctuations measurements 

• FY 17 
– between shot density profile analysis 
– commission ~30 MHz HHFW density fluctuation and PDI 

measurement 
• FY 18 

– use reflectometer measurements as 
   inputs into RF simulations 
– investigate simultaneous 30 MHz 
   RF wave and density profile 
   measurement 
 

FY 16-18 reflectometer plans 

J.B. Wilgen, RSI 77 (2006) 10E933   
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• FY16 
– Make initial near-field electron temperature and density 

measurements in front of antenna 
• FY 17 

– Increase understanding of near-field plasma interactions in 
front of the antenna, particularly electron temperature 
changes, and link to sheath rectification observations in the 
divertor 

• FY 18 
– Support Bay-D flange modifications to maintain near-field 

diagnostic capability if MIT Scanning Mirror Langmuir Probe 
is installed  

– Continue to use near-field measurements as inputs into RF 
simulations to explain SOL power losses 

 

FY 16-18 Langmuir probe plans 
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• Understanding RF power losses in the edge requires 
knowledge of the change in electron density and 
temperature profiles at the antenna 
– Density in front of the antenna affects wave propagation (e.g., fast 

wave cutoff) 
– Changes in the electron temperature may be related to sheath 

rectification (heat deposition both near and far from the antenna) 
•  Filterscope imaging the line emission from a beam of 

helium injected near the antenna can provide up to 10 µs 
resolution of changes in density and temperature near the 
antenna 
– Technique has been demonstrated on TEXTOR* 
– A 3-5 cm long radius away from the antenna can be measured 

•  Supports other boundary physics issues (fluctuations, 
turbulence, etc.)  

FY 17+ Develop He Line-Ratio Technique 
for Antenna Near-Field Characterization 

*E.A. Unterberg, et al., RSI 83, 10D722 (2012)  
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•  Need a gas jet that crosses magnetic 
field lines passing in front of the antenna 
–  Possibly use a piezoelectric valve with a Laval 

nozzle for supersonic gas injection 
– Can potentially be placed within the HHFW 

antenna array  
–  Big issue: do not want to raise neutral gas 

pressure in the antenna box 
– Could also be placed near the antenna in a 

position to intersect field lines that pass in front 
of the antenna (spirals that connect to divertor) 

•  We need a port where we could put 
optics to image the resulting helium 
beam 
–  Possibly a periscope-type optics system with a 

lens that focuses on a fiber array 

FY 17+ Develop He Line-Ratio Technique for Antenna Near-Field 
Characterization: implementation requirements 

erates in a pulsed regime, whereas any nozzle design relies
on an established flow with steady-state parameters. The fi-
nite flow settle time limits the minimal SGI pulse length. The
flow rate of the SGI is dependent on the nozzle geometry and
valve parameters, and is usually defined by the plasma refu-
eling requirements. These considerations demonstrate that
the choice of proper nozzle geometry is critical. Shown in
Fig. 1 are four axisymmetric nozzle shapes used for produc-
ing high quality supersonic gas jets: the converging sonic
nozzle, the converging-diverging Laval nozzle, the
converging-diverging conical nozzle, and the aerospike
(plug) nozzle. The advantage of the converging nozzle is its
simplicity. Free jets produced by the converging nozzle,
however, suffer from the axial barrel and normal Mach disk
shocks. The ratio of the reservoir stagnation pressure to the
background pressure P0 /Pbg must be very high to avoid the
Mach disk from being too close to the nozzle exit.5 In con-
trast, the contoured nozzles produce highly uniform flows
with constant Mach number, temperature, and density—the
desirable conditions which also favor the molecular conden-
sation. A much higher jet intensity can be obtained with a
lower pressure ratio in a contoured nozzle. The Laval nozzle
shape must be properly calculated to minimize the thickness
of the boundary layer. This is usually done using the method
of characteristics or computational fluid dynamics methodol-
ogy based on numerical solution of the Navier–Stokes
equations.10 Simple alternatives to the Laval nozzle are the
aerospace “standard” conical nozzle with a !=15−20° half
angle, and the aerospike nozzle with an important property
of self-adjusting the flow to the background pressure. Both
these nozzles avoid complications associated with the fabri-
cation of the Laval nozzle.

We have chosen the Laval nozzle geometry for initial
evaluation in the NSTX SGI. The geometry was obtained by
scaling down a large wind tunnel M=8 nozzle12 operated in
air at atmospheric pressures. The nozzle throat diameter is
d=0.254 mm, the inlet diameter is 2.20 mm, and the exit
diameter is 3.78 mm. The nozzle is 23.37 mm long (Fig. 2).
It was critical to evaluate the performance of the nozzle with
hydrogen at the background pressure similar to the NSTX
edge neutral pressure as the s of the jet core and the bound-
ary layer do not scale similarly.13

III. RESULTS AND DISCUSSION

A prototype SGI has been built for off-line optimization
work. The goal of the characterization experiments is to mea-
sure the gas injection rates, and to evaluate the gas jet profile,
the flow Mach number and the flow velocity. A local Mach
number is obtained under the assumption of isentropicity
from the Rayleigh–Pitot law using the pressure measure-
ments upstream and downstream the shock formed at the
transducer immersed in the flow. The impact (stagnation)
pressure Pi is measured on axis and the flow static pressure
P0 is measured in the SGI plenum.

10 The apparatus is shown
in Fig. 3. A V!50 l vacuum tank is evacuated by a turbo-
molecular pump to 10−6 Torr and filled with hydrogen to a
desired background pressure Pb in the range 10−4
−10−1 Torr. The SGI operates at room temperature. It is
comprised of a graphite Laval nozzle and a modified Veeco
PV-10 piezoelectric valve mounted on a movable vacuum
feedthrough (Fig. 2). The setup is equipped with a variety of
ionization, Baratron and Sensotek pressure gauges to mea-
sure the background pressure Pbg and the reservoir pressure
P0. We use an Entran EPX absolute piezoresistive transducer
with a response time of "#1 ms for the impact pressure

FIG. 1. Schematic view of the nozzle geometries: (a) converging nozzle, (b)
converging-diverging Laval nozzle, (c) converging-diverging 20° conical
nozzle, (d) aerospike (plug) nozzle.

FIG. 2. (Color online) Photograph of the prototype supersonic gas injector.
The inset shows a cross section of the Laval nozzle.

FIG. 3. Schematic view of the experimental setup for supersonic gas injec-
tor characterization.

Rev. Sci. Instrum., Vol. 75, No. 10, October 2004 Plasma diagnostics 4321

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions.  IP:  128.219.49.13 On: Fri, 05 Feb 2016 21:28:58

V.A. Soukhanovskii, et al., RSI 75, 4320 (2004) 

Possible 
periscope 

design 
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•  The Proto-MPEX device at ORNL can be 
used to develop the technique 
–  RF electrostatic coupling experiments using a 

simple electrode structure to simulate RF 
voltages on antenna surfaces are planned  

–  The puffer could be installed near the powered 
electrode and locally imaged 

–  Calibration can be confirmed with Langmuir 
probes 

–  Can also be used to diagnose helicon-
generated localized areas of high Te 
(generates hot spots on surfaces tied to the 
helicon antenna) 

–  Initial puffer imaging is already being 
developed using He-line filtered cameras 
(thanks to Ted Biewer) 

–  Part of a student thesis project (could help with 
installation and initial operation on NSTX-U) 

•  Open to collaborations with other groups/
researchers (e.g., O. Schmitz (U. 
Wisconsin), etc.): not restricted to RF-only 
applications 

 

FY 17+ Develop He Line-Ratio Technique for Antenna 
Near-Field Characterization: development plan 
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Measurements and modelling efforts will be 
essential to understand RF issues 

Bertelli (PPPL), Lau (ORNL), Green (ORNL) 

• RF SCIDAC community (Bertelli, Green are co-PI’s) is 
spending significant efforts to understand RF-SOL 
interactions 
– SOL density profiles is key input to simulations 
– RF electric fields are key output from simulations 

Jenkins (Tech-X), Smithe (Tech-X) 
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Summary/Discussion 
•  The ORNL RF Program supports ongoing research in 

understanding and improving HHFW power deposition and 
power propagation through the edge plasma to the core, as 
well as providing heating power to transition from non-inductive 
startup plasmas to neutral beam injection target plasmas 

•  FY16 diagnostic goals: commission the new reflectometer and 
RF Langmuir probes 

•  FY17+ diagnostic goals:  
– Develop between shot reflectometer density profile analysis and fast 

density fluctuation measurements 
–  Increase understanding of RF near-field interactions and sheath 

rectification through probe analysis (supports modeling efforts) 
–  Implement helium line ratio technique to better understand RF near-field 

interactions, wave propagation, and link to divertor power deposition, as 
well as provide an additional diagnostic for boundary physics issues 
during startup and steady-state operations 


