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Edge Ion Heating by Launched High
Harmonic Fast Waves in NSTX
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HHFW expected to heat core e-, but ions unaffected.

• NSTX  uses High Harmonic
Fast Waves (HHFW)
– >10th harmonic of Wci

• PICES (linear code)
simulations of the interaction
of the HHFW with NSTX
plasmas indicates:
– Strong e- absorption
– Weak ion absorption

M. Ono, Phys. Plasmas 2, 4075 (1995).

R. Majeski, et al., in Radio Frequency
Power in Plasmas-13th Topical
Conference, (AIP Press, New York,
1999) p. 296.
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Introduction/Outline

• New diagnostic capabilities on NSTX
• Observations during RF heating

– Unexpected ion heating at edge
– Anisotropic ion temperatures

• RF heating mechanism
– Parametric decay of HHFW into IBW
– Power flow into ions

• Summary
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• Simultaneous toroidal and
poloidal views of the edge
plasma.

New Edge Rotation Diagnostic (ERD) measures flow and Ti in the edge of NSTX.

Poloidal View

Poloidal View

Toroidal View

Toroidal View
RF antenna
occupies
25% of
midplane.

Langmuir probe

• Covers last ~20 cm
of plasma edge.



46th APS-DPP 2004, Savannah, Georgia 5 of 18T. Biewer, November 19th, 2004

Sample spectrum shows the performance of the ERD.
• High throughput spectrometer gives strong S/N.
• Spectral resolution of 0.22 Å/pixel with 75 mm slits.
• 10 ms time resolution limited by CCD readout, not light levels.

C IV

He II
Ohmic, Helium PlasmaC III

triplet

T.M. Biewer, R.E. Bell, et al., Rev. Sci. Instrum. 75, 650 (2004).
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A hot ion component develops unexpectedly during RF.

• ERD has simultaneous poloidal and toroidal views of the edge.
• Without RF, the spectra are well characterized by single Gaussian.
• When RF is applied (30 MHz HHFW), the spectra are distorted:

• poloidal v. toroidal anisotropy
• no longer fit by a single Gaussian

He IIHe IIPoloidal Toroidal
Shot 110144

Rtan~146 cm Rtan~146 cm
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The hot component is a transient state observed by the ERD.

• Hot component is ~10¥ hotter than the cold component.
– Thermalization: ~10 ms
– Ionization: ~100 ms Transient state excited by RF
– Emission:  ~1 ns

• Poloidal v. toroidal asymmetry in hot component temperatures.
• Large poloidal increase in velocity for hot component.

Shot 110144
He II He II
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Impurity (carbon) and bulk (helium) edge ion species are heated by RF.

C IIIC III
Poloidal Toroidal

Shot 110144

• Edge ion
heating
observed in C III

• Useful esp.
during D2 fueled
discharges

• Brightness
increases
dramatically

• Can fit triplet
– Improves total

signal level
– Robust against

other lines
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RF heats core e- and edge ions:  Ti>>Te in edge.

• Core e- are
heated by
the RF.

• Edge ions
are hotter
than edge e-

during RF:
– CHERS

• C6+

• C5+

– ERD
• C2+

• He+

RF on RF off
He discharge, shot 112310

C6+
Te

pol He+

tor He+
C6+

Te
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Complex time dynamics are observed with RF.
Poloidal He II data

Poloidal C III data

• Core Te and edge Ti heating

Ti and v reach equilibrium

• Edge poloidal rotation increases
• Edge emission increases
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Edge ion temperature increases with RF power.
Hot component (¥) Ti increases as PRF

0.47.
Cold component (o) Ti unaffected by PRF.

Negative poloidal
velocity is upwards on
the outboard
midplane.
Negative toroidal
velocity is opposite to
the direction of Ip.

BP

BT

IP

vP

vT

NBI

+ directions

Poloidal velocity
direction increase
consistent with
scrape off loss of
energetic ions.

Poloidal vs.
Toroidal anisotropy

He II
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Hot edge ion temperatures are anisotropic: Tperp>>Tparl.

• EFIT calculates
magnetic field pitch at
the edge:
– from simultaneous

poloidal and toroidal
measurements

– get the perpendicular
and parallel
temperatures

• Hot edge ions have
large perpendicular
energy content.

poloidal

toroidal

RF
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Codes predict HHFW heat core e-, but edge ions unaffected.

• TORIC (linear code)
simulations of the
interaction of the HHFW
with NSTX plasmas
indicates:
– Strong e- absorption
– Weak ion absorption

C.K. Phillips, Poster JP1.013
at this meeting.

electron absorption

helium absorption
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Parametric decay instability candidate for edge ion heating.

• The PDI results from nonlinear 3-wave coupling mechanisms.
– M. Porkolab, Eng. Fusion and Design 12, 93 (1990).

• The launched HHFW decays into an Ion Bernstein Wave (IBW)
and a quasi-mode at the ion cyclotron (ICQM) frequency.

• The IBW heats the perpendicular distribution of ions at the
ICQM resonance (edge of the plasma).

• Because multiple ion species and charge states are present,
multiple ICQM’s are available, and each ion can be heated.
– Majority of power goes into most abundant edge ion (helium).

† 

w0 = w1 + w2

w0=30 MHz
HHFW

w1~28 MHz
IBW

w2~2 MHz
Helium ICQM
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Langmuir probe measurements confirm presence of IBW’s.

30 MHz launched HHFW
(attenuated by 40 dB notch filter)

A portion of the HHFW undergoes
nonlinear parametric decay into
a daughter IBW and an ICQM,
which both damp in the outer 10
cm of plasma.

IBW’s observed as lower sidebands
of the HHFW.
expected frequencies for the first 3
harmonics of the ICQM.

Ohmic shot (no RF), shot 112727

31 MHz heterodyne pick-up.

D2 plasma with 1 MW HHFW, shot 112728

Probe is located 2.5 cm behind the
antenna limiter.

WciWciWci

S.J. Diem, Poster JP1.014 at this meeting.
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~20% of launched power goes into edge ions.

• No measure of direct ion
heating power from wave.

• Collisional power estimate
assumes power needed to
raise Ti above Te

• Linear fit through origin
suggests ion absorption:
– 14 m-1: 18% of HHFW

power
– 7 m-1:  22% of HHFW

power
• Lower bound, since other

heat loss channels not
considered.

7 m-1

14 m-1

S.J. Diem, Poster JP1.014 at this meeting.

Helium plasmas with HHFW
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Additional power may go into enhanced ion tail energies.

• Parametric decay of fast waves into IBW’s leads to enhanced
ion energies in the high energy tail of many RF heated plasmas.
– NSTX:  A.L. Rosenberg, et al., Phys. Plasmas 11, 2441 (2004).
– Alcator C-MOD:  J.C. Rost, et al., Phys. Plasmas 9, 1262 (2002).
– ASDEX:  R.V. Nieuwenhove, et al., Nuclear Fusion 28, 1603 (1988).
– TEXTOR:  G. Van Oost, et al., Eng. Fusion and Design 12, 149 (1990).
– JT-60: T. Fujii, et al., Eng. Fusion and Design 12, 139 (1990).

• None of these machines (other than NSTX) observed edge
thermal ion heating:  lack of appropriate diagnostic.

• Thermal ion heating and enhanced ion tail energies are parasitic
losses of power.
– Should be considered in the energy budget of the plasma.
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Summary

• Results from new Edge Rotation Diagnostic
• Edge ion heating observed during RF:

– All ion species and charge states (He+, C2+, C5+, C6+)
– Hot perpendicular temperature anisotropy

• Observed in many NSTX plasma discharges, whenever
HHFW power is applied.

• Launched HHFW undergoes parametric decay into an
ICQM and an IBW in outer ~10 cm of plasma.
– HHFW propagates to heat core e-

– IBW heats edge ions (~20% parasitic loss of power)
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RF edge ion heating observed under many plasma conditions.

 14 m-1

   7 m-1

3.5 m-1

Heating
Counter-CD
Co-CD

D2
He

DND
USN
LSN

Antenna Phasing (kll) Antenna Phasing

Bulk Gas Species Magnetic Configuration

single Gaussian, poloidal C III data


