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AbstractAbstract

The recent improvement of the 30 MHz HHFW heating efficiency at
lower toroidal wavenumbers in helium plasmas [1] has been extended to
deuterium operation at BT(0) = 0.55 T on NSTX. The key to effective
power penetration of the edge plasma is the reduction of the plasma
density near the Faraday screen/first wall [2]. For deuterium plasmas, it
was necessary to use lithium wall conditioning to control the density rise
that often accompanies high power RF operation, particularly at the lower
toroidal wavenumbers achievable with the 12-element phased-array
launcher. The HHFW power deposition at k|| = -8 m-1 is comparable to
that of k|| = -14 m-1, and core heating at k|| = -3 m-1 has now been
observed, albeit at lower efficiency. Central electron temperatures of 5
keV have been achieved in both deuterium and helium plasmas with 3.1
MW at k|| = -14 m-1 (-150º relative phase shift). Central heating of NBI-
driven H-mode plasmas has been observed for both k|| = 14 and 8 m-1.

[1] Hosea, J. et al, Physics of Plasmas 15, 056104 (2008)
[2] Hosea, J. et al, Poster NP6.00105
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Recent Progress with HHFW on NSTXRecent Progress with HHFW on NSTX

• Heated both helium and deuterium plasmas to Te(0) ≥ 5 keV
with ~ 3 MW of HHFW power.

• Array phase scans established the importance of avoiding
wave propagation near first wall for efficient core heating.
– High Bφ, high kφ (short wavelength), low edge density all increase

heating efficiency (see J. Hosea, NP6.00105, this session)
– Lithium wall conditioning was needed to achieve sufficiently low edge

density at low kφ for deuterium plasmas.

• Heated core electrons in H-mode plasmas.
• Numerical modeling of HHFW CD consistent with MSE

measurements (see C. K. Phillips, NP6.00106, this session).

• Conducted non-inductive startup studies using HHFW to
heat CHI/Ohmic plasmas.
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Heated D, He Plasmas to 5 Heated D, He Plasmas to 5 keV keV with 3.1 MW ofwith 3.1 MW of
kkφφ  = 14 m= 14 m-1-1 for  for High-k High-k Scattering Scattering Exps Exps ((MazzucatoMazzucato))
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NSTX HHFW Antenna Has Well Defined Spectrum,NSTX HHFW Antenna Has Well Defined Spectrum,
Ideal for Studying Phase Dependence of HeatingIdeal for Studying Phase Dependence of Heating

•• Straps in each loop fixed at 180º out ofStraps in each loop fixed at 180º out of
phase.phase.

•• Phase between adjacent loops easilyPhase between adjacent loops easily
adjustedadjusted  between 0between 0oo to 180 to 180o.o.

•• Full 12-element array operation for Full 12-element array operation for ΔφΔφ  ==
±30º, ±90º,±30º, ±90º,  ±150º.±150º.

•• Large B pitch affects wave spectrum inLarge B pitch affects wave spectrum in
plasma core.plasma core.
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Previous Operation in He Showed Heating EfficiencyPrevious Operation in He Showed Heating Efficiency
Maintained for Maintained for φ φ ≥≥ -90 -90oo (k (kφφ  ≥≥ - 8 m - 8 m-1-1) ) at Bat Bφφ = 5.5  = 5.5 kGkG

•• Heating efficiency at strap-to-strap antenna phase, Heating efficiency at strap-to-strap antenna phase, φφ = - 30 = - 30oo

approximately half the efficiency at approximately half the efficiency at φφ =  = - 90- 90oo

Bφ = 5.5 kG, Ip = 0.6 MA
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Strong Dependence of HHFW Heating on kStrong Dependence of HHFW Heating on kφφ  inin
L-mode Deuterium PlasmasL-mode Deuterium Plasmas

Central Te heating rate
faster for high wavenumber
(short wavelength) phasings

Higher wavenumber
phasings lead to centrally
peaked Te profiles

Lower wavenumber
phasings increase central
density

•  Array phase shift scanned from -180o to -30o, in 30o increments
•  Behavior of electron profiles in D plasmas comparable to results for helium plasmas
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kkφφ Dependence of HHFW Heating Efficiency Dependence of HHFW Heating Efficiency
in Deuterium in Deuterium Similar to Helium PlasmasSimilar to Helium Plasmas

Stored Energy in Electrons Total Stored Energy

HHFW
NBI

HHFW
NBI

Heating efficiency drops for |Δφ| < 60º due to high edge density and MHD
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Heating in Deuterium Plasma at 3 mHeating in Deuterium Plasma at 3 m-1-1 Seen Only Seen Only
After Li Wall ConditioningAfter Li Wall Conditioning

• First observation of core heating in D plasmas for k|| = 3 m-1 (Δφ = -30º)
• LITER evaporation rate of 20 mg/mn was used to reduce edge density

HHFW
Wmhd

Te(0)
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RF-Induced Increase in Electron Stored EnergyRF-Induced Increase in Electron Stored Energy
Comparable in He & D PlasmasComparable in He & D Plasmas

Prf ~ 1.8 MW in He4 plasmas
(~ 80 ms duration)

Prf ~ 1.1 MW in D plasmas
(~230 ms duration)

Noticeable increase in ΔWEF with -30° phasing in D plasmas
with Li edge conditioning, even with shorter rf duration (67 ms)
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HHFW Operation in H-mode PlasmasHHFW Operation in H-mode Plasmas

• Motivation:
– Develop operational techniques for employing HHFW in H-

mode plasmas.
– Determine HHFW power channels in H-mode (core electron

heating, damping on fast ions, edge plasma heating).
– Observe HHFW operation during ELMs.

• Method:
– HHFW into NBI-established H-mode

• Advantage of constant plasma load.
• Loading/antenna protection trade-off with plasma gap.

– NBI-triggered H-mode transition during HHFW operation.
• Controllable H-L transition time?
• Reduce load transition with array phasing or plasma gap.

– HHFW-driven H-mode (future work)
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HHFW Heating of NBI-Driven H-mode PlasmasHHFW Heating of NBI-Driven H-mode Plasmas
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• Previously, HHFW was not able to heat core of NBI H-mode plasma at Bφ = 4.5 kG
(2004 - B. LeBlanc)

• First evidence of heating NBI H-mode plasmas came on shot 129386 during a
study on Magnetic Shear Effects on Transport (2008 - H. Yuh)
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Recently Measured Core HHFW Electron Heating inRecently Measured Core HHFW Electron Heating in
Deuterium NBI H-ModeDeuterium NBI H-Mode  PlasmaPlasma

• Experiments starting to
study HHFW coupling into
deuterium H-modes
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Core electron heating observed for -150º phasing
Lower efficiency for -90º phasing.
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20 mg/min Li evaporation plus He glow discharge between shots
was needed to reduce edge density enough to heat core electrons
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HHFW + NBI



NSTXNSTX 50th APS-DPP, Dallas, TX – NSTX HHFW Heating & CD (Ryan) 1517-21 Nov 2008

• "Hot" region in outboard divertor much more pronounced at Δφ = -90°
than Δφ = -150°
– Linked with region in front of HHFW antenna along field lines
– Intensity is dependent on phase, dies away after RF turns off, in ~ 20 ms for

Δφ = -90° and 8 ms for Δφ = -150°

Stronger Interaction Along Field LineStronger Interaction Along Field Line
at Lower Phase/Longer Wavelengthat Lower Phase/Longer Wavelength

Prf = 1.8 MW, Pnbi = 2 MW, Ip = 1 MA, BT = 5.5 kG

Δφ = - 150° Δφ = - 90°

J.C. Hosea et al.J.C. Hosea et al., , PosterPoster  NP6.00105, Wed AMNP6.00105, Wed AM

No RF 
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Summary ofSummary of  HHFW H-mode operationHHFW H-mode operation

130613

130614

130615

• Low plasma loading at large gaps (6-7 cm
for -150º and 8-9 cm for -90º) limited power
to 2 MW. Strap upgrade for 2009 should
help with this.

• Operation at -150º generally ELM-free.

• Operation at -90º frequently had ELMs
during the RF.

• ELMs often tripped the RF off. The data
obtained during this operation will help with
the design of an ELM dump for 2010.

• Controlled NBI-triggered H-mode transition
was unsuccessful. Plasma would go into H-
mode before the NBI trigger, tripping the
RF due to mismatch on load transition.

-90º Phasing Triggers ELMs

RF Power

RF Power

RF Power

H-alpha Bay C

H-alpha Bay C

H-alpha Bay C



NSTXNSTX 50th APS-DPP, Dallas, TX – NSTX HHFW Heating & CD (Ryan) 1717-21 Nov 2008

HHFW applied to Coaxial HHFW applied to Coaxial Helicity Helicity Injection (CHI)Injection (CHI)--
Ohmic Ohmic Plasmas to study Plasmas to study Noninductive Noninductive StartupStartup

• Coupled ~ 550 kW to transition 10 to 22 msec and
heated core from ~ 3 eV to ~ 15 eV at 20 ms.

• Coupled ~ 550 kW to transition 18 to 64 ms and
heated axis (hollow core) from ~ 3eV to ~ 33 eV.

• Clear heating of ohmic phase.
– Coupled ~ 1.1 MW from ~ 65 to 120 ms and heated on

axis from ~ 140 ev to ~ 700 eV at ne(0) ~ 6 and ~9 x10+12

cm-3, respectively.
– Suggests that ECH/HHFW could be used to heat up

plasma during startup.
– Rampup in current needs to be simulated to see if it is

feasible.
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Heating at 20 Heating at 20 msecmsec

PRF = 550 kW
9 - 22 msec



NSTXNSTX 50th APS-DPP, Dallas, TX – NSTX HHFW Heating & CD (Ryan) 1917-21 Nov 2008

Heating at 53 Heating at 53 msecmsec

PRF = 550 kW
20 - 6 4 msec
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Heating at 120 Heating at 120 msecmsec

PRF = 1.1 MW
65 - 120 msec
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Previous RF Feed Previous RF Feed 

Previous GroundPrevious Ground  

New GroundNew Ground

Additional RFAdditional RF
FeedFeed

HHFW System Upgrades in 2009-10 Should DoubleHHFW System Upgrades in 2009-10 Should Double
Coupled Power & Increase Resilience to Coupled Power & Increase Resilience to ELMsELMs

•• 2009 Double-feed u2009 Double-feed upgradepgrade
shifts ground from end toshifts ground from end to
strap center.strap center.

•• Lower strap voltage for aLower strap voltage for a
given strap current:given strap current:
–– Double power per strap forDouble power per strap for

the same plasma load.the same plasma load.
–– Permits larger plasma-Permits larger plasma-

antenna gap (lower load)antenna gap (lower load)

•• ELM dump will be added inELM dump will be added in
2010 for H-mode operation.2010 for H-mode operation.
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SummarySummary

• Efficient electron heating achieved in L-mode for most array
phasings by keeping the wave propagation location away
from the antenna/wall.
– Control of the edge density for low kf operation in deuterium requires

lithium wall conditioning.
– Te(0) ~ 5 keV achieved with HHFW in both deuterium and helium

plasmas.

• HHFW heating of core electrons in H-mode plasmas
observed for first time.

• Good electron heating during current ramp up shows promise
for non-inductive startup scenarios.

• System upgrades will permit higher power, more reliable
operation.
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Strong "Single Pass" Absorption Ideal for StudyingStrong "Single Pass" Absorption Ideal for Studying
CompetitionCompetition  Between CoreBetween Core  & Edge Power Loss& Edge Power Loss

OH target
(Te0 ~ 1 keV)

RF heated
plasma

(Te0 ~ 3 keV)

Toroidal
views

Poloidal
views

rays stopped
when 80% of
initial power
is damped

-30˚

180˚

-90˚
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Heating in He with Heating in He with kkφφ  = -3 m= -3 m-1-1 Improved by  Improved by Higher B-Higher B-
field and field and Electron Preheating at Electron Preheating at kkφφ  = -8 m= -8 m-1-1

• Phase change from -90º to -30º during an RF pulse provides a Te(0) = 2 keV single pass damping target
for the -30o (kφ ~ - 3 m-1) wave

• Heating at both -90º and -30º is improved at higher Bφ.
• Surface wave loss still dominates core damping and Te(0) falls off toward normal -30º level
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