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Abstract
       

A sudden, threefold increase in emission from fundamental electrostatic electron Bernstein

waves (EBW) which mode convert and tunnel to the electromagnetic X-mode has been

observed during H-mode transitions on the NSTX spherical torus plasma. The mode-converted

EBW emission viewed normal to the magnetic field on the plasma midplane increases when the

density profile steepens in the vicinity of the mode conversion layer, which is located in the

plasma scrape off. The measured conversion efficiency during the H-mode is consistent with

the calculated EBW to X-mode conversion efficiency derived using edge density data.

Calculations indicate that there may also be a small residual contribution to the measured X-

mode electromagnetic radiation from polarization-scrambled, O-mode emission, converted

from EBWs.

PACS# 52.55.Fa, 52.35.Hr
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I. INTRODUCTION

Abrupt transitions to a high energy and particle confinement (H-mode) regime [1] have

now been reported on several spherical torus (ST) plasma devices [2-4]. Because of their

improved confinement characteristics, H-mode plasmas offer the possibility of more efficient

cost effective nuclear fusion reactors. ST plasma devices, such as NSTX [5], are characterized

by relatively high electron densities (1 - 5 x1019m-3) and low confining magnetic fields (<

0.6T), so that the electron plasma frequency normally far exceeds the electron cyclotron

frequency. As a result, fundamental and low harmonic electron cyclotron emission (ECE)

cannot propagate in ST plasmas, so that diagnostic and heating techniques that rely on ECE

cannot be used. Electron Bernstein waves (EBW) can readily propagate in ST plasmas, they

have no high density cutoffs and they exhibit strong absorption at the electron cyclotron

resonances [6]. These properties make EBWs potentially attractive as a tool for measuring local

electron temperature and for local electron heating and current drive for ST plasmas. However,

EBWs cannot propagate beyond the upper hybrid resonance (UHR) that surrounds an ST

plasma. There are two potential EBW conversion processes to electromagnetic modes that can

be employed to indirectly access the EBW emission inside the plasma. The first process

involves the conversion of EBWs to the slow X-mode at the UHR [6-8]. The left hand cutoff

of the slow X-mode, the UHR, and the right hand cutoff of the fast X-mode form a cutoff-

resonance-cutoff triplet allowing the slow X-mode to tunnel through the UHR to the fast X-

mode. In this paper we will refer to this as B-X mode conversion. The maximum B-X

conversion efficiency for k//=0 is given by [6]:

Cmax = 4e− 1− e−( )                   (1)

where  is the tunneling parameter. For magnetic scale lengths much greater than the density

scale length at the UHR [6]:

  
≈ ceLn /c[ ] 1+ 2 − 1( )1/2

        (2)

where:   
  

= pe / ce[ ]
UHR

  and Ln =
ne

dne dR
UHR

Here ce and pe are the electron cyclotron frequency and electron plasma frequency,

respectively,  ne is the electron density and c is the velocity of light. As can be seen from
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equations (1) and (2), the B-X mode conversion efficiency is very sensitive to the electron

density scale length at the UHR layer where the mode conversion and tunneling occurs. On

NSTX, the maximum mode conversion efficiency typically occurs for Ln~ 0.5-1 cm.

The second mode conversion process requires the coincidence of the X-mode and O-mode

cutoffs [9-13]. This process, referred to here as B-X-O mode conversion, has been previously

studied on Wendelstein 7-AS [14,15] and requires an oblique view of the plasma at a specific

angle. The B-X-O emission leaves the plasma through an angular window with a transmission

function given by [11,13]:

T(N⊥ , N //) = exp − koLn (Y / 2) 2(1 +Y )(N//, opt − N // )2 + N⊥
2[ ]{ }           (3)

where: N//, opt
2 = [Y /(Y + 1)] , Y = ( ce / ) , ce is evaluated at the cutoff and  is the wave

frequency. For typical NSTX plasma parameters, this B-X-O emission window is located at

about ±35o from the antenna axis in the toroidal direction. As shown in equation (3), the

emission window has a width that depends on Ln at the X-mode and O-mode cutoffs. It can

also potentially contribute to the measured X-mode emission if there is polarization scrambling

of the O-mode emission resulting from reflections.

The natural steepening of the edge density gradient that occurs at the L to H transition can

enhance the conversion and tunneling efficiency of both the B-X and B-X-O conversion

processes if the steepening occurs in the vicinity of the EBW mode conversion layer. On

NSTX, the relevant UHR for fundamental EBW B-X mode conversion normally lies in the

scrape off region near the last closed flux surface, so the edge density steepening during the H-

mode might be expected to enhance the EBW conversion efficiency.

This paper reports the observation of enhanced fundamental B-X mode conversion

efficiency during neutral-beam-heated NSTX H-mode plasmas with an axial magnetic field of

0.45 T [4]. The effective conversion efficiency was obtained from the ratio of the absolutely

calibrated mode-converted EBW emission radiation temperature (Trad) to the electron

temperature (Te) measured by laser Thomson scattering. Trad/Te was compared to the theoretical

B-X conversion efficiency calculated from equation (1) using edge density data from laser

Thomson scattering. Recently, enhancements in B-X-O emission have also been observed

during H-mode discharges in the MAST ST device at Culham, England [3]. Section II of this

paper describes the experimental setup for the EBW emission measurements, section III

presents an example of the EBW emission data during H-mode plasmas and section IV

presents an analysis of these data and a discussion.
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II. EXPERIMENTAL SETUP

Mode-converted EBW emission was measured with a broadband, polarizing antenna which

viewed the NSTX plasma through a vacuum window on the horizontal midplane. The antenna

was oriented to collect predominantly X-mode emission during the plasma current flat top. The

antenna was connected to a fast frequency scanning, 12-18 GHz, heterodyne radiometer [16].

12-18 GHz emission corresponds to non-Doppler shifted fundamental EBW radiation emitted

from a region which extends from a major radius of 0.75 to 1.1 m on the horizontal midplane

of NSTX, for an axial magnetic field of 0.45 T. The EBW emission spectrum in this band was

measured every 100µs. The Shafranov-shifted axis was at about 0.9 m during these

experiments, so this emission is expected to come from the core of the NSTX plasma. EBW

radiation temperatures quoted in this paper were derived from an absolute calibration of the 12-

18 GHz radiometer with a chopped 77K blackbody source. The magnetic field profile used to

map emission data from frequency to major radius was obtained from EFIT equilibria. The

emission data were mapped to major radius assuming that the emission is non-Doppler shifted

fundamental EBW emission.

III. MEASUREMENT OF EBW EMISSION DURING H-MODES

Figure 1 shows the evolution of major plasma parameters for a NSTX discharge which

exhibits a L-H transition at 0.2 s and an H-mode phase which lasts 60 ms (shown shaded).

Figure 1(a) shows the evolution of the plasma current which reaches a flat top of 1 MA at 0.18

s. 1 MW of neutral beam heating was injected from 0.1 to 0.26 s (Fig. 1(b)). The deuterium

wall recycling (Fig. 1 (c)) decreases suddenly at about 0.2 s marking the L-H transition. Figure

1(d) shows the Trad of 16 GHz mode-converted fundamental EBW emission, measured by the

EBW radiometer. Immediately before the L-H transition the EBW Trad is 50 eV. At the L-H

transition the EBW Trad suddenly increases to 150 eV. Through the H-mode phase the

deuterium recycling gradually increases, while the EBW Trad gradually decreases until the

collapse of the H-mode at 0.26 s when the EBW emission becomes negligible. Thomson

scattering electron density and temperature profiles were acquired at the three times of interest,

A, B and C (indicated by vertical dashed lines in Fig. 1). Time A is well before the H-mode

when the measured EBW Trad is only a few eV, time B is just before the L-H transition when

Trad has increased to 50 eV and time C is during the H-mode when Trad is 120 eV.
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Figure 2 shows the EBW spectrum mapped to major radius for the three times of interest

marked in Fig. 1. An approximate threefold increase in EBW emission occurs at all measured

frequencies between time B and C. The vertical dashed line in Fig. 2 indicates the source

location of the 16 GHz emission shown in Fig. 1, this location lies close to the magnetic axis

and the peak of the emission spectrum at time B and C.

Figure 3 shows the electron density profile at the three times of interest marked in Fig.1.

The location of the last closed flux surface is indicated by a vertical dashed line and the relevant

density for mode conversion of 16 GHz EBW emission is indicated by the gray horizontal line.

B-X mode conversion for this emission frequency occurs at ne = 2.4x1018  m-3 which lies in the

scrape off, just outside the last closed flux surface. The edge density profile in the vicinity of

the mode conversion location steepens significantly during the H-mode phase of the discharge.

IV. ANALYSIS OF MODE-CONVERTED EBW EMISSION

The measured 16 GHz EBW Trad, which maps to a major radius of 0.87 m, was compared

to the Te measured by Thomson scattering at the three times of interest shown in Fig. 1. Trad/Te

was taken to be a measure of the EBW mode conversion efficiency, this efficiency is plotted

versus time into the discharge in Fig. 4 (filled circles). The errors in Te are relatively small so

the error bars on Trad/Te are largely due to uncertainties in calibrating and mapping the EBW

Trad. Since the UHR lies in the NSTX scrape off an exponential fit was applied to the Thomson

scattering edge density data in Fig. 3 to yield Ln at the UHR. These Ln values were used in

equation (1) to calculate Cmax, which is plotted as open circles in Fig.4. It should be noted that

there is an additional phase factor that results from the interference of the inward and outward

going components of the slow X-mode [6] and this can reduce the tunneling efficiency between

the slow and fast X-mode. The fluctuations in Trad, plotted in Fig 1(d), may be caused by this

interference or by electron density fluctuations in the vicinity of the UHR. During the H-mode

phase of the discharge, when Ln =1.5 cm, the measured Trad/Te is 11%, higher than the

calculated B-X mode conversion efficiency of 8%, but within the relatively large uncertainties

in the calculated B-X mode conversion efficiency. The exponential dependence on Ln in the

expression for the B-X mode conversion efficiency (eq. (1)) leads to large uncertainties in the

calculated efficiencies plotted in Fig. 4. At the two times before the H-mode, Ln is 2-3 times

larger than during the H-mode, as a result the calculated B-X conversion efficiency is

negligible at these times. B-X-O mode conversion may also contribute to the EBW radiometer

signal if there is polarization scrambling of the O-mode emission due to reflections. Evidence

for substantial depolarization due to reflections has already been noted during experiments with

a similar antenna on CDX-U [16]. The maximum contribution from B-X-O conversion was
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calculated by combining the B-X-O angular emission window from equation (3) with the

measured antenna pattern. The B-X-O conversion, with complete depolarization, could provide

an additional Trad/Te~3% at time C, so that the combined total conversion efficiency (plotted as

open squares in Fig. 4) is in good agreement with the measured Trad/Te during the H-mode. At

the two times before the H-mode there is also reasonable agreement between the measured and

calculated mode conversion efficiencies if depolarized B-X-O emission is assumed to

contribute to the measured emission. It should be noted that ray tracing analyses of EBW rays

that lie within the acceptance angle of the antenna indicate that there can be significant Doppler

shifts for rays at the edge of the antenna pattern. These Doppler shifts can significantly refract

EBWs contributing to a low level of non-local emission that might be expected to dominate the

measured EBW emission at low measured conversion efficiencies (< 5%).

The natural steepening that occurs in the edge density profile during H-modes is observed

to significantly improve the coupling efficiency between EBWs and electromagnetic modes

outside the plasma, and confirms the EBW mode conversion physics. However, the 10-15%

mode conversion efficiency measured during NSTX H-modes is insufficient in itself to justify

the implementation of mode-converted EBW heating or current drive schemes, which require

much higher (>50%) conversion efficiencies to be viable. Since the fundamental EBW mode

conversion layer lies outside the last closed flux surface it may be possible to increase the B-X

conversion efficiency by imposing a steepened scrape off density by means of a local limiter.

Experiments to investigate this possibility are presently being conducted on CDX-U and initial

results are encouraging [17].
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FIGURE CAPTIONS

Figure 1

Evolution of EBW emission during a NSTX discharge with an H-mode transition. Time

dependence of (a) the plasma current, (b) the neutral beam power, (c) the deuterium recycling

light and (d) 16 GHz fundamental mode-converted EBW emission from the plasma core.

Figure 2

Fundamental mode converted EBW emission mapped to major radius for the three times of

interest marked in Fig. 1, namely, 0.164, 0.197 and 0.230 s.

Figure 3

Electron density profiles, measured by laser Thomson scattering for the three times of interest

marked in Fig. 1.

Figure 4

Measured and calculated mode conversion efficiency for 16 GHz EBW emission at the three

times of interest shown in Fig. 1. The solid circles are the measured EBW mode conversion

efficiency, the open circles are the calculated  maximum B-X EBW conversion efficiency and

the open squares are the calculated  maximum EBW conversion efficiency, including B-X and

B-X-O conversion and assuming complete depolarization of the B-X-O emission due to

reflections.
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