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Abstract

Electron cyclotronemission (ECE) hadeen employed as a standarelectron
temperature profile diagnostic enany tokamaksnd stellarators, bunhost magnetically
confinedplasmadevices cannot take advantagestdndardECE diagnostics to measure
temperature. They are either “overdense”, operating at high deglsiiye to the magnetic
field (e.g.mpe>> C2¢ in @ spherical torus) or they have insufficient density and temperature
to reach the blackbody conditionX2). Electron Bernstein waves (EBWak electrostatic
wavesthat can propagate ioverdense plasmaand have a high apal thickness at the
electron cyclotron resonance layers, as a result of their lagge Khis paper reports on
measurements of EBW emission thve CDX-U sphericaltorus, where B~ 2 kG, <>
~10" cm® and Te=10 - 200 eV. Results are presenteddi@ctromagnetieneasurements
of EBW emission,mode-converted neahe plasmaedge. TheEBW emission was
absolutely calibrated and compared to the electron temperature profile measured by a multi-
point Thomsonscattering diagnostic. Depending ¢ime plasma conditionsthe mode-
converted EBW radiation temperature was found te ¢ and theemission source was
determined to be radiallpcalized at the electron cyclotraesonance layer. A Langmuir
triple probe and a 14@GHz interferometer were employed to measure changesige
density profile in the vicinity of the upper hybrid resonance wheenode conversion of
the EBWs isexpected to occuinitial results suggedsEBW emissionand EBW heating
are viable concepts for plasmas whegg>> Q..



I. INTRODUCTION

For overtwenty yearsthe measurement oélectron cyclotroremission (ECE)from
magnetically confinedplasmas hasbeen an important diagnostic technigter the
measurement of the local electron temperailine. first measurements &CE were made
in the early 1970s by Costley al'. The potentiafor usingthe ECE spectrum taliagnose
plasmas was suggested by Engelmand Curatold andCelata ancBoyd3 . A review of
ECE physicsand the diagnostic potential &CE can befound in Bornatici et al 4
However, manymagnetically confineglasmascannot take advantage sfandard ECE
diagnostics. Thesplasmasare eitheroverdense” thatis, they are operated at tdogh a
densityrelative to theimagnetic field(e.g. wye >> Q¢ Wherewy, is the electrorplasma
frequency and.. is the electron cyclotrofrequency), or they do not have sufficient
temperature and density to reatie blackbody conditiont(> 2, wheretis the optical
depth).

Electron Bernstein Wave(EBWs)5 are electrostatizvavesthat propagate ioverdense
plasmas and are strongly absorbethatlocation of the electron cyclotreesonant layers.
BecauseEBWs are electrostatiovaves, with alarge wavenumber (), their optical
thickness at the electron cyclotron resonance locations can be extheghelfror example,
in the CDX-U spherical torus at PrincetonB 2 kG, <p> ~10° cm® and T=10 - 200
eV),t~300 at the electron cyclotron resonant Ia7yeE<BWs are thereforestrongly coupled
to the plasma atthe cyclotronresonancesthe same condition that exists for ECE
electromagneticwaves belowthe cutoff density in many tokamaks anskellarators.
However, unlike ECE, EBWs cannot propagate beyond the upper hybrid res@datiRe
layer that surrounds an overdense plasma. The UHR frequency being given by:

Wyy = \/QEe + wgz)e (1)

Other thandirect measurement othe EBWSs with an electrostaticprobe orantenna,
there ara@wo possible ndirect measurement scenarios involvitige mode conversion of
EBWs to electromagnetic emission. Indeed,early extraordinary mode (X-mode)
fundamental ECE measurements by Hosea, Arunasalam and @aRaT wereattributed
to thermalexcitation of EBWs, which subsequently modeonvert to electromagnetic
waves. In one mode conversion and tunneling process, illustrated schematically in Fig. 1(a),



the EBWs modeconvert to theslow X-mode athe UHR layer, and followthe slow X-
mode branch to the left hand cutoff, given by:

2
W, =% (QZ + 4(Upe) +ch (2)

ce 2

Where 1) is the index of refractioparallel to themagnetic field. At thdeft hand cutoff the
wavesreflect backtowardsthe UHR layer. At theUHR layer, thewavesare once again
converted to EBWs. We will refer to this e B-SX-FX processThis process normally
traps the EBW radiation within the UHR surface, which surrounds the plasma. However, if
the density gradient is sufficiently steep at the location of the UHR layedHRelayer can

come close enough to the right hand cutoff, given by:

1/2
(o2 . A0 )

wR=§ Lgie"'l_ ;2} _ch 3)
i

so thatsome ofthe power tapped in theplasma can tunnelthrough to the fast,
electromagnetic, X-mode branch. This is the mode conversion process we initially set out to
study on CDX-U. Inthe othermode conversion procesfiustrated schematically iffrig.

1(b), an oblique viewing angle to the magnetic field changesorthat the lefhandcut off

moves close tthe ordinary mode (O-mode&jutoff (wpe). Theslow X-modethen couples
directly to the electromagnetd-mode.This processpriginally proposed byPreinhaelter

and Kopeck?/ for electron cyclotron resonance heatiwgs successfully used haquaet

al. " to measure EBW emission on the W7-AS stellarator.

Figure 2 illustrateshe typicalfrequency rangeselevant toour mode-converted EBW
emission measurements on CDX-U, for the=B2.1 kG plasmagresented her«&CDX-U
has a major radius of 34 cm and the last closed flux surface on the outboard midplane is at a
major radius of 56 cm. Figure 2hows the radial dependence of tliest three ECE
harmonics for aypical plasmacurrent of 70kA. The datapresented here were acquired
with radiometers which measured frequencies indicated by the shaded region in Fig. 2. This
frequency range corresponds to the second ECE harmonic. Also shown in this figure is the
radial dependence of the right aleft hand cutoff frequencieshe UHR frequency and the
electron plasma frequencyThese frequencies weiglculatedusing measurecelectron



densityfrom Abel-inverted microwave interferometdataand a Langmuirtriple probe,
which wasradially scanned nedhe last closedlux surface.The UHR layer, where the
mode conversion othe second harmoni&EBW emissionoccurs islocated near the last
closed flux surface dhe outboard edge ahe plasma. It should beoted that the fghest
frequencies measured by our radiometers are resonant with the third electron clajetron
near the the plasma edge. If the upper hylaryér is outsidghe location ofthis resonance,
second harmonic EBW will not be able to propagate past the third harmonic resonance.

Section Il of this paper discusses the design of the EBW diagnostic. Section Il presents
some of the mode-converted EBW emission measurements on CDX-3eatoh 1V is
a discussion of our results and our future plans for EBW measurements on the CDX-U and
11 . .
NSTX ™ spherical tori.

IIl. EBW DIAGNOSTIC DESIGN

Since the magnetic fields in spherical taiich as CDX-Uand NSTX, are relatively
low (= 6 kG), the characteristiemissionfrequency for fundamental or second harmonic
EBWs is< 40 GHz. In thisfrequency range, microwave componeri® relatively
inexpensive and have velgw noisecharacteristics. Either multi-channel or fast scanning
heterodyne radiometedesigns, whichhave been well established atuch higher
frequencielsz, can be readily implemented at these lower frequencies. We used two types of
antenna design; a polarization insensitive, cavity-backelB GHz spiral antenna and a
polarized, notched waveguidegrn antennavhich can beused up to 40 GHZThe spiral
antenna had a largacceptance angleyith —3 dB points at +45 degree$he notched
waveguide antenna hadrauch narrowefield of view with —3 dB paits at £14 degrees.
The antennawere mounted thvave a horizontalnajor radial view, on or just below the
midplane ofCDX-U, and they weranounted outsidehe vacuum, viewingthe plasma
through a fusedilica or BK-7 vacuum window. Broadbandgxible, coaxial cable, with
relatively low loss up to 18 GHz, connected the antennas to the radiometers.

Three types of heterodyne radiometer were used foCBb-U EBW measurements:
two tunableradiometers could be tuned betwgs#asma shotsthe other, &ast scanning,
7.2-12.4 GHz radiometecould measurehe EBW spectrumevery 20usec. Figure 3(a)
shows a schematic diagram of one oftilreableradiometersThe microwave sectiomsed
a broadband, 4-18 GHdpuble balancedsecond harmonic mixer arttle local oscillator
signalwas provided by a 4-6 GHz, permanent magnet, YIG-twsailator. The other



tunable receiveused a 2-26 GHz second harmomlouble balancedixer and an 8-12.5
GHz YIG-tuned oscillator. YIG oscillators havdimear voltage-to-frequency characteristic,
but typicallytake ~10 msec tadune within their spectral rangéor CDX-U, which is a
relatively short pulse machine (< 20 msespectral profiles have to be built up over many
similar plasma discharges. Asolator reduceteakage of local oscillatqggower out of the
antenna, which, if nosuppressedgcan result in coherent hamyning artifacts in the
radiometer outputThe intermediate frequency sectibias two stages oamplification
separated by &-60 dB stepattenuator. A100-200 MHz bandpassilter defines the
frequency resolution ahe receiver. Sincthis is a double sideband desigme instrument
frequency resolution is 400 MHz, resulting in a typical major radial resolutitreiplasma
of 2-3 cm. The final receiver stage is the video detection and amplification shetibas a
-3 dB bandwidth of 1 MHz. Figure 3(Bhows aschematic diagram dhe fast scanning
radiometer. The microwave sectionuses a broadband, 2-26 GHdopuble balanced,
fundamental mixer and kcal oscillator sgynal provided by a 7.2-12.&6Hz voltage
controlled oscillato\'VCO). Althoughthis type of oscillatorhas anonlinear voltage-to-
frequency characteristic, itas a frequencgettling time of < 50 nsec within its operational
frequency rangel-or our measurements on CDX-U, weannedhe VCO over itsfull
frequency range every 2@sec. In this radiometer, a low noise microwave pre-amplifier
amplifies the received signaprior to the mixing stage, this reducethe amplification
necessary ithe intermediate frequency stage amgbrovesthe overall receiver signal-to-
noise ratio. Otherwise, the receiver frequency resolution and video sectisiméae to the
tunable receivers described earlier.

The EBW radiation temperatures, ], quoted in this papeare derivedfrom an
absolute calibration of the diagnostic sensitivity. TEBW radiometers, including the
antennas, microwave cables, @hdvacuum window raterial, werecalibrated absolutely,
in-sity, using a Dicke switchinlé’ calibration technique. The calibratiemployed Eccosorb
CV immersed inliquid nitrogen,combined with a mchanical radiation chopper, as the
calibration source.The minimum detectable radiatiotemperaturevas determined to be
about 0.1 eV and receiver responsivity was typically in the range of S’

lll. EBW MEASUREMENTS
Most of the EBW datapresented here wereeasured using one tife two frequency

tunable heterodyneadiometers (Fig. 3(a)). Measurementstioé T.4(R) profile were
therefore acquired overany, relatively similar, discharges, and as a restlie quality of



the T,,4(R) profile measurements wadegraded due to shot-to-shairiability. We only
recently begamising a fast scanningBW radiometer (Fig. 3(b)allowing us tomeasure
the evolution of th&eBW T,,4 profile on a singleplasma shot. Figure gdhowsthe time
evolution of major plasma parameters duriniymcal CDX-U plasmawith B, = 2.1 kG.
The plasmacurrent,shown in Fig. 4(a), rises tbout 70 kA aR21 msec. Athetime of
peak plasma current, theline average electrordensity, measured by a microwave
interferometer viewing a vertical chord close to the plasma major radius, (Figredthes
about1x10" cm°. Figures 4(c) and 4(dbhowthetime evolution ofthe electron density
and temperature, respectively,raeasured by a Langmuiriple probelocated at R = 58
cm, 2 cm outsidehe last closedlux surface. At this locationthe electrondensity, as
measured by the probe, is in the range 1-2% @®° and the electron temperature is about
10 eV. Figure 4(e) shows the time evolution of the mode-converted EBW emission at 10.8
GHz, a frequency which is resonant with the second harnebtedtron cyclotron layer at R
= 36 cm,near theplasma axis. Electromagnetic waves at XBH are cutofffor electron
densities greater than 9 xlfOJm'g, so forthese discharge parameténe plasma iswell
into theoverdense regime #te plasma axis, and igften overdense out the last closed
flux surface. The EBW [ 4increases from 10 eV at 217 msec to about 60 eV atriZzz.
Typically there are large fluctuations on the mode-converted EBW signal, With,gT .4

~ 30 %, as can bseen in Fig. 4(e)These fluctuationsnay bedue to the edge density
fluctuations (Fig. 4(c)) affecting the mode conversion efficiency.

In order to build up aEBW T,,4(R) profile, the EBW radiometerreceive frequency
was tuned over a sequence of about 60 CDX-U discharges sintier tmeshown in Fig.
4. Since thdime betweenCDX-U shots isabout5-6 minutes, this represendadout 5-6
hours of CDX-Uoperation.During this frequency scan, a multi-poifthomsonscattering
diagnostic acquired electron temperature data at one of several different timesdainiraj
these plasmas. The EBW radiometer measuwgéR) onthe horizontal naplane, and the
Thomson scattering diagnostic measures the electron temperature profile vertically at R = 35
cm. To compare JZ) Thomsonscattering data t&BW T,,4(R) data, theThomson
scattering data were flux surfanepped ontdhe horizontaimidplane on botlthe inboard
and outboard side dhe plasma axis usinghe J-Solver cod€. J-Solver is afixed-
boundary, single-fluidideal MHD equilibrium solver.The Ty(Z) to T4(R) mapping was
found to be very sensitive to the Shafranov shift and the vertical positiba jpfasma axis.
To improvethe signal-to-noisethe Thomsonscattering datavere averaged over about ten
similar shots. Fig. 5(a) shows a comparibetween th&'homsonscattering I(R) profile
and theEBW T,,4(R) profile at217 msecthe first time marked bythe verticalshaded



region in Fig. 4The Thomsonscattering datavere taken a217 msec anthe EBW data
were averaged betwe@i6.5 and 217.5 sec, in order tdime-average the effect of the
fluctuations mentioned earlier. Note that the Thomson scattering mapped inboard of R = 35
cm are the same data points as those mapped outboard of R = Bbeamor bars on the
EBW data are domated by fluctuations ithe plasma emissionand not by radiometer
instrumental noise. It should also heted that details of thport geometry used for the
EBW measurement fothis comparison mayot have been entirely sutated in the
calibration, sasystematic errors of up to 20% mhgve been introduced into the deduced
EBW T,,4. Nearthe plasma axis, R = 35 cm,jj(R)/T(R) ~ 0.2. While at R = 44 cm,
T(R)/T,54(R) ~ 0.9. Fig. 5(b) shows a comparisbetween the XR) profile from the
Thomson scattering diagnostic and thg(R) from the EBW radiometer at 222+0.5 msec,
the second time marked byertical shaded region in Fig. 4. At thlater time, T.4(R) ~
T«(R) at most radial locations whefdhomsonscattering datavere available.However, the
Thomsonscattering datamplies a hollow profile, whereathe EBW T, 4(R) profile is
clearly peaked near the plasma axis.

An important aspect afhe mode-convertecEBW emission isthe degree of radial
localization of the source of the emission. This was determined usaufpraquesimilar to
that of Laqueet al 10 A gas njector introduced aeries of short gas puffs the outboard
midplane throughout the plasma pulse. A Langrnpte probelocated at R = 58m, just
outsidethe last closedlux surface, measured a seriesetdctron temperature oscillations,
with the peak of the oscillations occurring about @8@&fter the turn off ofhe gas puff, as
shown in Fig. 6(a). Figure 6(lshowsthe EBW radiometer signal whethe receiver was
tuned to a frequency correspondingtte second harmonielectron cyclotron resonance
near the axis. There @ear evidencdor adelay of severahundred microsecondsetween
the radiometer T,4 peak and the Jpeakmeasured byhe probe neathe plasmaedge. A
sequence of similar plasmas was run with modulated gas puffinthe&@W radiometer
receivefrequencywas tuned betweershots. The modulation inthe radiation temperature
was measured byhe EBW radiometer ateach frequency. When data from all the
radiometer receive frequencies were analyzed, an approximately linear increasdeilaythe
to the T4 peak as a function of decreasjplgsma minor radius was observed. Figure 7
shows a plot of the time gfeakEBW T,,4 as a function of thenajor radius othe EBW
emission (filled circles). The open circles indicate the time of thee@k followingthe puff
measured by the probe near the plasma edge (Rcmy8for the samedataset. For most
of theplasmas irthe dataset, thprobe T, peaks 100 + 5@ after thegas puff turns off.
Whenthe delaymeasured inhe EBW T,,4 peak is linearly extrapolated out to theajor



radius ofthe probe, it agrees witthe delaymeasured byhe probe.The totaltime for the

heatpulse totravelfrom the edge of thglasma tothe plasmamagnetic axis i$00 us,

similar tothe plasma confinement time fohese discharges. Thisalue implies aparticle
e 2 -1 : .

diffusivity of about 10 ms™ for this plasma regime.

We have recently acquiredode-converteEBW emissiondatawith a fast scanning
radiometer (Fig, 3(b)). This instrumecain measurehe EBW T,,4(R) profile in lessthan
20us. EBW datawere acquired duringdigh Harmonic Fast WaveHQ—|FW)15 heating
experiments orfcDX-U. Figure8(a) shows acolor contour plot otthe time evolution of
T,.4(R) for a plasma with ohmic heating only. The brightest emission is at R ~ 3@eam,
the magneti@axis. The T,,4 signal at R= 50 cm is probably fundament&BW emission
from theinboard side ofthe plasmaprofile. Figure8(b) shows EBWdatafor a similar
plasma but with 54 kW oHHFW heating added betweetl8.7 and 221.7 msedhis
plasmaexhibits amuch higher radiation temperaturduring the HHFW heating pulse.
Figure 8(c) shows a color contopliot of the increase in J4(R) duringthe HHFW pulse.
The increase in 4 is broad, withthe largest increasmeasured within R = 46m. An
analysis of the HHFW power depositionttee electronsvith the TORIClG, full wave, RF
power depositiorcode indicates that theulk of the deposition to electrons expected
within a normalized nmor radius,r/a ~ 0.5, qualitatively consistent withthe EBW T,,4
data.

The received radiatiofrom the B-SX-FX modeconversion process should lreearly
polarized in theX-mode, thatis, perpendicular to the magnetic field direction at the outer
plasma edge. As a result of the significant poloidal contributidnetdotal magnetic field at
the outer plasma edge on CDX-U, the field pitch near the last closed flux surface is about 25
degrees to the horizontal gt+ 70 kA. Of course, thipitch will vary throughthe plasma
pulse as the plasma current changes. In order to detetimeirtkegree of polarization of the
EBW emission, two EBW radiometers were set up to simultaneously view the plasma with
polarized notch waveguidaprn antennas. One radiometeas located on the horizontal
midplane andhe other 5 cnbelowthe mdplane.The antenna polarization sensitivity was
determined in amarlier absolute calibratiaihat usedrotateable we grids to measure the
degree of polarization. In this calibratiahe “X-mode” polarizedsource producethree
times the signal of the “O-mode” polarized source. So for 100% X-rpoteizedplasma
emission we woulexpect theX-mode:O-moderatio to be 3:1. Data were acquired at a
receivefrequency of 11.55Hz during asequence oplasmas witheither both antennas
oriented inX-mode orwith the antennaff the midplane inX-mode andthe one on the



midplane inO-mode, atthe peak of theplasmacurrent. Datafrom these polarization
measurementareshown in Fig. 9(a)The ratio of the signdfrom the two radiometers is
plottedversus time for sets of plasmas where both radiometers seér® measure X-
mode (thin line), and where one radiometer meas¥ratbde and the othemeasured O-
mode (thick line). Theshaded regions inchte thestandard deviation in these ratidsg
9(b) illustrates how well matchdte two datasets were iplasmacurrent and line integral
electron density. The X-mode/X-moderatio remains veryclose to unity (within 5%)
confirming that thetwo radiometerdhave a similar view othe plasma,even though the
antennas are separated poloidally by aboeiin5 Althoughthere doesappear to besome
canonical difference between themode/O-moderatio and theX-mode/X-moderatio, the
difference issmall & 20%). Clearly, these @asurements doot showthe linear X-mode
polarization we expected. We will discuss the implication of these results furttiner mext
section.

IV. SUMMARY DISCUSSION & FUTURE PLANS

Our results sdar suggesthat amode-convertedEBW radioneter may be aviable
diagnosticfor local electrontemperature masurements in overdense plasmas. Niee
shown that it is possible, under certain conditions, to obtain mode-conizBWdradiation
temperatures which are comparable to the electron temperature, thaf/is, ¥ 1. Further,
we have demonstratetthat the mode-convertedEBW emissionsource islocal to the
electron cyclotron resonance layer and that the diagnostic exjuloitsradial localization in
a plasma discharge with a monotomagnetic field gradient. ThEBW diagnostic has
been successfullgpplied to thestudy of m@rticle transport in an overdense ST plasma
device and initial results suggest that the diagnostic seome& promise for measuring the
local HHFW RF power deposition to electrons.

However,there are severalbservationghat need to be explaineirst, the measured
emission had little or no polarization in contrast to the expected Iideaqde polarization.
One possible reason faine lack of polarizationmay bethat a significant fraction of the
radiation entering the antenna has undergone polarizaixing due tomultiple reflections
between theressel wall andhe righthand cutoff. The notched waveguide antenhas a
relatively large acceptance angle, with the antenna sensitivity dropping by only 3 dB at + 14
degreedrom the antennaxis, so we might reasonabdxpect thatsome ofthis reflected
emission isentering the antenna. It @lso possiblethat the O-mode mode conversion
process iscontributing to themeasured signal, were presently investigating this



possibility. Second, it is noyet clear that theobserved T 4/T. (Fig. 5) can be fully
explained as resultinfjom the B-SX-FX modeconversion and tunnelingrocess. This is
further complicated byhe sensitivity of theThomson scattering [(R) mapping to the
Shafranov shift and plasmeertical position, andhe observedack of polarizedemission.
As mentionecearlier, theB-SX-FX emission processepends orthere being aelatively
steep density gradient at thHR to allow themode-converted emission tonnel through
to the righthand cutoff orthe low field side ofthe plasma.There have beenraumber of
papersthat propose aheating scenaridhat uses the inverse ofthe B-SX-FX mode-
conversion procegs'zo. For the FX-SX-B heating scenario, the power that tunnels from the
right hand cutoff tahe UHR is assumed to bmompletelymodeconverted tdEBWs. The
maximum mode conversion efficiencz, . , is given by

C. =4e™ (1 - e‘”") (4)

wheren is the Bidden tunneling parame%(larWhenthe density scale Iength_n IS much
shorter than the magnetic scale Ieng@ at the UHR layerp is given by:

—_— /2

where a = w . /o, is evaluated at theHR layer andc is the velocity of light. AsLn
becomes shorten; decreases an&,,, increases. In order to measultﬁ at the UHR
surface onCDX-U, we acquired electron densityatawith a Langmuirtriple probe and a
singlevertical chord, microwave interferometethat were both scanned in major radius.
These data ar@resently being analyzed to estimafg,, for the B-SX-FX emission
process to determine if changeslcﬁ at theUHR mayexplain theobservedvariation in
TradTe

Future experiments o&DX-U will use anantennaassembly mounted inside the
vacuumthat has a smalleeffective acceptance angle, arder to reducehe effect of
polarizationmixing due toreflections. This alsdas the potential toobservethe EBW
emissiondirectly, so that theignal intensity is not complicated mpode conversion and
tunneling processes.

Experiments to measure mode-convel IV emission Ave also started oNSTX.
Initial measurements with a frequency scanning heterodyne radiometer, vibe/gegond

10



ECE harmonic with a notched waveguide emta,show very littte EBW emission at the
second EBW harmonic. This result is qualitatively consistent with thellﬁrglﬂaasured by

a microwave edge reflectometer in similar NSTX discharges. Future mode-converted EBW
measurements on NSTX may benefit from ptenned exploration of thid-Mode regime,

which is characterized by the steep edge density gradiettarenecessary foefficient B-

SX-FX mode conversion.
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Figure Captions
Figure 1.
Schematic diagrams OEBW mode-conversion andunneling processes; (a) EBW
conversion to fast X-mode and (b) EBW conversion to O-mode.

Figure 2.

Frequency ranges faeDX-U plasmaparameters which wergpical during the EBW
measurements presented in this paper (§,g- B kG, |, ~ 70 kA, <> ~10" cm® and
Teo = 100 eV).The figureshowsthe frequencies of thérst three ECE harmonics (f,
2f.o 3f.o), the right andeft hand cutoff frequenciesgf f, ), the upper hybrid frequency
(fun) and the electron plasma frequency)(f

Figure 3.

(&) Schematic diagram difie frequency tunabl@-12 GHz radiometer, which used a 4-6
GHz YIG local oscillatorand a second harmonic 4-G34z mixer. (b)The fast scanning
radiometer, which used a 7.2-12.4 GMaltage controlled local oscillato2-26 GHz
fundamental mixer and a low noise 8-12 GHz pre-amplifier.

Figure 4.

Time evolution ofmajor CDX-U plasmaparameters: (a) plasmeurrent, (b) average
electron density measured by a microwave interferometeed(® densityneasured by a
Langmuirtriple probe, (d)the edge electron temperatureeasured bythe probe and (e)
mode-converted EBW emission at 10.8 GHireguency resonant witthe ECE second
harmonic at the magnetic axis. The two sets of shaedital linecorrespond tdhe times
for which the EBWradiation temperature ompared tdhe Thomsonscattering electron
temperature profile in Fig. 5.

Figure 5.

Comparison othe EBW radiation temperature profile to tidnomsonscattering electron
temperature profile for the two times indicated by vertical shaded lines in Fig. 4; (a) for the
time window 217+0.5 ms and (b) for the time window 222+0.5 ms.
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Figure 6.

(a) Time evolution of the electron temperatareasured by #iple probelocated at 2 cm
outsidethe last closedlux surface (R = 58cmand (b)the evolution of thell.2 GHz
EBW radiation temperaturgFom alocation near th@lasma axis (R = 35 cm) during a
modulated gas pufhjected at the outer edgeollwing turn off of the gas puff at the
edge, a delay in the reheat at the axis, relative to the edge probe, is clearly evident.

Figure 7.

Arrival time of the peak of the reheat pulse in EBW radiation temperature and the time
of peak electron temperature at the probe located at R = 58 cntimEhef the peak of the
reheatpulse increases approximatelgearly with decreasing mor radius.The data is
consistent with the EBW emission source being localized in major radius.

Figure 8.

Color contour plots ofEBW radiation temperatureneasured by a fast scanning
radiometer.The EBW radiometer scangom the plasma axis tahe last closedlux and
back in 40usec.EBW radiation temperatureath areshown for(a) an ohmicallyheated
plasma and (b) for a plasma also heated by high harmonic fast(iWe¥aV) heating. (c)
The increase in radiation temperature duélld=W heating, obtained by subtracting (a)
from (b).

Figure 9.

(a) Ratio of thesignals from twoEBW radiometers averaged over a sefptEsma shots
with similar current anelectron density evolutionThe thingray line is the ratio of the
radiometer signals for a set shots for which both radiometerdiewed X-mode

polarization. The thick black line i®r an average over a set glasma shots with one
radiometer viewing>-modeand the otheviewing X-mode. (b) Evolution othe plasma

current andine integraldensity forthe two datasetsshown in(a). The shaded regions
show the standard deviation of the data contributing to the averaged signals.
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Figure 1. Schematic diagrams BBW mode-conversion antlnneling processes; (a)
EBW conversion to fast X-mode and (b) EBW conversion to O-mode.
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Figure 2. Frequency ranges for CDX-U plaspaaameters which wetgpical during the
EBW measurements presented in this paper (g.6. BkG, |, ~ 70 kA, <> ~10° cm®

and T,, = 100 eV). The figure shows the frequencies of the first three ECE harmqgics (f
2f.o 3f.o), the right andeft hand cutoff frequenciesgf f, ), the upper hybrid frequency
(fun) and the electron plasma frequengy)(f
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Figure 3(a). (a) Schematic diagramtioé frequency tunabl&-12 GHz radiometer, which
used a 4-6 GHz YIG local oscillator and a second harmonic 4-18 GHz mixer.

17



7.2-12.4 GHz
Voltage
Controlled

Oscillator Antenna

<

8-12 GHz, 32 dB i
2-26 GHz Amplifier 10,1000 MHz Video
Double 4 Amolifier Detector
Balanced p
Mixer ‘
0-60 dB
Step
Attenuator
Video
100-200 MHz ifi
Bandpass Amplifier
Filter

Video Output
Figure 3(b). (b)The fast scanning radiometer, which used a 7.2-12.4 Gblage

controlled local oscillator2-26 GHz fundamental mixeand a low noise 8-1%Hz pre-
amplifier.
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Figure 4. Time evolution omajor CDX-U plasmgyarameters: (a) plasnw@urrent, (b)
average electron densitmeasured by a microwave interferometer, (c) edge density
measured by a Langmumiple probe, (d)the edge electron temperatumeasured by the

probe and (e) mode-converted EBW emission at 10.8 Glitegaency resonant with the

ECE second harmonic at the magnetic axis. The two sets of shaded vertical line correspond
to thetimes for whichthe EBW radiation temperature isompared tothe Thomson

scattering electron temperature profile in Fi
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Figure 5(a) Comparison othe EBW radiation temperature profile to thEhomson
scattering electron temperature profile for the two times indicated by vertical shaded lines in
Fig. 4 for the time window 217+0.5 ms.

20



(b)
Time Window = 222 +0.5

70
: —e= EB\W Trad (EV) E
60 [ @ Thomson i
[ o Scattering ]
[ = Te (eV 1
sl e (V) _
40 [ ' gl :
[ T‘s‘ SN\ I& ]
30 [ fl ey | 1
[ S ,'“'. =‘!.\._i" 2 ]
Bt TN ]
20| L% LT RN | i
i ¥ A T
[ TS 2
10 | % Eh =8
Ny .
oL ]
30 35 40 45 50

MAJOR RADIUS (cm)

Figure 5(b). Comparison ahe EBW radiation temperature profile to thEhomson
scattering electron temperature profile for the two times indicated by vertical shaded lines in
Fig. 4 for the time window 222+0.5 ms.
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Figure 6. (a) Time evolution of the electron temperature measuredripjegrobelocated

at 2 cm outsidehe last closedlux surface (R = 58cmand (b)the evolution of thell.2

GHz EBW radiation temperature from a location near the plasma axis (R = 35 cm) during
a modulated gas pufhjected at the outer edgeoliéwing turn off ofthe gas puff at the
edge, a delay in the reheat at the axis, relative to the edge probe, is clearly evident.
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Figure 7. Arrival time of the peak of the reheat pulse in the EBW radiation temperature and
the time of peakelectron temperature at tipegobelocated at R = 58m. The time of the

peak of the reheat pulse increases approximately linearly with decreasing minor radius. The
data is consistent with the EBW emission source being localized in major radius.
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Figure 8(a). Color contour plots dEBW radiation temperatureneasured by a fast
scanning radiometefhe EBW radiometer scansom the plasma axis tahe last closed
flux and back in 4@isec. EBWradiation temperaturdata areshown for(a) an ohmically
heatedplasma and (b) for a plasma alseated byhigh harmonic fast wavéHHFW)
heating. (c) The increase in radiation temperature dudH&W heating, obtained by
subtracting (a) from (b).

24



Radiation Temperature (eV)

madanion ISmpseraiure |2y )
e —

60

Plasma Edge —| -

50

MAJOR
RADIUS
(cm)

40

Plasma Axis —

30

Figure 8(b)

30

0407001258

HHFW Power, Pmax=54 kW
| | | |

218

220 222
TIME (ms)

25



Radiation Temperature Change (eV)
! I
0 5 10 15

0407001258-0407001304

60 T T T T T

Plasma Edge —

50

MAJOR
RADIUS =
(cm)

40 |-

Plasma Axis —»|-

HHFW Power, Pmax=54 kW
30 | ] 1 | |

218 220 222
TIME (ms)

Figure 8(c).
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Figure 9. (a)Ratio of thesignals from twoEBW radiometers averaged over a set of
plasma shots with similazurrent and electron density evolutidrhe thingray line is the
ratio of theradiometer signals for a set shots for which both radiometevéewed X-
mode polarization. The thick black line for anaverage over a set plasma shotsvith
one radiometer viewin@-modeand the othewiewing X-mode. (b) Evolution of the
plasmacurrent andine integraldensity forthe two datasetsshown in(a). The shaded
regions show the standard deviation of the data contributing to the averaged signals.
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