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New electron cyclotron emission diagnostic for measurement
of temperature based upon the electron Bernstein wave

P. C. Efthimion, J. C. Hosea, R. Kaita, R. Majeski, and G. Taylor
Princeton University Plasma Physics Lab, Princeton, New Jersey 08543

~Presented on 10 June 1998!

Most magnetically confined plasma devices cannot take advantage of standard electron cyclotron
emission~ECE! diagnostics to measure temperature. They either operate at high density relative to
their magnetic field~e.g.,vp@Vc in spherical tokamaks! or they do not have sufficient density and
temperature to reach the blackbody condition (t.2). The standard ECE technique measures the
electromagnetic waves emanating from the plasma. Here we propose to measure electron Bernstein
waves~EBW! to ascertain the local electron temperature in these plasmas. The optical thickness of
EBW is extremely high because it is an electrostatic wave with a largeki . For example, the National
Spherical Torus Experiment~NSTX! will have an optical thicknesst'3000 and CDX-U will have
t'300. One can reach the blackbody condition with a plasma density'1011 cm23 and Te

'1 eV. This makes it attractive to most plasma devices. The serious issue with using EBW is the
wave accessibility for the emission measurement. Simple accessibility arguments indicate the wave
may be accessible by either direct coupling or mode conversion through an extremely narrow layer
~'1–2 mm!. EBW experiments on the Current Drive Experiment-Upgrade~CDX-U! will test the
accessibility properties of the spherical tokamak configuration. ©1999 American Institute of
Physics.@S0034-6748~99!74201-2#
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The advent of electron cyclotron emission~ECE! diag-
nostics for magnetic fusion plasmas has made it possible
the time evolution of the electron temperature profile to
measured with moderately priced microwave and millime
wave technology.1–3 ECE measurements with excellent tem
poral and spatial resolution have facilitated the study
plasma transport and magnetohydrodynamic~MHD! fluctua-
tions. Two criteria must be satisfied for the application
ECE diagnostics: satisfactory wave damping and access
ity. The accessibility criteria limits the application to mode
ate b plasmas whereVce.vpe for the ordinary mode~O-
mode! fundamental andvpe

2 /v2,12Vce/v for the second
harmonic extraordinary mode~X mode!, whereVce is the
electron cyclotron frequency,vpe is the electron plasma fre
quency, andv is the wave frequency. The wave dampin
requires the optical thicknesst.2 for the ECE to be at the
blackbody level and proportional to the electron temperatu
Consequently, only high temperature plasmas (Te.1 keV)
with low b such as found in tokamaks and stellerators c
meet the criteria. Many magnetized plasmas cannot uti
the technique. The inverse process of heating a plasma
the electron cyclotron frequency is governed by the sa
issues.

A new toroidal configuration, the spherical torus, is b
ing investigated as an alternate magnetic confinement
cept. The first such device, START,4 has achieved high den
sities with a modest toroidal magnetic field. Core densities
331013 cm23 are routine and 1014 cm23 has been achieve
with magnetic fieldsBf50.2– 0.6 T. Similar conditions are
expected for NSTX.5 Such conditions translate int
vpe/Vce@1. The characteristic frequencies for NSTX a
shown in Fig. 1. Note the plasma frequency is larger than
1010034-6748/99/70(1)/1018/3/$15.00
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first electron cyclotron frequencies at every radius exc
near the inner plasma edge. The cutoff for the extraordin
mode is even larger than the plasma frequency. Therefor
each radius of the NSTX plasma except near the in
plasma edge, the plasma cannot support electromagn
waves for the first five electron cyclotron harmonics a
electromagnetic radiation is not generated from these e
tron cyclotron harmonics. However, electron Berstein wa
~EBW! can be generated and can propagate in the plasm
will be described later. Although very high harmonic ele
tromagnetic radiation is accessible, it is far from the blac

FIG. 1. Characteristic frequencies in NSTX vs major radius.Fce is the
electron cyclotron frequency,FUH is the upper hybrid frequency,Fc1 is the
lower X-mode cutoff frequency, andFc2 is the upper X-mode cutoff fre-
quency.
8 © 1999 American Institute of Physics
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body condition necessary for the measurement of temp
ture or for effective electron heating with microwav
frequencies.

On Princeton Large Torus~PLT!, the early electron cy-
clotron emission measurements by Hosea, Arunasalam,
Cano indicated that the extraordinary mode fundame
ECE, v5Vce, is capable of determining the electro
temperature.6 In Fig. 2 their data shows the emission inte
sity for the fundamental extraordinary wave measured fr
the high field side of the tokamak was equal to the blackb
emission level of the second harmonic extraordinary mo
The emission intensities for both modes are proportiona
the electron temperatures measured by Thomson scatte
Their explanation for the blackbody fundamental electr
cyclotron emission invokes~EBW! emitting at blackbody
levels, propagating to the upper hybrid layer, and mode c
verting into extraordinary mode emission. Their analysis
the EBW absorbtivity can be utilized for the development
an electron temperature diagnostic on NSTX, and the ve
cation of EBW physics necessary to consider electron h
ing and current drive at the electron cyclotron range of f
quencies.

From the electrostatic dispersion relation for a collisio
less hot plasma in Bekefi7 and Stix8 one can easily calculat
the real and imaginary wave number for this range of f
quencies:

Re@kperp#'~4/p1/2!1/3~Vce/VT!~vpe
2 /

@v22~Vce2DVce!
2# !1/3,

Im@kperp#'Ap1/2vpe
2 Vce

2 /Re@kperp
2 #VT

3,

whereDVce5VceVT
2/c2, VT is the electron thermal velocity

andA5F(v,Vce,Te) and is defined in Ref. 1.
From these equations, the wave propagation can be

culated from Re@kperp#. For v5vce, the optical thickness,t,
can be calculated from Im@kperp# for various machines. Fo

FIG. 2. Electron cyclotron emission profiles on PLT forf ce ~s! and 2f ce

~d! emission. The average Thomson scattering profile~—! is shown for
comparison@Te(0)51 keV#.
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PLT, the optical thickness is on the order of 10 000. Int
estingly enough the optical thickness for NSTX is 3000. F
NSTX, the entire plasma diameter is highly absorptive
EBW, and the emission easily meets the blackbody condi
for measuring electron temperature,t.2. The plasmas of
these machines should also be optically thick for second
monic electron Berstein waves. The high absorptivity ma
EBW extremely attractive for electron cyclotron resona
heating and current drive on these machines. Furtherm
the high absorptivity for EBW permits any magnetize
plasma with an electron density,ne>1011 cm23, and an
electron temperature,Te>1 eV, to satisfy the blackbody cri
terion. Therefore, many magnetized plasmas meet the bl
body condition which allows EBW electron temperature
agnostic measurements, or EBW heating and current driv
be employed.

Simple accessibility arguments indicate that there
both direct and mode conversion schemes for acces
EBW emission from the electron cyclotron layer. The ch
acteristic frequencies for NSTX near the plasma edge in F
3 indicate the possibility of direct coupling with EBW. Th
coupling distance through the X-mode cutoff laye
(Fc1,Fc2) and upper hybrid layer is on the order of a fe
millimeters, allowing for direct coupling~evanescent! as is
achieved with lower hybrid current drive with a slow wav
antenna. One major difference is the EBW is an X-mode~E
perpendicular toB! while the lower hybrid wave is an O
mode ~E parallel toB!. Direct coupling will require an an-
tenna that matches the low phase velocity of the electros
EBW similar to the coupling scheme for lower hybrid wave
A multiple element antenna array is normally used to cre
a low phase velocityk spectrum for lower hybrid wave cou
pling by adjusting the phase between the antenna eleme9

However, electron temperature measurements may no
quire a narrow bandwidthk spectrum and thus, a two ele
ment antenna may be sufficient for coupling to the EBW.
the microwave range of frequencies waveguides are the
tenna elements. Direct coupling would be favorable beca

FIG. 3. Characteristic frequencies for NSTX vs major radius. The cha
teristic frequencies are within a few millimeters of the plasma edge indi
ing the possibility of direct coupling of the electron Bernstein wave to
slow wave antenna at the plasma edge.
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the coupling efficiency would not be very sensitive over t
range of the electron cyclotron frequencies of interest.
achieve efficient direct coupling, the electric field from t
antenna has to extend across the cutoffs and resona
shown in Fig. 3. This will require the antenna to be plac
very close to the last closed flux surface where the plas
density ne>531011 cm23. Alternately, one mode conver
sion scenario has the EBW propagate to the upper hy
layer and mode convert to an electromagnetic X mode wh
propagates out of the plasma. This scenario has been stu
by Bers.10 Another mode conversion scheme has the EB
propagating to the upper hybrid layer, mode converting i
an X-mode, tunneling through the cutoff layer and mo
converting to the O mode at a turning point. This last co
pling scheme was successfully used to heat W7-X above
density limit for the launched O mode.11

Given successful wave accessibility and absorptivity
simple instrument can be placed on NSTX to measure
electron temperature. With the low magnetic fields in NST
an instrument would require low microwave frequenc
~,40 GHz for the first and second harmonics! where the
components are inexpensive and have very low noise c
acteristics compared to millimeter wave components. Bo
scanning radiometer and a multichannel instrument to sim
taneously measure temperature at multiple locations ma
used to measure the electron temperature profile for trans
studies and plasma MHD studies, respectively. Their conc
tual designs are similar to millimeter wave instrumentat

FIG. 4. Schematic diagram of the CDX-U EBW radiometer.
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used on higher magnetic field plasmas, but utilize lower f
quency components.

The optical thickness calculations indicate that much
the EBW physics, and the proof of principle for the electr
temperature measurement, can be studied on CDX-U.12 The
CDX-U plasma has an optical thickness'300 and can be
accessed with simple electromagnetic and electrostatic an
nas. The emission frequencies for CDX-U are below
GHz. A heterodyne EBW radiometer is being installed
CDX-U ~Fig. 4!. A sweepable signal generator operating b
tween 2 and 4 GHz provides a local oscillator to a seco
harmonic mixer. The signal from either a wide angle spir
broadband antenna~AEL Colmar ASO-1503A!, or an elec-
trostatic waveguide antenna is mixed with the local osci
tor. The output of the mixer is amplified and filtered in
double sideband intermediate frequency~IF! section. The
output of the IF section is rectified by a video detector a
amplified. The end result should be a measurement of
electron temperature on CDX-U using ECE from Bernst
waves. A successful program on CDX-U will support th
installation of a similar instrument on NSTX to measure t
electron temperature. This instrumentation would be use
study MHD and provide profile measurements for confin
ment studies. Furthermore, the emission measurement
CDX-U and then on NSTX are necessary steps for the s
ous consideration of EBW heating and current drive. T
high absorptivity of EBW allows for the consideration o
electron temperature measurement, electron heating, and
rent drive on modest magnetized plasmas (ne>1011 cm23

andTe>1 eV).
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