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Abstract-Measurements of whistler-mode electron cyclotron emis- 
sion have been made in the Phaedrus-B tandem mirror end cell. The 
receiving horn was located on the axis of the machine just outboard of 
the end cell. Under normal conditions, the signal had a component 
which was identified as blackbody emission, and an electron tempera- 
ture was obtained which was in good agreement with electron end loss 
energy-analyzer data. In addition, the signal contained short bursts of 
unknown origin. Significant heating of the electrons due to end-cell 
ICRF was seen. Comparison of end loss and Thomson scattering data 
showed that emission from hotter edge electrons was responsible for a 
large part of the total signal. 

I. INTRODUCTION 
LECTRON CYCLOTRON emission has been used as E a nonperturbing diagnostic for measuring electron 

temperature in many experiments [ 11-[4]. In magnetic 
mirror devices, whistler-mode electron cyclotron emis- 
sion (WECE), propagating parallel to the magnetic field, 
has been studied [S]-[S]. In many of these experiments 
the emission has been from hot electrons or has been as- 
sociated with instabilities [8]-[lo]. In TMX-U, for ex- 
ample, bursts of emission were observed which were at- 
tributed to instabilities related to hot and/or anisotropic 
electron distributions produced by strong end-cell elec- 
tron cyclotron heating (ECH) [8]. 

The reason for using the whistler mode is that the emis- 
sion can be strongly blackbody in origin, simplifying the 
calculation of the electron temperature and, in a magnetic 
mirror geometry, the whistler mode can propagate up the 
magnetic field gradient at arbitrarily high plasma densities 
[7]. The end-cell electron temperature is an important pa- 
rameter in thermal-barrier tandem mirrors such as Phae- 
drus-B. Localized heating of electrons in the end cell can 
create a positive potential relative to the central cell, lead- 
ing to enhanced confinement of central-cell ions [ 113, 
[ W .  

In this paper, we present the results of WECE mea- 
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surements from the Phaedrus-B tandem mirror end cell 
during heating with electromagnetic waves in the ion cy- 
clotron frequency range (ICRF) and with ECH. Signals 
associated with both thermal emission and bursts of un- 
known origin were observed, In Section 11, we describe 
the experimental arrangement. In Section 111, we present 
and analyze the emission data. In Section IV, we give the 
resulting electron temperature and compare this with data 
from other diagnostics. Finally, in Section V, we present 
our conclusions. 

11. EXPERIMENTAL ARRANGEMENT 
Phaedrus-B is a five-cell tandem mirror consisting of a 

0.08 T central cell bounded by 0.75 T choke coils, fol- 
lowed by 0.16 T (minimum) thermal barrier cells which 
are in turn bounded by quadrupole end cells which have 
a midplane field of 0.3 T and a mirror ratio of 1.7. The 
central cell plasma radius is 16 cm. Plasma is produced, 
heated, and stabilized using ICRF power of approxi- 
mately 400 kW [13], [14]. Start-up is achieved by elec- 
tron cyclotron breakdown in the central cell using a 5 
GHz, 25 kW, 3 ms microwave pulse [lS]. Plasma den- 
sities throughout the device in these experiments are as 
high as 4 x 10l2 cmP3. 

In the end cells the ratio wie/oZe (where ope is the elec- 
tron plasma frequency and U,, is the electron cyclotron 
frequency) is typically in the range from 0.4 to 4.0, mak- 
ing the high-density capabilities of WECE attractive. At 
the end-cell midplane, the path in the perpendicular di- 
rection is obstructed by ICRF antennas which provide for 
the fueling and heating of the end-cell plasma, making 
perpendicular emission measurements difficult. 

To obtain a WECE signal, a rectangular horn (X band, 
8.4 cm E plane x 11.2 cm H plane x 20 cm long) an- 
tenna was located 65 cm outboard from the midplane of 
the Phaedrus-B end cell, on the axis of the machine. The 
signal from this horn was brought out of the machine 
through standard X-band waveguide (cutoff frequency, 
6.56 GHz), and the vacuum feedthrough comprised a mica 
window and viton O-ring seal in a waveguide flange. The 
receiver system was connected to the waveguide with a 5 
m length of low-loss coaxial cable and was enclosed in a 
metal shielding box to prevent spurious radiation from the 
ICRF sources from leaking into the IF amplifier of the 
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Fig. 2.  (a) The WECE signal in the presence of the central-cell ICRF, the 
plug ICRF, and the beach ICRF. Also shown are corresponding line 
averaged densities from (b) the central-cell, and (c) end-cell interfer- 
ometer systems. 

Fig. 3 .  The WECE signal when the local oscillator's frequency is -9.5 
GHz (axial position - 20 cm off midplane), showing a reduction in the 
burst amplitude and frequency. 

due to both end-cell RF sources even though the plug 
ICRF heating causes large increases in the end-cell den- 
sity and the beach ICRF does not. 

When the WECE signal was obtained at -9.5 GHz, 
corresponding to 20 cm from the midplane, the bursts 
were smaller, as shown in Fig. 3. When the receiving horn 
was withdrawn from the plasma, the bursts were still 
present and often much more intense and frequent, 
whereas the floor signal was much smaller. The burst sig- 
nals were observed in the absence of end-cell ECH and 
so their origin cannot be easily attributed to an instability 
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Fig. 4. WECE emission versus time for three representative discharges. 
(a) All (beach, plug, and central-cell) ICRF sources are present as in- 
dicated, as well as the 14 GHz end-cell ECH. (b) Same as in (a) except 
with no ECH. (c) Only plug and central-cell ICRF are present. 
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Fig. 5 .  The WECE signal versus time from hot electrons in the end cell 

during ECH heating where the plasma density was < IO" C I I - ~ .  

driven by a strongly non-Maxwellian electron distribu- 
tion. 

When ECH (10 kW at 14 GHz, resonant near the throats 
of the end cells) was present, an increase in the emission 
could be seen. These signals are shown in Fig. 4 and com- 
pared to similar discharges without ECH. We also inves- 
tigated hot electron cyclotron emission from the ECH 
heating in a low-density plasma. In Fig. 5, the ECH power 
was on from 2 to 10 ms, though no other heating or plasma 
sources were present. The plasma density was below the 
detectable level ( < 10" ~ m - ~ )  and the high emission sig- 
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nal (10 times greater than normal) decayed exponentially 
with a time constant greater than 20 ws. 

IV. ELECTRON TEMPERATURE 
The floor WECE signal was used to estimate the elec- 

tron temperature. The received WECE power can be ex- 
pressed in terms of the electron temperature (eV) by [2], 
[51, [61 

P = gT,( 1 - e-‘)Af ( 1 )  
where Af = 600 MHz is the bandwidth of the receiver. 
The calibration factor g can be expressed as g = glg2g3g4, 
where g ,  takes into account the effects of antenna polar- 
ization, g2 is the attenuation in the waveguide between the 
antenna and the noise source, g ,  is the antenna pattern 
filling factor, and g4 is the receiver’s relative gain versus 
frequency. The optical depth r can be approximated for 
the high-density ( q  > P )  case by [16], [7] 

r E & ( q / ~ ? ’ ~ ~ ( a / c ) ~  (2) 

where q = ai,/a?,, /3 = m, and L is the magnetic 
field scale length, L = B / ( d B / d z ) .  

During the ICRF sustained operation the electron den- 
sity was 1 -+ 2 X 10l2 cm-3 and the electron temperature 
was typically 20 - 40 eV. The optical depth as a function 
of axial position for these parameters is graphed in Fig. 
6. It is much greater than 1 .O everywhere, indicating that 
the emission should be blackbody. 

In principle, WECE can provide an accurate measure- 
ment of the source position because the frequency is as- 
sociated with a unique magnetic field and hence axial lo- 
cation. However, the presence of Doppler broadening, 
finite optical depth, and finite receiver bandwidth all limit 
the spatial resolution. Doppler broadening, when the op- 
tical depth 7 is large, can result in a shift of the source 
point to a higher B field. This shift can be expressed as 
[71 

AZ A f d L / f ,  (3)  

z 600MHz (4)  
where N ,  is the plasma index of refraction and f is the 
receiver frequency. For Phaedrus-B, this gives Az - 8 
cm, which we note is the same as the spatial resolution 
due to the finite receiver bandwidth. 

The receiver power was converted to an electron tem- 
perature by calibration against a standard noise source. 
The electron temperature is simply expressed by 

Te ( z  ) = 4 Tn / ( g 1 gzg3g4 ) (5)  
where Tn is the noise temperature of the calibration stan- 
dard (about 0.852 eV) and .$ is the receiver output nor- 
malized to its response to the noise source standard at a 
frequency of 8.64 GHz. 

The whistler propagating parallel to the magnetic field 
is circularly polarized while the antenna is linearly polar- 
ized, so g ,  = 0.5. The measured attenuation from the an- 
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Fig. 6 .  The plasma optical depth for the WECE signal versus axial posi- 

tion from equation (2). Parameters were n, = 10t2 ~ r n - ~ ,  T, = 20 e!!. 
Also shown is the magnetic field. 

tenna to the switch was g2 = 0.8. The geometry factor 
g3, which is a measure of the fraction of the antenna’s 
radiation pattern which is filled by the source, was esti- 
mated by measuring the emission from a fluorescent lamp 
(which acts as a broadband, spatially distributed noise 
source) masked by a series of aluminum-foil baffles which 
had openings cut in them which corresponded to the Phae- 
drus-B end-cell plasma cross section. The results of these 
measurements, relative to the emission of the unmasked 
lamp, for three different axial locations are shown in Fig. 
7. These values must be considered to be only an estimate 
of g3 because i) the tests were conducted in free space 
rather than in a magnetized plasma. Significant refraction 
effects can be expected because, in the Phaedrus-B end 
cell, the ratio of the plasma frequency to the receiver fre- 
quency is of order unity, and ii) the behavior of the waves 
inside the horn as they reflect from the metal surfaces and 
travel to the waveguide is difficult to calculate in the pres- 
ence of plasma. 

Finally, g4 ,  measured by varying the local oscillator 
frequency while using the calibrated noise source, is also 
shown in Fig. 7. The receiver response versus noise 
source temperature (see Fig. 8) shows that the response 
of the receiver is approximately linear over the frequency 
range used in these experiments. 

In Fig. 9 we show the resulting electron temperature 
calculated from the WECE floor signal using (5) and av- 
eraging a series of 24 shots. Electron temperature as a 
function of axial position near the end-cell midplane was 
obtained by changing the local oscillator’s frequency from 
discharge to discharge, and the results are shown in Fig. 
10. The electron temperature is seen to be independent of 
axial position from 320 to 336 cm. These data were not 
corrected for a Doppler broadening shift of source posi- 
tion because no axial T, variations were seen. 

The other electron temperature diagnostics in the Phae- 
drus-B end cell were Thomson scattering on the axis of 
the east end-cell midplane, and gridded-endless-energy 
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Fig. 7. The filling factor g, (triangles), the frequency dependency of the 
receiver gain g, (diamonds), and the product of the two (squares) versus 
axial position in the Phaedrus-B end cell. 
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Fig. 8. The receiver output signal calibration using the noise source versus 
local oscillator’s frequency. The frequencies were 8.64 (stars), 8.88 
(diamonds), 9.22 (triangles), and 9.62 (squares) GHz. 

analyzers mounted on the end walls. A comparison of the 
electron temperature from WECE with the electron tem- 
perature from Thomson scattering, given in Fig. 11, 
shows that the temperature from WECE was generally 
higher and was uncorrelated with the Thomson scatter- 
ing’s shot-to-shot variations. We can understand this ap- 
parent discrepancy by considering the end loss data (see 
Fig. 12) which show that the spatial distribution of the 
electron temperature is very hollow and nonaxisymmetric 
(which we believe is due to nonuniform E: fields from the 
ICRF antennas). These measurements explain the dis- 
agreement between Thomson scattering and WECE- 
Thomson scattering only gives the on-axis value, which 
is low (on the order of 20 eV and less dependent on the 
end-cell ICRF power), and WECE gives an average of the 
electron temperature over the plasma cross section, which 
in this case is dominated by the edge. 

The electron temperatures determined by WECE and 
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emission signal and equation ( 5 ) .  from an average over 24 shots. The 
error bars are the standard deviations of this average and represent shot- 
to-shot variations in the signal. Here the central-cell ICRF was on from 
0.5 to 17.5 ms, the plug ICRF was on from 6 to 16 ms, and the beach 
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rious emission from the startup ECH. 
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Fig. 10. The WECE-derived electron temperature versus axial position. 
The diamonds are for all (beach, plug, and central-cell) ICRF sources 
operating, the triangles for plug and central-cell ICRF, and the asterisks 
are for central-cell ICRF only. 

by spatially averaging over the electron end loss temper- 
ature are compared in Fig. 13. It should be noted that the 
end loss temperature tends to weigh higher temperature 
components more heavily than lower temperature com- 
ponents and so should give a higher value of T,. Also, the 
end loss data give a measure of parallel temperature, 
whereas WECE should be sensitive to the perpendicular 
temperature. In view of this, we find the agreement shown 
in Fig. 13 to be remarkable. 

We note that the emission signals shown in Fig. 2 seem 
to show instantaneous changes in electron temperature as 
the plug and beach ICRF sources are turned on and off. 
Closer examination of the signals shows that the rise and 
decay times of the signals are from 20 to 50 ps, compa- 
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rable to the electron energy confinement time previously 
observed in Phaedrus plasmas with such relatively colli- 
sional electrons [ 171, [ 1 81. 

V .  CONCLUSION 
We have implemented a whistler electron cyclotron 

emission diagnostic in the end cell of the Phaedrus-B tan- 
dem mirror. The emission appears to have a thermal com- 
ponent which is blackbody, as theory predicts, in as much 
as good agreement is obtained with gridded end loss en- 
ergy analyzer data. The WECE shows significant electron 
heating due to the end-cell ICRF sources. Since the end 
loss data show that these temperature changes occur pre- 
dominantly at the edge, it appears that the WECE diag- 
nostic is sensitive to emission from the entire plasma cross 
section. Short bursts of emission many times larger than 
this thermal signal are also seen, suggestive of an insta- 
bility. 
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Fig. 13. WECE electron temperature versus the east end loss-energy-ana- 
lyzer electron temperature. The error bars for the WECE data are the 
standard deviations in a 24 shot average of the signal after the bursts 
were removed numerically, and for the end loss data they are computed 
in the fitting procedure, which converts the swept data to temperatures. 
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