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Central Electron Temperature Measurement by Third-Harmonic Electron-Cyclotron Emission
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The dependence of the optically thin third-harmonic emission on the electron density
and temperature was observed to be in good agreement with theory. A one-dimensional
model is used to show that the effect on calculating the central electron temperature of
density profile variations is minimal, while that of temperature profile changes is small
if the variations are within reasonable limits. Comparison of the temperature evolution
calculated by use of the third-harmonic emission with shot-to-shot Thomson scattering

shows very good agreement.

PACS numbers: 52.55.Gb, 52.70.Gw

The electron-cyclotron emission from a plasma
has usually been observed at the first or second

harmonics where the plasma radiates like a black-

body.! However, if the local plasma density is
greater than the cutoff density, then there exist
evanescent regions in the plasma through which
the radiation cannot propagate to the detection
system. In this case, the third-harmonic emis-
sion can theoretically be used to obtain the local
electron temperature and density, even though
the emission is generally not blackbody.? In tok-
amaks, where previous third-harmonic measure-
ments have been made,®”® the toroidal electric
field necessary to drive an Ohmic current may
give rise to a small population of runaway elec-
trons. The nonthermal emission from these elec-
trons often masks the thermal emission at the
higher harmonics even though the emission at the
lower harmonics may be relatively unaffected by
these energetic electrons.* We have produced a
plasma in the Heliotron-E device without using

a toroidal electric field and have studied the third-

harmonic emission from the thermal plasma,
In this Letter, we present the first verification
of the dependence of the third-harmonic optically
thin emission on the electron temperature and
density using an optical depth that is valid when
Wyo/ W, o= 1.

The specific intensity for optically thin (t<< 1)
emission is given by the following relation’:

_Ld=-e") I,7(n,,T,)
I-pe " 1-p

) 1)

where I, is the vacuum blackbody intensity (I,
=w?kT,/81%c?), T is the optical depth, p is the
power reflectivity of the vacuum vessel walls,
and it is assumed here that 1 -p> p1. Previous
papers on third-harmonic cyclotron emission
used the low-density optical-depth approximation
(wp, << w,,) for the extraordinary mode derived by
Engelmann and Curatolo.? For typical Heliotron-
E parameters w,, > w_,, so that it is necessary to
use the more accurate equation derived by Born-
atici,®

TS L7 T2 = 9w, w,,2

where w,, is the plasma frequency, w_, is the cy-
clotron frequency, B is the magnetic field, and
dB/ds is the gradient of the magnetic field along
the path of the emission. Typically the optical
depth for third-harmonic emission in Heliotron-E
is less than 0.03. With use of the method of Lau-
rent and Brossier,® indications are that the wall
reflectivity is on the order of 0.92, justifying

the neglection of the p7 term in Eq. (1). Com-

bining Egs. (1) and (2), the specific intensity from

a particular position in the plasma can be written
as I < Z(n,) T}
To model the total emission observed by the

2mc

= ﬁ leez 72 - 18wpez/wcez+ wPe4/wce4 2/ <24‘ - 2“’!’32/('0092 2 < kTe )2 B (2)
24- 30,2 /w2 2

dB/ds’

Ira.diome’cer we use a one-dimensional approxima-
tion,

1 1
L= I(x)dx = [ Z(ny(x)) T,(x)*dx,
(3)

n(x)=nyl=x%), T,(x)=T,(1-x9),
where x=7/a, and a is the minor plasma radius.
The integration is performed over a |B| = const
line in the plasma, To test the effect of varia-
tions in the density and temperature profiles on
calculating the central electron temperature T,
we plot the ratio of the total emission received by
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the horn to the emission from the plasma center,
K =1/Z(n,)T,"°, as a function of average density
for various profiles. Sample profiles given by p
or g are shown in Fig. 1(a).

Experimentally, it is not always possible to
know the density in the plasma core very accu-
rately. Rather, what is usually available is the
line-averaged density provided by a microwave
interferometer. Thus in computing the quantity
Z(n,) we use n,=1.57% (where 77 is the average
density), corresponding to p =2.0 (parabolic den-
sity profile) regardless of the actual profile.
Figure 1(b) shows that K is relatively constant
as a function of density and profile factor p and
blows up at average densities greater than 3.5
X10*% ¢m~? as the emission from the plasma core
is cut off. As long as the profile is between p
=1.0 and p = 8.0, the error in the calculated tem-
perature below an average density of 2.5X10'®
cm ™3 will be on the order of 5% or less. The
effect of changes in the temperature profile is
more important as shown in Fig. 1(c). Asgq is
increased to 8.0 (flat profile), K increases by 1.6
leading to an overestimation of the temperature
by +17%. Similarly, asq is decreased from 2.0
to 1.0 (peaked profile) there will be an error in
calculating the temperature of — 17%.

The model, as developed above, is an estimate
of the maximum extent that profile effects may
be important because it accords equal weight to
the radiation observed directly and the radiation
detected because of wall reflections. It does not
take into account the depolarization of the radia-
tion due to reflections. However, as shown by
Hutchinson and Komm,® because the optical depth
for the ordinary mode is down by a factor of
(v thermar /€)? from the extraordinary mode, the ob-

served emission is still proportional to I, 7.,
when the depolarization effect is included. Also,
by using the optical depth valid for quasiperpen-
dicular propagation we have neglected the possi-
bility that wall reflections will redirect radiation
emitted in the Doppler regime into the radiome-
ter. We estimate, using a model similar to
Clark’s,® that the error in determining the cen-
tral electron temperature while neglecting this
effect will only be on the order of 1%.

This model can now be related to the experi-
mental observation of the third-harmonic emis-
sion from a currentless plasma in Heliotron- E.'°
A hydrogen plasma is produced and heated by
electron-cyclotron resonance heating by means
of a 28-GHz gyrotron with a pulse width of 10
msec and rf power of 70 kW,'* About 6 msec af-
ter the rf has been turned on, about 1 MW of neu-
tral beams is injected into the plasma for a dur-
ation of 50-60 msec. The diagnostic used to ob-
serve the third-harmonic emission consists of a
standard heterodyne receiver with a sweepable
backward-wave oscillator. In the present exper-
iment, with the magnetic field at 1.0 T, the fre-
quency was fixed at 85 GHz (~3f,,). The re-
ceiver bandwidth Af was 500 MHz which deter-
mined the radial resolution to be about 3 cm in
the center of the plasma. The acceptance angle
of the antenna was + 4° which, with neglect of
refraction effects, determined the vertical reso-
lution to be 8 cm. The extraordinary-mode emis-
sion was received by a horn which was located in
a direction outward along a major radius, out-
side the vacuum tank. As seen in Fig. 4, the ra-
diated power at the third harmonic was very high
at the beginning of the rf pulse, characteristic
of nonthermal emission emitted during the initial

[
1.0 =
’_8 >
S, 08 o
[,
. 06 N4
(<] ng
o 04 r
< S
€02 N
O 1 1 1 1 1 1 1 L 1 '-.g-

T T T T T T T T

.Q.Q-‘a
- N

8
TN N TR N N O

O 02 04 06 08 {0
X

2 3 4 0 { 2 3
AVERAGE DENSITY (x10'3¢cmi3)

4 5

FIG. 1. (a) Profiles given by Y =Y ((1 —x?), where Y is the electron density or temperature and z is p or g, re-
spectively. Also shown is the ratio of the total emission received by the radiometer I,,, to the emission from the
center Z(ny) T, ,® (n,=1.4%, where 7 is the average density) vs the line-averaged density for various (b) density

and (c) temperature profiles.
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breakdown of the gas. As the density increased
from 0.6 to 3.0x10'® ¢m ™2 during the neutral-
beam-injection phase, this nonthermal component
decreased very rapidly. It is important to note
that at a peak density of 2x10*® em™3 (average
density of 1.3x10'3 ¢m™3) the second-harmonic
emission was cut off and only the third harmonic
could be detected.

We tested the experimental validity of the rela-
tion I/Z(n,)<T,® in the following manner: The
intensity of the third-harmonic emission was
measured during the course of two consecutive
days, at which time the density varied from 0.6
X10'% to 3.5%X10'% em™2 and the temperature var-
ied from 200 to 600 eV, Simultaneously, a 2-mm
microwave interferometer monitored the time
evolution of the line-averaged electron density.
Also, a multichannel laser—Thomson-scattering
system measured the temperature profile at a
single instant of time every discharge. The ra-
tio I/Z(n,) was then calculated, where I is the
output of the radiometer in millivolts and Z(n,)
is computed from the interferometer under the
assumption that n,=1.5#. This ratio was then
compared to the larger temperature of the two
central channels of the Thomson-scattering sys-
tem that fell within the resolution of the radiom-
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FIG. 2. Ratio of the emission received by the radi-
ometer I to the function Z(n () (ny=1.57, and7 is the
density measured by a microwave interferometer) vs
the electron temperature measured by laser Thomson
scattering. The curve is the best cubic fit to the data.

eter. The result of the experiment is shown in
Fig. 2. Omitted from the figure are data points
that correspond to a time early in the discharge
when the cyclotron emission was nonthermal and
those points where the error bar in the Thomson-
scattering data was greater than 15%. The solid
curve is the best cubic fit to the data points and
shows good agreement between the experimental
data and theory. Approximately % of the data
points lie within the Thomson-scattering error
bar from the curve that represents the best cubic
fit.

It is interesting to investigate in further detail
two of the points on the graph that do not lie with-
in the Thomson-scattering error bar, labeled
(@) and (b) on the graph. If we compare the tem-
perature measured by the radiometer to the
Thomson-scattering measurement, point (a),
which lies to the right of the solid line, has an
error of about — 20%. Point (b), on the other
hand, lies to the left of the solid line and has an
error of about + 19%. Figure 3 shows the tem-
perature profiles for the two data points, based
on the Thomson-scattering data. Profile (a) can
be fitted by a curve given by 7, =400(1 - x) while
profile (b) can be fitted by a curve given by 7,
=415(1 -x%). From Fig. 1, the error calculated
theoretically was - 17% for point (a) and + 17%
for point (»). Considering the error in the Thom-
son-scattering temperature and the relative sim-
plicity of the theoretical model, this shows good
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FIG. 3. Electron temperature profile measured by
Thomson scattering for two points labeled () and ()
in Fig. 2.
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FIG. 4. (a) Third-harmonic cyclotron emission.
(b) Density measured by a microwave interferometer
(solid line) and the calculated function Z(1.5%) as given
in the text (broken line). (c) Time evolution of the
electron temperature as computed from (a) and (b)
above and the best cubic fit from Fig. 2 (solid line).
Also shown are the shot-to-shot Thomson-scattering
temperatures and the temperature calculated with the .
low-density optical-depth approximation (broken line).

agreement between theory and experiment. Thus,
it can be concluded that the optically thin third
harmonic can accurately determine the electron
temperature as long as the temperature profile
does not vary over too broad a range.

It is now possible to compare the time evolu-
tion of the electron temperature during electron-
cyclotron resonance heating and neutral beam
injection from the third-harmonic emission and
the line-averaged density with the shot-to-shot
Thomson-scattering data. Shown in Fig. 4 are
the third-harmonic emission, the interferometer
signal, the function Z(1.5%), and the computed
electron temperature from the best cubic fit of
Fig. 2. The greater of the two temperatures
measured by the central channels of the Thom-
son-scattering system are shown in the figure
and were obtained under a fixed set of plasma
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conditions. It can be seen that the agreement be-
tween the radiometer and the Thomson-scattering
data is very good. Also shown in the figure is the
electron temperature calculated with use of the
low-density optical-depth approximation (T, cn).
It should be noted that significant errors result
at the higher densities when this approximation is
used.

In summary, it has been shown that the cyclo-
tron emission at the third harmonic can be used
to accurately determine the central electron tem-
perature. This technique becomes especially
useful when the density is so great that the black-
body second-harmonic emission is cut off.
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