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Electron Cyclotron Emission (ECE) at an oblique angle to the magnetic field 1 -f-

provides a means of p_robing__the_electron distribution function,both in energy and

physical space through changes in and constraints on the relativistic electron cyclo-

tron resonance condition. Diagnostics based on this Doppler shifted resonance are

able to study a variety of electron distributions through changes in the location of

the resonance in physical or energy space accomplished by changes in the viewing

angle and frequency, and the magnetic field. For the case of observation across a

changing magnetic field, such as across the tokamak mid-plane, the constraint on

the resonance condition for real solutions to the dispersion relation can constrain

the physical location of optically thin emission. A new Oblique ECE diagnostic was

installed and operated on the PBX-M tokamak for the study of energetic electrons

during Lower Hybrid Current Drive. It has a view 33° with respect to perpendic-

ular in the tokamak mid-plane, receives second harmonic X-mode emission, and is

constrained to receive single pass emission by SiC viewing dumps on the tokamak

walls. Spatial localization of optically thin emission from superthermal electrons

(50 - 100 keV) was obtained by observation of emission upshifted from a thermal

cyclotron harmonic. The localized measurements of the electron energy distribution

and the superthermal density profile made by this diagnostic demonstrate its poten-

tial to study the spatial transport of energetic electrons on fast MHD time scales or

anomalous diffusion time scales. Oblique ECE can also be used to study electron

distributions which may have a slight deviation from a maxwellian by localizing the

emission in energy space. In "near-maxwellian" plasmas, the Doppler broadening

of the resonance means that observed oblique ECE from optically thick harmonics

will originate from electrons with energies near or slightly above the thermal energy

((1 to 2)vth for example, depending on the observation angle and spatial gradients).

This is different from observed perpendicular ECE from optically thick harmonics

which originates from electrons below the thermal energy. Experiments are presently

being performed on the Tore Supra tokamak with two oblique views of ECE in equal

and opposite toroidal directions (approximately 25° with respect to perpendicular)

using two Michelson interferometers capable of observing second and third harmonic

emission in X-mode.

PACS: 52.25.Sw, 52.70.Gw, 52.55.Fa



I. Introduction

In the pursuit of improving tokamak operations by advanced scenarios, many

tools are now used such as Lower Hybrid Current Drive (LHCD) and Fast Wave

Current Drive to modify the current profile and Fast Wave Electron Heating and

Ion Bernstein Wave heating to change the pressure profile. Other heating methods,

as well as the fusion process, produce fast ions leading to distortions of the electron

energy distribution. These tools often distort the electron distribution in ways that

are not completely understood. An understanding of the behavior of the distribution

function in these cases is necessary for a better understanding of how to use these

tools to best modify the plasma.

Electron Cyclotron Emission (ECE), with its strong dependence on the perpen-

dicular energy of the emitting electron and its sensitivity to small changes in the

electron cyclotron resonance condition, provides a means of studying the electron

distribution. It is shown here that Oblique ECE, emission received at an angle

with a significant Doppler shift, can provide both radial resolution and energy res-

olution of emission. Previous experiments have used ECE to study superthermal

electron distributions.1"5 The present work, however, uses emission upshifted from

a harmonic of the cyclotron frequency allowing radial resolution of the optically thin

superthermal emission which was not previously achieved.

SooHorrti-gEces ^n overview of the general characteristics of Oblique ECE and

showfc how optically thin emission can be radially localized. SoUiouTH prooients

Radially localizedjneasurements of the fast electron distribution during LowerHy_brid

Current Drive on PBX-]VL ffi-Secliuu IV &Js shown how Oblique ECE can be used

to obtain fine-scale energy space resolution of the emission from a "near-maxwellian"

plasma.

II. Oblique ECE " r '

Oblique ECE will mean here emission which is received at an angle significantly

different from perpendicular in the tokamak midplane. This means that the observed

emission originates along a ray path either straight across the plasma or bent due to

the background plasma density, as shown in Fig. 1. As there is a component of the

wave propagating along the magnetic field in this case, a significant Doppler shift is



High
Density

Receiving Antenna

Figure 1: Toroidal view of ray paths observed by Oblique ECE under high and low
density conditions, a is the viewing angle with respect to perpendicular.

included in the resonance condition

(1)

where u is the observed frequency, the parallel direction is along the magnetic field, m

is the harmonic number, and Qce is the local electron cyclotron frequency given by the

electron rest mass. When observing across the midplane, the magnetic field changes

along the ray path. Both changes in the parallel index of refraction (n\\ = ck\\/u>) and

the magnetic field change the resonance condition along the ray; thus, the observed

frequency is resonant with different energy electrons at different radial locations. An

example of changes in the energy resonance along the ray path is given in Fig. 2.

To illustrate the effects of Doppler broadening, let's look at the simple case of

a thermal plasma with a maxwellian energy distribution. It is well known that

the observed perpendicular ECE from a thermal distribution originates from a very

thin radial layer around the cyclotron resonance where the plasma emits as a black-

body when optically thick. This region is usually on the order of a centimeter thick

depending on the local density. The radial resolution given by optically thick emission

forms the basis of ECE temperature measurements. The emission observed in the

perpendicular direction comes from a small radial region because the optical depth

rises very sharply with radius. The observed emission is the local emission reduced

by the optical depth6:
j

/

where n^ is the ray refractive index, 0m is the local emissivity in the mth harmonic,

rm is the optical depth (rm = f am(x)dx, where am is the local absorption in the



mth harmonic), and the sum is over harmonics. The emission as a function of radius

is illustrated in Fig. 3(a) for 115 GHz in second harmonic X-mode at 2.1 Tesla,

where emission is viewed from the outer mid-plane. Now looking at the same plasma
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Figure 2: Solid lines illustrate the change in the resonance curve due to a change in the
ratio ^ ^ at a constant ny. The dotted line illustrates the change in the resonance curve
due to a change in the viewing angle (n\\).
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Figure 3: Electron cyclotron emission from a thermal plasma at 115 GHz in second
harmonic X-mode, 2.1 Tesla, neo = 2 x 1013 cm"3, and Teo = 2.8 keV, for (a) a
perpendicular view and (b) an oblique view where the viewing angle a = 28°. The
dashed line gives the total local emission, the dotted line gives the local optical depth r,
and the solid line gives the total observed emission.



at the same frequency but at an oblique angle, the Doppler effect broadens the

resonance region radially, and the optical depth increases more gradually, leading to

the fact that the observed emission originates over a broader radial region. The radial

Doppler broadening increases with increasing electron temperature. The oblique

emission is illustrated in Fig. 3(b) for a viewing angle of a = 28°. Also note that

the observed emission does not originate at the radial location where the observed

frequency equals a harmonic of the cyclotron frequency. At the peak in the observed

emission, the observed frequency is actually above the harmonic of the local cyclotron

frequency. This phenomenon leads to a slight upshifting of the thermal spectra at

oblique angles.

Emission upshifted from the local cyclotron resonance can only be seen by obser-

vation at an angle. This is a result of the fact that the electron cyclotron resonance

carries with it a necessary condition for real solutions to the dispersion relation:

( £ ) _ , > „ . (3)
There is no ECE at frequencies, local magnetic fields, and n|| where Eqn. 3 is not

fulfilled. As a function of frequency and radius, Eqn. 3 sets an outer radial limit on

where emission from a specific harmonic can originate. Fig. 4 shows the accessibility

for X-mode waves in the EC frequency range for Tore Supra parameters at a viewing

angle of a = 25° and including the limit set by Eqn. 3. Note that n\\ changes along

even a straight ray path viewed at an angle due to toroidal effects. Emission from

a population of superthermal electrons is not naturally spatially localized because

it is optically thin. However, when viewed at an angle in the tokamak mid-plane,

spatial localization of upshifted emission can be imposed. For the case of Fig. 4,

assuming that the second harmonic thermal layer is optically thick, emission in this

harmonic from superthermal electrons must originate between the second harmonic

thermal layer and the limit set by Eqn. 3. Actually, as shown in Fig. 3(b), the real

inner radial limit is before the radial location where u! = mfice. The second harmonic

emission measured, for example at 150 GHz in Fig. 4, is thus a combination of thermal

and superthermal emission. Thermal emission is known from a measurement of the

temperature profile and can be subtracted to give only the superthermal contribution

to the emission. These radial limits change with frequency, leading to the fact that

measurement of a range of frequencies corresponds to measurement of a range of

radial locations. Diamagnetic and paramagnetic effects which will change the local

magnetic field are not shown in Fig. 4, however they are included in calculations.



X-mofle waves 8 0 - 2.60 T

250

-60 -20 0 20

Minor Radiu* (cm)

Figure 4: Accessibility diagram in the midplanefor Tore Supra parameters (Ro = 228cm)
under the plasma conditions ne0 = 4 x 1013 cm"3, Bj0 = 2.8T, and viewing angle
a = 25° with respect to the perpendicular direction, ny changes from .42 at the outer
edge to .85 at the inner edge. The upper shaded region is where the necessary condition,
Eqn. 3, is not fulfilled for second harmonic. The cutoff regions shown are for X-mode
waves. Radiation cannot originate in the shaded regions, thus upshifted second harmonic
emission is radially localized.

III. High energy distributions

An experiment was performed on PBX-M using Oblique ECE7 to measure the

superthermal electron distribution during LHCD experiments, the goal of which was

to drive current off-axis. The experiment was done with one fixed angle view of

a = 33° in the toroidal direction of plasma current such that the fast electrons are

coming toward the antenna and emission is enhanced by the forward peaking of

the mildly relativistic electrons. Because PBX-M is a high-/? tokamak, the second

harmonic thermal emission in X-mode is often cutoff by the right-hand cutoff. The

thermal density and magnetic field were thus chosen in this experiment such that X-

mode emission in the frequency range observed bends due to the right-hand cutoff,

as shown by the high density case in Fig. 1. This arrangement sets an inner radial

limit of the right-hand cutoff on upshifted second harmonic emission, and allows

the observation of emission only from superthermal electrons, as thermal emission is

cutoff.

This experiment was performed using a superheterodyne radiometer89 covering

the frequency range 60 - 90 GHz, operating in either swept or single frequency
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Figure 5: Toroidal view of PBX-M showing the arrangement of the microwave antenna
and the SiC viewing dumps for the Oblique ECE diagnostic.

mode. Microwave viewing dumps made of a Silicon Carbide (SiC) based ceramic

were installed on the walls of the vacuum chamber to ensure only single pass emission

was observed. The experimental setup inside the machine is shown in Fig. 5.

Data taken during LHCD and while the density profile is constant, illustrate the

radial localization which is achieved by this diagnostic. Figure 6 shows the Oblique

ECE signal at a single frequency as the Lower Hybrid power comes on at t=400.

The signal shows a precursor to the MHD event and the rapid loss of fast electrons

during the MHD event. The radial localization is seen by looking at the full spectra

shown in Fig. 7. Since higher frequencies originate further inside the plasma than

lower ones, emission at higher frequencies can be taken as a measure of the relative

density of the superthermal electrons closer to the magnetic axis while emission at

lower frequencies is from fast electrons further away from the magnetic axis. Thus

Fig. 7 shows that the superthermal electrons are localized off-axis before the MHD

event, they are thrown out of the plasma during the event, and they have lost their

off-axis localization after the MHD event. This loss of localization is also observed

by the Hard X-Ray camera on PBX-M during MHD events of this sort.10

It can thus be seen that this diagnostic can be used to study radial changes

in the profile of the fast electrons on either slow or fast time scales, such as the

development of the tail at the start of Lower Hybrid, or such changes during an

MHD event. Present technology of microwave detection will allow microsecond-type

time resolution.

The ECE is dependent on the energy distribution of the superthermal electrons

as well as their density. Using the fact that small changes in the observed frequency

8
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Figure 6: Oblique ECE signal at 75 GHz and a Mirnov coil signal during an MHD event.
Lower Hybrid power is turned on at t=400. The ECE signal shows that fast electrons are
lost from the plasma during a major MHD event at t=590, as well as some loss during
precursors to that event. The Oblique ECE signal is swept in frequency every 6 ms, thus
the time resolution at a single frequency is 6 ms.
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Figure 7: Uncalibrated Oblique ECE spectra during the shot shown in Fig. 6 demon-
strating the radial resolution of the diagnostic. Also shown is the approximate radial
location of the origin of the emission. Because different frequencies originate at different
radial locations, the first spectra (t=500) shows the fast electrons located away from
the magnetic axis. The fast electrons are lost from the plasma during the MHD event
(t=596), and after the event they have lost their radial localization off-axis (t=674) as
emission builds up toward the magnetic axis.
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Figure 8: Time evolution of the RF current density profile found from the energy distri-
bution and superthermal density measured by Oblique ECE. The Lower Hybrid power is
turned off at t = 420ms.

or the background magnetic field can change the energy range of resonant electrons

which are observed, measurements with this diagnostic were used to obtain radially

resolved measurements of the moments of the energy distribution' during LHCD.

These measurements were taken during a series of shots with ne0 = 3.2 — 3.6 x 1013

cm"3, Teo = 725 - 775eV, BTo = 1.2 - 1.35T, a plasma current of 180 kAmps,

and Lower Hybrid power of 200 kW at a phasing of —82°. From the measured

energy distribution and the absolute level of ECE, an absolute measurement of the

superthermal density profile was obtained. These measurements combined give the

current density profile shown in Fig. 8. The peaking of the fast electron population

well off-axis is verified by Hard X-Ray measurements. The evolution of the profile

after the Lower Hybrid power is turned off illustrates the radial diffusion of the elec-

trons toward the center. This is the first absolute measurement of the superthermal

density profile.

IV. Near thermal energy distributions

Oblique ECE can also be used to study electron energy distributions which dif-

fer only slightly from a maxwellian distribution. Emission from an optically thick

harmonic is localized radially and thus also localized in energy space. A significant

oblique angle viewing a "near-maxwellian" distribution will be resonant with elec-

trons which have energies near or slightly above the thermal energy, generally in the

range (1 to 2)vth depending on the viewing angle and spatial gradients. In this case

10



we wish to study a plasma which has a perturbation to a maxwellian distribution,

such as a temperature slightly above the thermal temperature in the range (1 to 2)vth.

This technique cannot be used to study electrons in this range if the plasma also

has a high energy tail, as high perpendicular energy electrons would dominate the

emission in the later case.

The resonant electrons observed by perpendicular ECE from an optically thick

harmonic in a thermal plasma are below the thermal energy,11 whereas those observed

at a significant oblique angle from the same plasma can be slightly above the thermal

energy. This is illustrated by returning to the case shown in Fig. 3. Since the

observed emission is localized in radius, the local A;|| of the observation ray and the

local magnetic field define a resonance curve in energy space. These resonance curves

for the perpendicular and oblique cases are quite different not only because the fc|| is

different for the two views, but also they peak at different radial locations, due to the

Doppler broadening, so that the local magnetic field where the emission originates is

different.

The observed emission is even further localized in energy space because of the

energy dependence of the local emissivity. In the small Larmor radius approximation,

the energy dependence of the emissivity into a single harmonic for a maxwellian

plasma is12

(3m oc uime-m<cu2/2T% (4)

where u = p/mec and the exponential is the momentum distribution. This emissivity

is highly peaked as a function of momentum, and thus further localizes the emission in

energy space to a small segment of the resonance curve. The result is shown in Fig. 9

which gives contours in energy space of the emission seen by both a perpendicular

view and an oblique view with a viewing angle of a = 28°. The contours will tighten

for plasmas with higher density and/or temperature since the optical depth under

these conditions would increase more quickly with radius.

This measurement is localized both radially and in energy space. The radial loc-

ation of the measurement is changed by changes in the observed frequency. Changes

in the viewing angle can be used to change the location of the emission in energy

space, and thus to probe a range of energy space. The exact radial location of the

peak in the emission for the oblique view is dependent on how fast the optical depth

changes with radius, and is thus dependent on the temperature and density profiles.

These radial changes will lead to slight changes in the resonance curve and thus can

change slightly the location of the emission in energy space.

11
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Figure 9: Contours in energy space of the emission observed by both a perpendicular
view and an oblique view with a viewing angle of Q = 28° for the same case as that
shown in Fig. 3 (a maxwellian energy distribution). The local temperature at the peak
of the perpendicular emission is 2.74 keV and that for the oblique view is 2.2 keV. It is
thus seen that the perpendicular view is resonant with electrons below the thermal energy
while the oblique view is resonant with electrons above the thermal energy. The contours
will tighten under higher density and/or temperature conditions. The dashed lines show
the resonance curves in energy space for the two views at the radial location of the peak
in their observed emission.
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The discussion so far has been for a strictly maxwellian energy distribution. Small

perturbations to a maxwellian distribution which occur near the peak of the emission

in energy space can be detected by an Oblique ECE view. Because of the energy

dependence of the emissivity and because of the assumption of an optically thick

plasma constraining the emission radially and thus to a set of resonance curves in

energy space, small changes in the distribution function at a location in energy space

significantly removed from the peak of the maxwellian emission will not be easily

detected. But the measurement will be very sensitive to changes in the distribution

function near this peak in energy space. This is possible because of the assumption

that there is not a population of high energy electrons.

A fine scale study of the electron energy distribution such as the one described

above would be interesting for example during Fast Wave Heating and Current Drive,

other high bootstrap current plasmas, or to look at the effects on the electron dis-

tribution of a high energy ion population. There do not already exist routine meas-

urements of electrons in the energy range slightly above the thermal energy.

V. Conclusion

It has been shown that Oblique ECE can be used as an important tool for the

study of electron distributions. Radially resolved measurements from optically thin

superthermal electron distributions have been shown, giving Oblique ECE the poten-

tial to study the spatial transport of energetic electrons on fast MHD time scales or

anomalous diffusion time scales. It has also been shown that the Doppler broadening

of an oblique view can be used to detect small deviations from a maxwellian energy

distribution.
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