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ABSTRACT

High resolution spectral measurements have been made of the fluc-

tuating electron plasma frequency (wpe) radiation from Alcator C. Three

techniques have been used in making the measurements. Features as narrow

as 350 kHz have been observed (Af/f = 6 x 10-6), implying that a highly

coherent process is responsible for the emission.



Introduction

Temporal bursts of emission with a frequency near the central elec-

tron plasma frequency have been previously observed on Alcator C. 1

Measurement of the spectral width 2 found an unresolved feature with Af/f

10-2. The instrumental resolution for that measurement was approx-

imately 300 MHz. The purpose of the work presented here is to describe

higher resolution spectral measurements of this fluctuating emission.

Three methods of spectral analysis were used, each succesive method

having higher resolution. The first method used filter banks to give the

spectral characterization. Secondly, a surface acoustic wave (SAW)

dispersive delay line gave real-time spectral analysis. Finally, a

direct sampling technique was employed. The experimental details and

results from each of these techniques will be given, after the common

characteristics of the measurements are discussed.

General Description

The bursting wpe emission is commonly seen during two phases of

tokamak operation: (1) plasma current rise, (2) after the introduction of

phased RF waves at the lower hybrid frequency. The fluctuating emission

during the rise of the plasma current is made possible by the relatively

large toroidal electric field. This electric field leads to the formation

of energetic, non-thermal electrons which can excite the growth of plasma

waves. During lower hybrid (LH) current drive operation, 3 the primary

of the ohmic heating system is open-circuited causing the plasma current

to inductively decay. Then a pulse of LH power typically sustains the

plasma current at a constant value and reduces the loop voltage to zero.
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Various diagnostics show that the bulk of the plasma current is being

carried by an energetic electron tail. 4  When the LH pulse ends, the

inductive decay of the plasma current resumes and a toroidal electric

field is reestablished. This electric field, although relatively weak in

magnitude, acts upon a preformed tail, and again highly non-thermal

electrons are produced. Thereafter this situation resembles the plasma

current rise case.

The bursts of emission are seen to have a very rapid rise time,

approximately one microsecond. They typically last 5-10 microseconds.

The radiation temperature of the emission at its peak is at least

an order of magnitude above the thermal electron blackbody level.

All observations described here were made with the 61 GHz radiometer 5

shown in figure 1. A horn collects the radiation which then passes

through a 61 GHz high-pass waveguide filter. This filter provides image

rejection by attenuating the lower sideband produced in mixer M1. A

Gunn diode operating at 61 GHz serves as the local oscillator. The

typical intermediate frequency (IF) range of 100 to 1500 MHz corresponds

to a microwave frequency range from 61.1 to 62.5 GHz. The IF signal is then

amplified, and the spectral measurements are performed through analysis

of the IF signal.

Filter Bank Method

The filter bank method is illustrated in figure 2. A broadband

detector (30-1000 GHz) is used to monitor the presence of any fluctuating

emission. One of two bandpass filter bank systems is employed. In case

1, a 10-500 MHz bandpass filter, Fbp, is used. After a 4-way power

-------- ----- --- -
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division, filters F1-F4 separate the spectrum into four adjacent 100 MHz

wide channels. Features were observed on each channel F2 and F3 alone,

indicating unresolved spectral components narrower than 100 MHz. In

case 2, Fbp is a 100-200 MHz bandpass filter. Bandpass filters FL-F4 form

four 25 MHz-wide adjacent channels from 100-200 MHz. The results of the

case 2 study (see figure 3) showed the presence of emission with spectral

features narrower than 25 MHz. It should be noted that the 61 GHz high-

pass waveguide filter was not available for the filter bank studies. The

waveguide filter was in place for all other studies.

SAW Dispersive Delay Line Technique

In order to reduce the resolution below 25 MHz, a SAW dispersive

delay line was used to make real-time spectral measurements of the

fluctuating wpe emission. A similar method has been used previously

to measure the spectral width of far-infrared laser pulses. 6 A block

diagram of the experimental set-up is shown in figure 4. The basic

use of the device is the following: (1) a narrow time slice (100 nsec in

this case) of the IF burst is introduced at the input of the device,

(2) surface acoustic waves are generated by an inter-digital transducer

at the input, (3) grooves of variable spacing reflect waves with wave-

length corresponding to the inter-groove spacing, (4) a mirror image set

of grooves reflect the acoustic waves to the output transducer, (5) since

the waves all travel at the same group velocity, different frequencies

emerge from the device with a time delay proportional to the total distance

traveled and thus to the initial frequency.

A SAW delay line can be characterized by its dispersion bandwidth
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(Af) and dispersion time (AT). Relevant SAW device parameters are

given in table 1. The frequency resolution of the device is given by

(Af/AT)1/2. This gives a theoretical frequency resolution of 10 MHz. In

practice, an experimental resolution of 13 MHz was measured by sampling a

fixed frequency source. The SAW output is given by:

t-Td
(eqn. 1) O(t) - f da f(ct) h(t-a),

0

where

f(t) - input waveform

h(t) - p(t) cos {2w fs (t-Td) + a (t-Td)2 1

P Td < t <Td + AT

Td > t >Td + AT

and f. - starting frequency, Td - initial delay, s _wAf
AT

The SAW output approximates a Fourier transform for a certain range of

input pulse widths. Analysis of the SAW transfer function (eqn. 1) shows

that a good approximation to a Fourier transform is found for

2 AT 1/2
- < Tp < - where Tp is the input pulse width.
Af Af

A typical experimental result is presented in figure 5. The spectral line

displayed in figure 5 has a FWHM of 13 MHz, the instrumental resolution.

Almost all features observed from the SAW system were unresolved, and

several types of spectra were seen (i.e. singlets, doublets, and multiple-

peaked).

Direct Sampling Technique

The third method of frequency analysis with still higher resolution
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consists of a double-mixer, direct sampling approach (see figure 6).

Here a single sideband (due to the high-pass 61 GHz waveguide filter)

with an IF frequency between 400-1500 MHz passes from mixer M1 through

filter FB (435-465 MHz bandpass). The signal is then split in a power

divider, with one output being used to trigger the logic and clock cir-

cuitry. The emission burst is sampled for 5 microseconds at a rate of

32.768 MHz. The other output of the power divider is introduced into a

second mixer M2 which operates with a local oscillator frequency of 435

MHz. This value of local oscillator frequency is chosen so that only

the upper sideband of mixer M2 is unattenuated. The output of M2 is

then low-pass filtered through FL (12 MHz cutoff). Therefore, at the

input of the A/D converter the microwave frequency range 61.435-61.447

GHz has been transposed to DC-12 MHz. The data is then Fourier trans-

formed to obtain the autopower spectrum. The system has a frequency

resolution of approximately 200 kHz limited by the duration of the emis-

sion. The system is capable of recording 50 bursts during a single

plasma shot.

Typical spectra are shown in figures 7a and 7b. In figure 7a a

relatively wide feature is shown (FWHt-700 kHz). One of the narrowest

observed features is shown in figure 7b (FWHM-420 kHz). Another inte-

resting feature is a frequency shift during certain bursts. This shift

can be seen on the raw data (figure 8a) and on the transformed spectrum

(figure 8b).

Conclusions

Several techniques of spectral analysis have been used to study

fluctuating wpe emission from Alcator C. The presence of non-thermal
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electron distribution is a necessary condition for this emission. Fea-

tures as narrow as 350 kHz have been observed. The narrow spectral

width suggests that a coherent, laser-like process exists in the plasma.

In this case a cavity must exist in which the waves can be suitably

amplified. The processes behind the amplification and trapping of the

waves are not presently understood. Future work will be aimed at re-

fining the measurement and exploring the cause of the emission.
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1. Block diagram of 61 GHz radiometer.

2. Block diagram of filter-bank detection system.

3. Data from case 2 filter-bank detection system.
Numbers inside graph indicate magnitude of signal(A.U.).
Single burst on channel F3 indicates spectral feature having
width 4 25MHz.

4. SAW spectral analysis system.

5. Data from SAW spectral analysis system.

6. Direct sampling method block diagram.

7a. Data from direct sampling method. Well-resolved feature with
FWHM-700 kHz.

7b. Data from direct sampling method. Very narrow feature with
FWHM-420 kHz.

8a. Raw data from a burst with a time-varying frequency.

8b. Transformed Fourier power spectrum of signal shown in figure 8a.
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TABLE 1

DISPERSION BAND: 850 - 1150 MHz

DISPERSION BANDWIDTH: Af = 300 MHz

DISPERSION TIME:

INITIAL DELAY: ~ 7-d = 4,8 As

TIME - BANDWIDTH PRODUCT:

Ar= 6 s

A r Af = 1800
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