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ABSTRACT

Measurements of flux and energy spectra of the thick target bremsstrah-

lung produced by relativistic electrons colliding with the Alcator C

limiters during lower hybrid current drive experiments are described.

The qualitative behavior of the flux and energy spectra are in agreement

with theoretical expectations with regard to the launched power spectrum

and loop voltage programming. Additionally, a mechanism appears to exist

which causes a transfer of parallel electron energy into perpendicular

energy at the rf turn-off.
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1. INTRODUCTION

During the early operation of tokamaks, runaway phenomena were a

dominant feature of the discharges and hence a great deal of activity was

directed toward studies of limiter hard x-ray emissions [1-71.

In the case of Alcator A, with the advent of good vacuum procedures,

discharge cleaning and pulsed gas injection, runaway phenomena became

less prominent [8]. Similar behavior occurred in Alcator C, where after

six months of operation and with fine tuning of the pulsed gas fueling

system, very low levels of hard x-ray emission and photoneutron emission

were observed due to the low levels of runaway electrons impacting upon

the plasma limiter [9]. More recently during lower hybrid current drive

experiments on Alcator C, large increases in the limiter hard x-ray

emission was observed at low densities (He < 5 x 10 1 3 cm- 3 ) and at low

energies (Ephoton < .5 MeV) thus providing the motivation for these studies.

Similar effects were also seen on PLT [10] and FT [11] during lower hybrid

experiments and studies of those limiter emissions have led to a further

understanding of lower hybrid wave-plasma interactions. More detailed

understanding of lower hybrid effects on the plasma have been obtained

from measurements of plasma bremsstrahlung on Alcator C [12,13] and PLT

[10] where estimates as to the shape of the electron energy distributions

were also deduced.

In this report we devote our attention to a study of the effects on

relativistic electrons during lower hybrid current drive experiments in

Alcator C by measuring the properties of hard x-ray emission arising from

the molybdenum limiters. The temporal behavior of hard x-ray flux and

energy spectra in the range 0.2 MeV 4 Ephoton < 2.0 MeV in both forward
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and perpendicular (to BT) directions are presented. Strong effects on

these emissions have been observed in hydrogen with toroidal magnetic

fields in the range 8 T 4 BT 4 10 T, plasma currents Ip - 200 kA and elec-

tron densities, 2 x 10 1 3 cm- 3 4 r, < 1 x 1014cm- 3 . The injected lower hybrid

power during these experiments was in the range 600 kW 4 Prf < 900 kW.

2. EXPERIMENTAL DESCRIPTION

2.1 Alcator C Geometry and Hard X-ray Spectrometers

Figure 1 shows a schematic top view of Alcator C. The major and

minor radii of the device are 64 cm and 16.5 cm respectively. Two 4 x 4

waveguide grills are located on opposite sides of the device, each fed by

a 1 MW rf power system operating at 4.6 GHz [14]. Two pairs of poloidal

limiters, each displaced 600 from the nearest waveguide array, are con-

structed from blocks of molybdenum each attached to a stainless steel

ring. Two 2" x 2" NaI(Tt) scintillators coupled to photomultiplier

assemblies are placed for forward (downstream of electron drift) and

perpendicular viewing (right angles with respect to the electron drift)

of limiter hard x-ray emission arising from the limiter pair located in

the left portion of the torus (see Fig. 1). Each of the spectrometers

is housed in a five inch lead collimator and is located in the equatorial

plane of the device. The spectrometers are used to measure the temporal

behavior of the flux and energy spectra of the thick target bremsstrahlung

produced by high energy electron impact upon the above described limiter

pair. Significant amounts of copper and stainless steel are contained in

the toroidal magnet structure (25 cm and 10 cm in the forward and perpen-

dicular directions respectively) which block the view between the limiters
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and the hard x-ray detectors. The result is that the hard x-ray flux in

the forward direction is attenuated by several orders of magnitude more

than the flux in the perpendicular direction. For this reason in this

report comparisons of the forward and perpendicular flux (at a given

energy) are made only in a qualitative manner.

2.2 Alcator C Rf Power Spectrum

Figure 2 shows the Brambilla power spectra at 4.6 GHz launched by

one of the 4 x 4 Alcator C waveguide grills for adjacent waveguides phased

at 67.50, 90* and 180* respectively [141. Illustrated below the power

spectra are the corresponding energies for relativistic electrons in

Landau resonance with the launched waves. For current drive experiments,

adjacent waveguides are normally phased at 67.5* or 90* in order to

produce a travelling wave spectrum with - 2/3 of the power in the electron

drift direction. In this case it is seen from Fig. 2 that most of the rf

power in the electron drift direction lies between n1 = 1 and n11 = 3.

For very low values of n11 close to 1 the slow wave mode converts to a

fast wave and cannot access the plasma center. In Fig. 3, contours

showing where this mode conversion occurs are indicated by the dotted

curves [15]. The figure shows that waves having n1l as low as 1.2 (for BT

= 10 T and Fe - 3 x 101 3 cm- 3 ) are accessible to most of the plasma

volume. One can thus deduce from the above two figures that the range of

affected electrons during the lower hybrid injection should be between 30

keV and 400 keV. In the following section we will see results consistent

with this expectation.
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3. RESULTS

3.1 Hard X-Ray Flux and Spectra from Discharges Without Lower Hybrid

Injection

In the absence of rf power oscillograms of the electron density, the

plasma current, and the perpendicular and forward hard x-ray emissions

are shown in Fig. 4a. The time scale is 100 ms/division. At approximately

150 ms into the discharge the primary OH transformer is open circuited

and the plasma current is allowed to decay with an L/R time of ~ 130 ms.

During the current decay the line averaged density decays from 6 x 101
3cm-3

to 1 x 10 1 3 cm- 3 . Both the perpendicular and forward hard x-ray flux slowly

increase early in the discharge and then slowly decay in about 100 ms.

The total flux as registered by each of the detectors is about equal but

due to the stronger attenuation in the forward direction than in the

perpendicular direction (more toroidal magnet winding material) the

forward flux, if corrected for the attenuation, would greatly exceed that

in the perpendicular direction. In Fig. 4b we show the forward and the

perpendicular spectra in three distinct 100 ms time domains which are

delineated in Fig. 4a (regions I, II and III). Since the "raw" spectra

which we show in this report do not take into account the energy dependent

attenuation due to the toroidal magnet winding, x-ray slope temperatures

should not be inferred.

3.2 Measurements of Flux and Spectra with RF Injection with a Relative

Waveguide Phasing of + 90*

In Fig. 5 we show an oscillogram of the traces of interest for a

discharge with lower hybrid injection. Note on the plasma current trace
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that dI/dt is nearly zero at about seventy-five milliseconds after the

current has been allowed to inductively decay. As can be seen in the

figure the flat-topping of the current coincides with the rf injection

from the two waveguide arrays.

As can be seen in the figure the 60 GHz radiometer emission strongly

increases at the rf turn-on and is strongly correlated with the presence

of the rf. At rf turn-off this emission initially decreases and then

increases to an even higher level than that measured in the presence of

rf power. While this behavior is typical for the low density discharges

discussed in this paper (here if < 5 x 10 1 3 cm- 3 ) it was not seen during

discharges at higher density (no > 5 x 1013 cm-3 ) [161.

Turning now to the limiter hard x-ray emissions we see that the per-

pendicular flux shows a similar behavior to the 60 GHz emission both

during and after the rf. Comparing the forward and perpendicular flux

after the rf pulse note that while the perpendicular emission increases,

in contrast, the forward emission (generally) decreases with a post-rf

burst which is smaller than the flat top steady emission.

To gain some insight into this behavior we have looked in more detail

at the hard x-ray spectra for this same discharge. In Fig. 6 the energy

spectra in both the forward and perpendicular directions were obtained in

three regions of time (i.e., just before, during, and after the rf pulse).

Looking first at the forward spectra, in region II we see photon events up

to about 2 MeV. In region III (i.e., during the rf pulse and hence where

dI/dt - 0 and VLoop is very small) we see that the number of events in the

low energy portion of the spectra (Ephoton < 0.5 MeV) has increased and

that the number of high energy events (Ephoton > 0.5 MeV) has decreased.
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These effects can be accounted for by (1) the resonance effect on the

fast electrons caused by the launched waves (for Ephoton < 0.5 MeV) and

(2) since VLoop 0 0 the higher energy electron population decreases.

In region IV (i.e., just after the rf pulse) we observe that the low

energy portion of the spectrum has fewer counts than the low energy spec-

trum in region III and that the number of counts in the high energy

portion of the spectrum (Ephoton > 0.5 MeV) has increased. These observa-

tions can be explained by the absense of launched lower hybrid waves and

hence disappearance of any resonance wave-particle effects on the elec-

trons (in the range of 30-400 keV as discussed in Section 2.2) and due to

the increase of the loop voltage at rf turn-off. Since dI/dt and VLoop

are no longer small, once more electrons are accelerated to high energies

by the dc electric field and photon events are registered for Ephoton >

0.5 MeV as in time domain II.

The interesting phenomenon to note from the perpendicular spectra is

the increase in the tail population above ~ 1 MeV when the rf is turned

off. This hardening of the spectrum in region IV over that in region III

is possibly due to collisional isotropization. An alternate explanation

is excitation of an instability which causes pitch angle scattering of

particles from the forward direction into the perpendicular direction.

Similar behavior to the above was observed for flat-topped (dI/dt = 0)

discharges when A$ = + 67.
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3.3 Measurement of Flux and Spectra for Rf Injection with Relative

Waveguide Phasing of - 90*

The - 90* phasing case (i.e., the bulk of the rf power now launched

in the opposite direction to the ohmic electron drift) presents a somewhat

interesting situation in that "flat-topping" of the plasma current is not

attainable and the loop voltage is not reduced to zero. The traces of

interest are shown in Fig. 7. Note that VL * 0, dI/dt * 0 and that as

in the + 90* phasing case, the 60 GHz radiometer signal and hard x-ray

emission increase at rf turn-on. In fact, this increase is even greater

than in the + 90* case. This may be due to the fact that only about 70%

of the total power in the Fourier spectrum can be launched in a given

direction leaving roughly 30% to propagate in the opposite direction.

This oppositely directed power can draw electrons to high energies via

wave-particle interaction so that the loop voltage then has a very strong

acceleration effect on these electrons. This enhanced limiter hard x-ray

emission is corroborated by the observation of both harder plasma x-ray

spectra and greater 60 GHz antenna radiation temperature for the - Ir/2

case over the + w/2 case [16].

Now looking at the forward and perpendicular limiter hard x-ray

spectra, shown in Fig. 8 (where four 50 ms time gate periods are shown)

the main feature to note is that during the rf pulse the high energy

portions (Ephoton > 0.5 MeV) of the forward spectra persists whereas in

the + 90* phasing case the high energy events disappeared. This is

expected since the loop voltage is not zero in this case so that the

source of relativistic electrons is not extinguished. Also of interest

is the strong enhancement of the high energy portion of the perpendicular
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spectrum at rf turn-off (region IV) over the spectra taken during the rf

pulse (region III) which (as in the + 90* and + 67* cases) is suggestive

of a mechanism causing pitch angle scattering of high energy electrons

into the perpendicular direction. Since the perpendicular collisional

diffusion time is ~ 40 ms (100 keV electron), this process is too slow to

alone explain the observed effects (i.e., the observed increase in the

perpendicular flux at rf turn-off shown in Fig. 7 occurs on a much shorter

time scale).

3.4 High Frequency Bursting Effects

In Fig. 9 are shown phenomena of interest in a case where dI/dt # 0

and thus the loop voltage is not zero. The relative waveguide phasing is

+ 67. Looking at the limiter hard x-ray emission with an NaI detector

viewing in the perpendicular direction we see some high frequency struc-

ture, both during and after the rf pulse. The high frequency phenomena

after the rf pulse is not unusual and is typically accompanied by high

frequency oscillations on the wpe emissions. The structure on the hard

x-ray emissions during the rf injection however is unusual and may be

related to the fact that after 30 ms of rf, an arc in one waveguide array

caused that system to shut down for the rest of the discharge. The

remaining rf power was insufficient to maintain a current flat top so

that a loop voltage quickly developed. This loop voltage had a strong

accelerating effect on the rf-formed high energy electron tail. This

situation is similar to that which exists after the rf pulse. An expanded

view of these oscillations is shown in Fig. 10 which clearly indicates

their periodic nature. A similar behavior was observed in PLT [10]. The

significance of these observations is that they suggest some regular
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mechanism for pitch angle scattering of particles into the perpendicular

direction. This may be caused by a wave-particle interaction (such as

the anomalous Doppler effect [17] or to collisional isotropization. The

critical velocity above which electrons are pitch angle scattered via the

anomolous Doppler instability is given by: vcrit V th (wcel'pe) X1/ 2

where X = ln (w2 / 2 6) and 6 = tail-to-bulk electron density ratio [171.ce pe

For Alcator type conditions (B = 10 T, ne 5 x 1013cm-3, Te = 2 keV, 6 ~

10-3), the critical energy is: Ecrit 1/2 m v2  ~ 400 keV. Thiscrit

corroborates the fact that only after rf shutoff do we see significant

x-ray emission above ~ 500 keV (due to an induced E-field) and thus meet

the criterion for this instability. These types of discharges will be fur-

ther studied in the next series of lower hybrid experiments on Alcator C.
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FIGURE CAPTIONS

FIGURE 1 Schematic top view of Alcator C showing relative positions of

rf waveguide grills, limiters, and hard x-ray spectrometers.

FIGURE 2 Contours of accessibility for waves having nil 1.1 and nl =

1.2 with BT - 10 T, Re - 3 x 10 1 3 cm- 3 and Teo = 2 keV.

FIGURE 3 Brambilla power spectrum of the Alcator C 16 waveguide grill

at 4.6 GHz.

FIGURE 4 (a) Oscillogram of traces of interest for typical 8 T hydrogen

discharge with no rf injection.

(b) Forward and perpendicular limiter hard x-ray spectra in

three distinct 100 msec time domains.

FIGURE 5 Oscillogram of the traces of interest for a discharge with rf

injection with relative waveguide phasing of +900.

FIGURE 6 Forward and perpendicular limiter hard x-ray spectra in three

regions of time (i.e., just before, during, and after the rf

pulse) for the discharge shown in Fig. 5.

FIGURE 7 Oscillogram of the traces of interest for a discharge with rf

injection with relative waveguide phasing of -90%.

FIGURE 8 Forward and perpendicular limiter hard x-ray spectra in four

regions of time for the discharge of Fig. 7.

FIGURE 9 Traces of interest for a discharge with rf injection with

relative waveguide phasing of +67*. High frequency structure

appears on the limiter hard x-ray emissions during and after

the rf probe.

FIGURE 10 Expanded view of the limiter emissions for the discharge shown

in Fig. 9 indicating their periodic nature.
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