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Abstract 

The L-H transition [K.H. Burrell, Plasma Phys. and Contr. Fusion 36, A291 
(1994)l has been intensively investigated since it was discovered in the ASDEX toka- 
mak in 1982 [Wagner et d., Phys. Rev. Lett. 29, 1408 (1982)l. Considerable ex- 
perimental evidence shows that the formation of the transport barrier at the plasma 
edge, during which the edge density and temperature gradients suddenly increase, 
is a common feature in the L-H transition discharge in all devices. Formation of 
the transport barrier is indicated by a sharp reduction in the D, radiation at the 
periphery of the plasma despite a simultaneous increase in the plasma density. A new 
heterodyne electron cyclotron emission radiometer, which had been built for the ATF 
device at the Oak Ridge National Laboratory, has been installed on DIII-D. The 
instrument features 32 channels with high temporal and spatial resolution and covers 
the outer half of DIII-D plasma at full magnetic field. Initial measurements with 
the instrument at the time of the L-H transition show that there is no T' precursor 
to the transition and this is further supported by observations during dithering L-H 
transition where the transport barrier is immediately destroyed when the plasma 
briefly returns to the L-mode during process of the transition. Other applications 
of the new instrument have included T, profile measurements during edge localized 
modes and during Ohmic and beam-heated sawteeth, which highlight the magnetic 
reconnection process. The instrument will be described and some of these results will 
be presented. 
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Institute of Plasma Physics, Hefei, Anhui, PRC. 
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Introduction 

A new 32-channel heterodyne radiometer [l] has been employed to measure 
the electron temperature profile, trace the electron temperature evolution, and study 
its variations. The system covers the millimeter-wave frequency band from 83 to 
114 GHz with frequency resolution of 1 GHz. The electron cyclotron emission (ECE) 
signals in two bands from 83 to 99 GHz and from 99 to 114 GHz simultaneously are 
downconverted to the 2 to 18 GHz band using two local oscillator mixer combinations. 
The video frequency response is 7 kHz, limited by the video amplifier bandwidth and 
the digitizers which sample at up to 5 kHz. The block diagram is shown in Fig. 1. 
The spatial resolution of the system is about 1.5 cm radially and 5 cm vertically. 
The system may be calibrated by a blackbody source at 1000°C, or by comparison to 
Thomson scattering and a Michelson interferometer. 

The DIII-D tokamak has an internal major radius of 1.67 m and minor radius 
of 0.67 m, and a D-shaped cross-section. Electron temperature profiles have been 
measured by the radiometer during several different types of tokamak discharges. In 
this paper, we will present the initial measurements of the L-H transition on DIII-D, 
and of the features of the electron temperature profile evolution during sawteeth and 
edge localized modes (ELMS). 

Behavior of Electron Cyclotron Emission (ECE) at the L-H l'kansition 

The H-mode is achieved when the additional heating power exceeds a threshold, 
the value of which depends on the tokamak parameters, the plasma parameters, and 
wall conditions. At the L-H transition on the DIII-D tokamak [2], two different 
kinds of evolution of the ECE signal can be seen at the plasma periphery. A typical 
case with lower auxiliary heating power is shown in Fig. 2. The L-H transition is 
associated with a rapid drop in the D, radiation at the edge of the plasma, which 
serves as a marker for the moment at which the transition occurred. Simultaneously, 
a sudden jump of the ECE signal appeared at the plasma periphery. The plasma 
initially is grey in this region, so the jump must be interpreted as an increase in the 
optical depth, which depends linearly on both ne and T', rather than an indication 
that T, increased. 

One can correctly infer from the jump an increase in ne, T,, or both, which 
indicates the formation of a transport barrier with a transition time of about one 
millisecond. The amplitude and timing of the emission from different locations in 
the plasma showed that the jump in the edge ECE occurred first, just at the time 
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FIG. 1. Block diagram of the 32-channel radiometer. The video am- 
plifiers are being upgraded to 100 kHe bandwidth and anti-aliasing 
filters and enhanced digitizer capability are being developed. 

of the drop in D, signal, and then appeared to increase later and less rapidly closer 
to the discharge center. Generally the perturbations in emission farther from the 
plasma center are more significant than those at the center, where the emission hardly 
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a2828 
0.6 - ECE R=2.49 m 

FIG. 2. At the L-H transition, a rapid increase in ECE signal 
indicated formation of the transport barrier. No precursor is evi- 
dent. Here I .  - 1.4 MA, T'(0) - 1.4 keV, ii - 3.5 x 1013/cm-3, 
deuterium plasma. 

changes. Analysis of the experimental data shows that the sudden jump in the ECE 
at the plasma edge has little relation to the plasma current, the toroidal magnetic 
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field, and additional power. It is closely connected, however, with the plasma density 
profile at the plasma periphery. 

There is no change in the ECE signal prior to the sharp drop in the D, signal 
signifying the moment of the L-H transition. This is significant in that it eliminates 
ne and Te from a causal role in the transition dynamics. The observation is consistent 
with the picture that turbulence suppression by radial shear in the poloidal rotation 
profile causes the transition by stabilizing turbulence and that the profiles react to 
this. 

It is interesting to compare the time dependent traces of Fig. 2, which show a 
rapid increase in the ECE signal for edge channels, with those in Fig. 3, where the 
increase begins exactly at the time of the D, decrease but without the jump. The 
two cases differ in that the L-mode density for Fig. 3 was higher, about 5 x 101’/m, 
than for Fig. 2, about 3.2 x 101’/m3. The L-mode edge temperature was about 50% 
higher for Fig. 3 than for Fig. 2 so that the optical depth near the edge was about the 
same for the two cases. Although one can only conclude from these traces that the 
transport barrier was forming differently in these two cases, the different behaviors 
may indicate different physical processes were occurring. The effect of cryopumping 
the divertor throat, which was used for the discharge of Fig. 3, but not Fig. 2, will be 
investigated. 

The conclusion regarding the absence of a precursor to the G H  transition is 
reinforced by the observation of a dithering transition shown in Fig. 4. Here the 
transition is not clean, rather the discharge undergoes a sort of relaxation oscillation 
when the transition occurs, but then the new configuration results in poorer power 
deposition or some other effect which induces a reverse transition to L-mode. When 
the power is close to the threshold required for the L-H transition to occur, it is 
relatively common for this dither to result. It can be seen that the ECE signal 
responds immediately to the return to L-mode and the subsequent E-H transition is 
again without a precursor. 

Observations of ELMs 

Magnetohydrodynamic (MHD) instabilities at the plasma edge, called ELMs, 
are an important phenomenon in H-mode operation. Considerable experimental data 
show that so far true steady-state H-mode operation has been possible only in the 
presence of ELMs. 
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FIG. 3. A more gradual increase in ECE occurred in this lower 
density case in which divertor cryopumping was employed. There 
was no precursor and the dynamics of the transition appear to differ 
from that of Fig. 1 at the edge. Here Ip - 1.4 MA, T,(O) - 1.9 keV, 
ii - 2.0 x 1013/cm-3, deuterium plasma. 
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FIG. 4. Without cryopumping in a dithering L-H transition, the 
transport barrier was destroyed and reformed, in some cases several 
times. Here Ip - 1.4 MA, T,(O) - 1.3 keV, 6 - 3.8 x 1013/cm-3, 
deuterium plasma. 

Once the H-mode discharge is established, the transport barrier at the plasma 
edge is formed. The energy and particle confinement of the plasma is improved. 

GENERAL ATOMICS REPORT GA-A22038 7 



STUDY OF ELECTRON TEMPERATURE PROFILE EVOLUTION DURWG L-H TRANSITION 
WITH MEASUREMENT OF ELECTRON CYCLOTRON EMISSION ON DIII-D Wang et al. 

The stored energy in the plasma increases rapidly and continually. The ELM-free 
H-mode phase is terminated by ELMing and the system then enters a quasi-steady 
state with regular ELMs. During the ELM-free H-mode phase, the plasma energy and 
global energy confinement time increased continually. The edge plasma pressure and 
its gradient increased monotonicdy. After some quiescent period, an ELM occurred, 
which quickly destroyed the transport barrier. The energy confinement time is reduced 
at an ELM in less than a millisecond. Although each ELM seems to be a momentary 
return to L-mode, the radiometer data show that in some cases the ELMs are different 
from the normal L-mode. 

To study the effect of ELMs on the T'(r) profile measured by ECE, it was 
necessary to search for particular discharges which reached a steady-state, ELMing 
H-mode, but which did not achieve such a high density that the ECE signals were cut 
off. Traces from such a discharge are shown in Fig. 5,  and indicate quite a different 
character of the discharge near an ELM compared with the L-mode phase. 

It is seen that, at least for these discharges, suprathermals play a role in the 
ELM dynamics. Each ELM, including the first, which sometimes is regarded as 
anomalous, has the same general time history. The bump in the ECE signal profile 
at p N 0.75 indicates that there is a suprathermal component of the distribution 
function. Although there is no precursor to the L-H transition, as discussed above, 
this suprathermal tail slowly disappears during 20 to 30 msec prior to the ELM. At 
each ELM this suprathermal component is reestablished and remains stationary for 
a period as long as 40 msec prior to decaying in advance of the ELM. This behavior 
is not evident at the extreme edge, where one simply sees a rapid drop in ECE signal 
with each ELM. The maximum energy of the suprathermal tail can be estimated to 
be limited to 

= 0.76 , R Q -  1 m/mo = - 
Ro +0.75a (1 -V 2 / C  2 ) 112 

.*. ET = moc2/ (1 - v2/c2)'I2 N 400 kev . 

The disappearance of this feature of the ECE profile precedes each ELM, as can be 
seen in both the time-dependent signals and profiles of Fig. 5 .  Each ELM results in 
a small but clear decrease in ECE signal even at the center of the profile. Although 
it is possible that disappearance of the suprathermal feature prior to each ELM is 
because of increase in the edge optical depth due to recovery of the edge density. The 
time dependence of the density recovery following each ELM is not consistent with 
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the appearance of the suprathermal ECE feature. In any case, the very presence of 
suprathermals during ELMS is significant and will be the subject of further work. 

The Electron Temperature Profile During Sawteeth 

The ECE system also provides a high resolution look at the T,(r) profile during 
sawteeth. The sequence of three profiles just before, just after, and then a few 
milliseconds following a sawtooth crash is presented in Fig. 6. The peaked initial 
T,(r) profile is clear as is the flattened profile a few milliseconds following the crash. 
For these data, which were obtained for BT = 1.9 T, there are measurements on both 
sides of the magnetic axis.  Just after the crash, the measurements do not overlap 
across the axis,  indicating the destruction of the magnetic flux geometry during the 
sawtooth reconnection process. The ECE system should be useful for studies of these 
processes. 

Summary 

A 32-channel superheterodyne radiometer developed by Oak Ridge National 
Laboratory for the ATF project has been installed on the DIII-D tokamak. Initial 
measurements using this instrument have focused on investigation of transient phe- 
nomena connected with the G H  transition and some MHD processes. We see no T, 
precursor to the L-H transition, indicating that the formation of a 2'' pedestal is a 
consequence of the establishment of a transport barrier at the edge, rather than a 
cause. In a subset of discharges with relatively low ultimate density in the H-mode, 
there was a clear ECE precursor to each ELM, possibly because of evolution of the 
profiles. Despite the relatively high densities, suprathermals were clearly present. 
The utility of the diagnostic for sawtooth studies also was demonstrated and indicates 
that the diagnostic can function as a tool for studies of magnetic reconnection in some 
cases. 
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FIG. 6. The sawteeth destroy the axisymmetry of the electron tem- 
perature profile. (A) before sawtooth crash; (B) immediately fol- 
lowing sawtooth crash; (C) after sawtooth crash. Note that the 
profile (B) does not fold over onto itself across the magnetic axis  im- 
mediately following the crash. Here Ip - 1.1 MA, T,(O) - 1.9 keV, 
f i  - 2.8 x 1013/cm-3, deuterium plasma. 
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