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ABSTRACT 

Using the Low Energy Neutral Atom Spectrometer, measurements were made of 

the H° and 0° efflux from PLT during ion cyclotron heating experiments. The 

application of rf power at frequencies appropriate to fundamental and 2 n d -

harmonic heating results in a rapid, toroidal ly uniform rise in the charge-

exchange efflux at a rate of about 10 1 5 cm"2 s " 1 MW"1. This flux increase is 

larger at lower plasma currents. The cause of this flux and i ts impact on 

plasma behavior are discussed. 
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The heating of hydrogen plasmas by the application of radio-frequency 
power in the ion-cyclotron-range-of-frequencies (ICRF) is being studied on the 
PLT tokamak. The experiments, which are aimed at achieving thermonuclear 
temperatures, include investigations of heating efficiency versus ICRF mode, 
plasma parameters, and antennae configurations [1], Methods to diagnose and 
control the edge of the heated plasmas are important in these experiments in 
that deleterious processes may be avoided. Spectroscopic studies during low-
power ICRF heating experiments performed on the ATC [2] and PLT [3] tokamaks 
showed a decrease in the edge ion temperature accompanying efficient ion 
heating in the plasma core. This edge cooling was proposed [3] as a new 
approach to avoid the influx of detrimental high-2 impurities. It was 
speculated that an influx of low-Z impurities caused radiative cooling of the 
edge plasma and, therefore, reduced sputtering of wall and limiter material. 
The origin of these impurities could well depend on limiter or antenna 
configurations and materials. In this letter we report studies of edge 
processes in plasmas heated with higher levels of ICRF power and with a range 
of plasma currents.' The observations have been made with different 
diagnostics which shed additional light on the processes involved. 

One diagnostic that has special utility in characterizing the edge of 
ICRF-heated plasmas is the Low Energy Neutral Atom Spectrometer (LENS) [4]. 
This novel device, a time-of-flight spectrometer, detects hydrogen (or 
deuterium) atoms that are emitted from the plasma by neutralization processes, 
the main one of which is charge exchange. Bacause of the LENS' sensitivity 
[53 to particles with energies as low as 5 eV, it may be used to study edge 
plasma behavior. In addition to the LENS, Langmuir probes [6] were used to 
monitor the plasma outside the limiter radius. 
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In these experiments the PLT toroidal magnetic field, 8 T, was chosen to 
place the appropriate cyclotron resonance of the desired ion on the PLT 
magnetic axis. The two rf frequencies available for these experiments were 25 
and 42 MHz. The lower frequency was used for the He 3 and H-minority regimes at 
B T - 25 and 17 kG, respectively, while the higher frequency provided heating 
in the H-minority and H-2 n d harmonic regimes at By - 28 3nd 14 kG, 
respectively. In the minority regimes a small percentage of a minority ion (H 
or He 3) was added to the bulk ion species (D). The magnetic field was then 
set so that the minority ion cyclotron motion was resonant with the rf at its 
fundamental frequency. In the second harmonic regime the entire plasma (M) 
was resonant at twice its fundamental cyclotron frequency. The rf power was 
coupled into the plasma via pairs of half-turn antennae. The other main 
parameters for these experiments were: major radius, R = 132 cm; minor 
radius, a = 40 cm; plasma current, I p < 500 kA; ICRF power, Ppp < 2 MW; and 
line average electron density, ffe = 2 * 1 0 1 3 cm" 3. The main limiters [7] for 
these experiments were located at one toroidal position and were top-bottom 
carbon mushrooms and in-out 1/3-turn carbon rings. An auxiliary, movable, 

o 

top-mounted carbon limiter was located 100 away toroida'My in the 
counterclockwise direction. The LENS viewed the PLT plasma through the 
midplane at the same v.oroidal location as the auxiliary limiter. 

Measurements were made during D-He 3 and H-0 operation. The data shown 
are for D-He 3 but similar results occurred for both. This choice avoids 
confusion in interpreting the LENS time-of-flight signal, since only 0 is 
abundantly emitted from D-He 3 plasmas. 

The evolution of the neutral emission, r, integrated over the energy 
range 25-1000 eV, is shown in Fig, 1 for three discharges: two with, and the 
third without, ICRF heating. In cases A and 8, the auxiliary limiter was 
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withdrawn from the plasma to r ~ 50 cm. For case C the auxiliary licniter was 
inserted to r = 40 cm. For cases A and B the initiation and termination of 
the discharges are identical. The initiation and termination are also similar 
to the thousands of other ohmically heated discharges monitored by the LENS. 
A major difference is ceen during the application of ICRF power. The total 
flux increases sharply, a factor of 5 in ZOO pS. The flux remains 
approximately constant at the higher level throughout this ICRF heating 
pulse. At the end of the ICRF heating pulse, r drops a factor of 5 in 1 ms. 
The line averaged electron density was about 2 * 10"cm"^ before the ~- 150 ms 
long ICRF heating pulse. During the pulse it rose about 30%. Programming n e 

to behave in this fashion (without ICRF) resulted in no change to the LENS 
signal [8], Also, puffing gas into the vessel near the antennae (but without 
ICRF applied) resulted in no increase in r. These measurements exclude the 
rise in n and gas desorption from the antennae as causes of the increase in 
r. 

There are also cases where, though the ICRF power is constant, the high 
flux drops ~ 50% during the ICRF pulse. This may be due to impurity influx 

0 

which is known [9] to reduce the charge-exchange D outflux. During these 
cases, when r drops during the ICRF pulse, impurity radiation, particularly 
from carbon, was seen to increase [10]. 

As shown in Fig. 2, the rise in r is not uniform across the measured 
energy range. A proportionally higher r is seen at 25 < E < 50 eV than at 50 
< E < 500 eV. The average energy, E, of the particles detected by the LENS 
drops during the first 50 ms of the ICRF by up to 25% of its initial value 
near 300 eV. The average energy recovers to - 300 eV over the next 100 ms. 
The flux spectra shown in Fig. 2 are averages over t = 250+350 ms and t = 
450+550 ms. They cannot be fit by single temperature Maxwellians. 
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The flux spectra, dr/dE, have been modelled using two codes, DEGAS [11] 
and NEFRIT [12], DEGAS calculates the neutral density profiles in 3-d using 
T e(r) and n e{r) from Thomson scattering and a realistic wall model which 
includes atomic hydrogen reflection and implantation, and molecular hydrogen 
desorption. The code includes both limiter and wall processes in recycling. 
NEFRIT calculates the flux spectra given T p(r) and n e{r) from Thomson 
scattering and n n(r) from DEGAS. The free parameter T^(r) is used to fit the 
calculated dr/dE with the experimental one. Several iterations of 
DEGAS+NEFRIT+EXPERIMENTAL dr/dE are required to find T ^ r ) . The experimental 
dr/dE (Fig. Za and 2b), when interpreted with the realistic wall model in 
DEGAS, shows a drop in the edge ion temperature during ICRF heating from ~ 75 
sV to less than ~ 25 eV, The edge is defined as the radial location where the 
neutral density peaks. Depending on the values of n e(r), T e(r), and T-j(r) 
chosen beyond the limiter, the edge location varies from 45 cm to 38 cm. The 
determination of Tj(r) depends on the wall model. In the unlikely event that 
the recycling hydrogen is all 1/40 eV atomic hydrogen, rather than the - 50/50 
mix of ~ 50 eV atomic hydrogen and 1/40 eV molecular hydrogen (the approximate 
results of the DEGAS model), then the experimental dr/dE during ICRF would 
also be consistent with the same edge temperature, 75 eV, as before the ICRF. 

The increase in D° efflux, M 1, was measured as a function of ICRF 
power. Up to - 1.5 MW, ar increased linearly with applied power (Fig. 3a) at 
a rate of 4 x 1 0 1 4 cm - 2 s" 1 MW"1 for a plasma current of 520 kA. H-D plasmas 
generally showed a twice higher rate than D-He 3 plasmas. Above 2 MW there was 
a tendency for ar to saturate. 
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The variation of Ar with plasma current was determined for the range 
150 < I p < 500 kA. Ar increased with decreasing current. The variation was 
sigmoidal in shape (Fig. 3b) with the point of inflection at ~ 300 kA. 
Ohmically heated plasmas show no variation in r with I p, i.e., Ar < 10 1 3cm" 2 

s" 1. It is interesting to note that the quality of ICRF heating improves with 
increasing plasma current [13]. 

Inserting the auxiliary limiter into PL.T results in a reduction of about 
25% of the power to the other limiters. It also causes up to a 30-fold 
increase in r seen by the LENS, depending on the minor radius of the auxiliary 
limiter, From considering DEGAS simulations, we note that even more severe 
poloidal asymmetries probably exist. Case C in Fig. 1 shows r for an ICRF 
heated discharge with the auxiliary limiter inserted. For this case, a 5-fold 
increase in r was seen in the steady-state (150-400 ms) portion of the 
discharge prior to ICRF. However, Ar is the same as for case B, showing that 
Ar is approximately independent of proximity to the limiter. 

Langmuir probe measurements were performed in the plasma about 3-10 cm 
outside the limiter radius. Electron density profiles, determined from the 
ion saturation current, are shown in Fig. 4 for three different times in an 
ICRF heated discharge. The electron density is seen to rise about a factor of 
10. The scrape-off distance does show a tendency to lengthen, as noted 
earlier. [14]. Little change is discernible in the electron temperature in 
this region, partially due to pick up of "noise" from the ICRF. 

Based on the LENS and Langtnuir probe data we propose that the following 
sequence of events occurs during ICR" heating: The application of ICRF power 
increases the radial transport of plasma thereby raising the edge ion density 
at the wall. The hydrogen ions impact on the wall. With about 50? 
probability they immediately reflect, being neutralized in the process. The 
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other 50% are implanted in the wall at a depth of about 10 A 0. They diffuse 
back to the surface, recombine into molecules and desorb from the surface. 
All this occurs in a few milliseconds. Both atomic and molecular neutrals 
enter the plasma and enhance the charge-exchange rate. Thus the underlying 
cause of &r is a rise in the hydrogen ion density, at the wall, n^(w). The 
required increase in n^lw) to give the large increase in r is small. It can 
be estimated by using the usual [7,15] radial transport velocity of the edge 
plasma, v r ~ 10* cm/s. Then 

An-(w) = Al7v r = 10 c m , 

which is about that seen by the Langmuir probes. The mechanisms which could 
cause an increased transport of protons to the edge include electron plasma 
waves (perhaps generated in the near field region of the antennae), cyclotron 
resonances, stochastic transport, or plasma potentials set up by the loss of 
energetic ions. The relative importance of these cannot yet be determined, 
though the time history of r and its independence on species heated may be 
useful for future evaluations of these mechanisms. 

A drop in T^(a) is beneficial sinr.e it reduces sputtering and desorption 
of impurities from the wall by the charge-exchange outflux. However, the 
increase in the charge-exchange outflux more than compensates for the drop in 
Tj, as far as charge-exchange sputtering is concerned. Calculations employing 
the detailed dr/dE and the standard sputtering yields [16] show that the iron 
sputtered from the vessel wall should increase a factor of 5 to about 1.2 * 
1 0 1 3 HW"1 cm^s" 1 (see Fig. 5). For an impurity confinement time equal to the 
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energy confinement time, - 20 ms, this is adequate to explain the increases in 
iron seen [17] in the plasma during ICRF. However, the reduction in T^(a) may 
be beneficial in reducing ion sputtering from the limiter since the density at 
r = a changes little. 

The first effect of an increase in edge hydrogen recycling and its 
associated impurity influx would be electron cooling, primarily by 
radiation. Using the recent compilation by Oanev jt^ jil_. [18], radiative 
cooling due to enhanced toroidally symmetric hydrogen recycling during ICRF is 
estimated to be only ~ 5 kW/MW. This is small compared to impurity radiation 
from the sputtered particles. Ion cooling results from either a change in ion 
thermal conductivity, x-j. or enhanced charge exchange. Coupling of the ions 
to the electrons at the edge is relatively unimportant. From calculations of 
hydrogen reflection from surface and the measured ar, wa estimate power loss 
from the ions due to the enhanced charge exchange is estimated to be ~ 25 
kW/MW of ICRF heating in D-He . This could account for part of the observed 
ion cooling, though changes in x-j and a detailed analysis of electron-ion 
coupling across the entire profile must also be considered. The change in 
particle confinement, as ascertained by AI7r, is not very large because of the 
severe poloidal asymmetry. The DEGAS calculations and LENS data Show that 
during the OH portion of the discharge, recycling at the limiter is 16 times 
more rapid than over the entire vacuum vessel. This ratio drops to 3:1 during 
ICRF heating of D-He 3 at 1 MW. 

In summary, we have discovered a rapid increase in hydrogen charge-
exchange efflux that occurs with the application of ICRF power to PLT. This 
increased efflux is caused by an increase in ion density near the vacuum 
vessel wall. The physical mechanism responsible for this increase is not 
known. The efflux has a negative correlation with heating efficiency as a 
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function of plasma current, i.e., low heating efficiency and high efflux both 
occur at low plasma currents. The efflux increases linearly with ICRF input 
power. The resultant wall sputtering and hydrogen recycling are estimated to 
affect substantially the electron and ion temperatures in the edge, the former 
by impurity radiation, the latter by charge-exchange thermalization. 
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Figure Captions 

Fig. 1 Flux of charge-exchange part icles: A and B - at a position away from 

the l imi ters ; C - at a position near an auxil iary l imi ter . 

Fig. 2 flux spectra, dr/dE, with and without ICRF heating. 

a) The energy range is 20-1000 eV. b) The energy range is 20-200 eV. 

Fig. 3 Change in f lux, ar. a) Versus applied 1CRF power, b) Versus plasma 

current r p , for an applied power of 520 kH. For both, the 25 MHz coil 

system was used for heating a D-He3 plasma. 

Fig. 4 Plasma density near the wall determined from ion saturation currents 

measured with a Langmuir probe. 

Fig. 5 Calculated sputtering of iron caused by the outflux of charge r -ng« 

0° during an ICRF heated D-He3 discharge. The plasma parameters -mm 

n t = 2 + 3 x l 0 1 3 c m - 3 , I = 500 kA, and P p f = 1.2 MW. 
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