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ABSTRACT 

Power and particle balance studies on the Advanced Toroidal Facility (ATF) 

torsatron are carried out using a rail limiter system. Both top and bottom limiters are 

made of graphite tile arrays, and these tiles are instrumented with thermocouples and 

Langmuir probes for calorimetric and particle flux measurements. Initial experimental 

results indicate that the limiter power loss accounts for about 12% of the total and the 

radiation loss for about 30% of the total; the rest of the plasma heating power appears to 

be going to the vessel wall. The particle flux to the limiters is also about 18%. The 

fractions of power and particle flux to the limiters are relatively lower than in tokamaks 

because of the low edge safety factor, q - 1 rather than q - 3 as in a typical tokamak, 

at the natural boundary of the ATF plasma (which results from the magnetic stellarator 

configuration of this currentless device). Therefore, for limiters of the same size, these 

fractions are about a factor of q lower in ATF than in a comparable tokamak device. 

V 





1. INTRODUCTION 

The instrumented limiter system (UCKAN et al., 1988a) in the Advanced Toroidal 

Facility (ATF) torsatron (LYON et al., 1986) is designed to study the characteristics of 

the scrape-off layer (SOL), that is, the profiles of the energy and particle fluxes in the 

plasma edge region. The stellarator configuration of the ATF has a poloidal 

multipolarity 1 = 2, 12 field periods (M = 12), a major radius R ,  = 2.1 m, and an 

average plasma radius a = 0.27 m. The externally produced currentless magnetic 

configuration has moderate shear; that is, the central rotational transform (L/~IL = l/q) 

of 0.3 becomes 1.0 at the last closed flux surface (LCFS). The poloidal cross section of 

the plasma varies with the toroidal angle @. At the locations of the limiters, Q, = 0" and 

30", the plasma cross section is vertically elongated; at Cp = 15", i t  is horizontally 

elongated. The physical dimensions of the limiters in ATF are shown in Fig. 1, and the 

details of their design are given by HAHS et al. (1987). The system consists of two 

movable rail limiters, one located at the top of the vacuum vessel and one at the bottom, 

separated toroidally by one field period (30"). Each limiter module has 11 individual 

graphite tiles, mounted on a water-cooled stainless steel base plate. The tiles form 

calorimetric arrays for measuring the energy deposition profile and the total deposited 

energy for the power balance studies. The front faces of the limiters are shaped for 

constant heat flux in the toroidal direction to handle 3 MW of power during a 0.3-s 

heating pulse without reaching a surface temperature of 1500°C. The central tile incor- 

porates a gas puff nozzle and Langmuir probes for particle flux measurements along the 

field line in the SOL that provide information on the particle balance. Figure 1 shows 

the configuration of the top limiter on ATF when it is located at the LCFS and also 

shows the center tile and its surface shape (MIODUSZEWSKI et al., 1989). 

In Section 2, the equations of interest for calculating the power and the particle 

balance from the measurements of the instrumented limiter are discussed. In Section 3, 

the formalisms developed are applied to the ATF plasma. Brief discussions follow in 

Section 4. 
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FIG. 1. Location of the top rail limiter in ATF. The inset shows the central tile with 
Langmuir probes and the tile surface shape. 

2. EQUATIONS OF INTEREST 

When the limiters are placed at the LCFS, as shown in Fig. 2, each receives a 

of the power Pout that leaves the core plasma and a fraction EF of the total fraction 

particle efflux @out. The power coverage of each limiter is defined as 

and the particle flux coverage of each limiter is 
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FIG, 2. Schematic of the LCFS, where the limiters are located, and the expected 
heat deposition profile on the rail limiter. The top and the bottom Limiters are separated 
30" toroidally. The ATF LCFS parameters are a = 0.2 m and b = 0.4 m, and the 
average plasma radius a = 0.27 m. Here Pout and aOut are the total power and the 

particle efflux leaving the core plasma, respectively. In the SOL, the heat flux QII and 

the particle flux r,, along the field lines are decaying exponentially. 

where Qm and < 9 ~ i ~  are the power and the total particle flux received by each 

limiter, respectively. From the total input plasma heating power Pinput and the 

radiated power P,d estimated from bolometric measurements (HIROE es a!., 1990), 

the power that leaves the core plasma by conduction and convection is Pout = Pinput 

- Prad The total particle efflux from the core plasma, whose total number of electrons 

is N = (n>V with an average particle confinement time of zp, is aOut =NhP , where 

(n) is the volume-averaged electron density and Vp is the core plasma volume. 

along the field lines are 

observed (MIODUSZEWSKI et al., 1987; UCKAN et al., 1988b) to decay exponen- 

tially with scale lengths of h, and hr, respectively. Given this observation, we can cal- 

culate P L ~ ~  and %im as follows. First, it is assumed that the LCFS of ATF, which is 

P 

In the SOL, the heat flux Qll and the particle flux 
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an island-free magnetic field configuration (COLCHIN et nl., 1990) as shown in Fig. 

1, may be represented in terms of an ellipse whose small and large minor radii are a = 

0.2 m and b = 0.4 m, respectively. On the limiter, tile j ,  which is located horizontally 

at a distance xj from the center tile, is a distance sj away from the LCFS. That is, 

The heat flux distribution across the limiter surface is Qll(xj) = Qoexp(-sj/hq), with 

Q, = Qll(sj = 0)  the heat flux at the LCFS. Therefore, the energy deposition profile 

on the limiter during a plasma discharge of duration A t  is A E j  = A E ( x j )  = 

AE(0)exp(-sflq), where A E ( 0 )  AE(xj  = 0 )  is the energy increase at the limiter 

center tile, x.  = 0. Experimentally, the AE tile energy distribution is obtained from J 1 
conventional calorimetric measurements and the heat capacity of the tiles. The e- 

folding characteristic scale length of the heat flux can be estimated from the half-width 

at half-maximum xHWHM of the AEj profile as h = -s (xHwwM)/ln 0.5. Then the 

power received by each limiter is simply calculated from the summation of AEj/At 

over the number of tiles of the limiter: 

roo 

where Po = AE(O)/At is the power received by the center tile, which has a poloidal 

width w as shown in Fig. 3, Clearly, the technique described here provides no time 

resolution of the power flux during the plasma discharge, but it gives fairly accurate 

measurements of the power deposition profile on the limiters (MIODUSZEWSKI e t  

al., 1987). 

rl@$ = roexp(-sjXr): 

The total particle flux over each limiter is obtained similarly by making use of 
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the LCFS and the SOL heat and 

where ro = r,,(sj = 0) is the particle flux at the LCFS and Qo is the total particle flux 

received by the center tile. Experimentally, the Langmuir probe in the center tile gives 

ro from the measurements of the ion saturation current 

The parameters fp andfF defined here can be viewed as the shape factors of the 

limiter distribution for the power and the total particle flux, which are normalized to 

their values at the center tile. Figure 4 shows the dependence of these factors on their 

respective scale lengths A. Moreover, with Eqs. (l), (2), (4), and ( 5 ) , f  and.& can 

also be related to the power and the flux coverages of the limiter, 
P 

This relationship is obtained from the power and particle balance relationships 

(UCKAN et al., 1988b) at the edge: 
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FIG. 4. Variations of the shape factors of the limiter distribution for the power fp 

and particle f lux f~  with their respective characteristic scale lengths h. 

where Te is the electron temperature of the SOL plasma and y is the heat transfer 

coefficient (STANGEBY, 1986), which is related to Te, the ion temperature Ti, the 

species mass ratio p = me/?, and the secondary electron emission coefficient ys: 

and y - 15 for a hydrogen plasma with TiKe - 1, with ys - 0.8 for electrons with 

Te - SO eV incident to the carbon tiles ("TIOMAS, 1984). 

It is useful to express the limiter flux coverage EF defined by Eq. (2) in terms oE the 

limiter parameters. The total particle efflux in Eq. (2) is QOut = N / z  = Skrl ,  where 

Sl = 4nnRO is the area of the LCFS in terms of a and Ro and rl is the outward 

particle flux, which is perpendicular to the LCFS at radius a. Furthermore, by again 

invoking the particle balance (UCKAN et al., 1988b) at the LCFS, we can find 

P 
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where 4 is the safety factor at the LCFS and Le(eff) is the effective poloidal length of 

the limiter, which is obtained by noting that =& = LO(eff)/w, or simply 

The total particle efflux can be also estimated by combining the limiter calorimetric 

measurements for the power deposition and the center tile Langmuir probe 

measurements for the particle flux. Namely, from Eqs. (2), (3, and (7), it is found that 

Here Bo is obtained from Eq. (6) by using To from the limiter Langmuir probe 

measurements. 

In Section 3 the formalisms discussed here are applied to a typical ATF plasma. The 

limiter power, the particle flux coverage, the global particle confinement time, and the 

power and particle balance are presented, and the experimental observations of these 

parameters are compared with these model calculations. 

3. ATF RESULTS 

The parameters of a typical 2-T electron cyclotron heated (ECH) plasma discharge 

in ATF with input power Pinput = 300 kW are displayed in Fig. 5. The figure shows 

Pinput from the two 53-GHz gyrotron heating sources, the line-averaged core plasma 

electron density n, the plasma stored energy W and the radiation power Prad. The 

limiters, when they were at the vertical position Z L ~ ~  = 0.4 m, at the LCFS where q = 

1, received P L ~ ~  = 18 kW each during a At = 0.4 s discharge, as shown in Fig. 6. By 

using P r d  - 70-80 kW in Eq. (l), we find the power coverage of each limiter = 8% 

for Pout = 220 kW. From the limiter energy deposition profile, Fig. 7, xHWHM = 6 cm; 

with this value in Eq. (3) the heat flux scale length becomes h, = 2.5 cm. Experimental 

observations from other edge Langmuir probe measurements (UCKAN et al., 1989) 

P' 
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indicate that the temperature e-folding characteristic scale length is much larger than 

the density scale length, by as much as a factor of 2. Therefore the flux scale length can 

be estimated (UCKAN era!., 1988b) as hr = 1.4 x kq = 3.5 cm. Using these values in 

Fig. 4 to get the limiter shape factors for power and flux, we find thatfp = 5 andfF = 

6. Then the particle flux coverage of the each limiter is calculated from Eq. (7): 

This coverage may also be obtained from the calculation of the equivalent poloidal 

width of the limiter, Eq. (1 1). The poloidal width of the limiter tile w = 2.54 cm; thus, 

Ls(eff) = w f ~  = 2.54 x 6 = 15.5 cm, 

and in turn frsm Eq. (10) it is found that 

E (calculation) = 9% , 
F 

consistent with the earlier estimated value from the power coverage. 

The particle efflux is estimated from Eq. (8); that is ,  

Here re = 50 eV from the limiter Langtnuk probe measurements is used for the SOL 

electron temperature. Using the core plasma volume V = 3 m3 with the line-averaged 

density i = 5.5 x 1012 cm-3 gives the total core plasma electrons N = 1.7 x 1019, 

which is obtained by taking ( n )  - n since the ATF electron density profiles are 

observed to be almost flat. Hence the global particle confinement time is about 

P 

- 



i! 

This is comparable to the global energy replacement time, since the stored energy of the 

plasma is about W = 1.9 W for this discharge; thus, 
P 

ze = Wp/Pinput = 1.9 kJ/300 k W  = 6.5 ms . 

The total particle efflux can also be estimated from Eq. (12). Taking the particle flux 

from the Langmuir probe measurements, To = 6.5 x lo1* cm-2-s-1, and using it in 

Eq. (6) gives a0 = 4.5 x 1019 s-l and, in turn, aout = 2.8 x 1021 s-l. This estimate is 

consistent with the value obtained from Eq. (8), and this result may further suggest that 

the value used for the heat transmission coefficient is a reasonable one based on the 

assumptions made in Eq. (9). 

To see clearly the effects of the limiters on the flux coverage with respect to each 

other on Am, we assume, for simplicity, a cylindrical geometry in poloidal angle (0) 

and toroidal angle space for the LCFS. The top and bottom limiters of ATF are 

displayed in this configuration in Fig. 8. The limiter has a poloidal eYtent 8~ = 

Le(efo/; = 32" and a toroidal extent @L =L#R, = 4", since Le(eff) = 15.5 cm and 

L+ = 16 cm. Each limiter defines a flux tube through which the SOL particles flow and 

become available for deposition on the limiters. Clearly, these two limiters do not 

F 
shadow each other (Fig. 8), so the total limiter flux coverage is about E (total) = 2 x E 

= 18% of the total particle efflux. Similarly, the total power coverage of the limiters is 

about %(total) = 2 x 

F 

= 16%. 

4. DISCUSSIONS 

From the initial experimental results presented here, the power accountability of 

ECH plasmas in ATF is as follows. The radiation loss estimated from the bolometric 

measurements Prad/Phput - 30%, the limiter power loss PLim(total)/Pinput - 12%, 

and the rest of the plasma heating power, about 58%, appears to be going to the vessel 

wall. The total limiter power coverage is about 16%, and the total limiter particle flux 

coverage is also about 18%. These fractions are relatively lower than those in tokamaks 
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FIG. 8. The location of the top (Port 14) and bottom (Port 16) ATF limiters on the 
LCFS, q = 1, given in terms of a cylindrical geometry in poloidal angle (e), and 
toroidal angle ((I) space. Each limiter defines a flux tube through which the SOL 
particles flow and become available for deposition. These two limiters do not shadow 
each other. 

because of the low edge safety factor, q - 1 rather than (I - 3 as in a typical tokamak, 

at the natural boundary of the ATF plasma (which results from the magnetic stellarator 

configuration of this current-free device). The power handling capability of the vessel 

wall is an important issue because long-pulse (>5-s) operations are planned for ATF. 

Therefore, this issue will be investigated further both with more experiments and with 

new diagnostics. For example, the helical field coil troughs inside the vessel wall will 

be instrumented with thermocouples. Some new sets of instrumented limiters 

introduced from the inner wall are also planned. 
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Direct measurement of the total limiter flux @ ) ~ i ~  is possible in the limiter biasing 

experiments that will be carried out in the near future. These experiments are expected 

to provide additional information on the power and particle balance on ATF, 
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