
M9TIN !/+RETIA ENERGf SYSTEM.? LlBnAHtES 





ORNL/TM- 1,0428 
Dist . Category UC-421,424,426 

Fusion Energy Division 

CONSIDERATION OF THE MAGNETIC FIELD 
RIPPLE IN THE DESIGN OF PLASMA EDGE 

COMPONENTS FOR TORE SUPRA 

C. C. Klepper 
T. Uckan 

P. K. Mioduszewski 
R. T. McGratha 

P, Hertoutb 

Date published: October 1988 

Sandia National Laboratories, Albuquerque, New Mexico 87175 a 

bCentre d'Etudes Nucliairee, Cadarache, France 

Prepared by the 
OAK RIDGE NATIONAL LABORATORY 

Oak Ridge, Tennessee 37831 

operated by 

MARTIN MARIETTA ENERGY SYSTEMS, INC. 

for the 

US. DEPARTMENT OF ENERGY 
under contract DEAC05-840R21400 

3 1.1456 0 2 8 3 3 3 5  2 





CONTENTS 

ABSTRACT . . . . . . . . . . . . . . . . . . .  Y 
I . INTRODUCTION . . . . . . . . . . . . . . . . .  1 

I1 . THE TORE SUPRA TOKAMAK . . . . . . . . . . .  2 

1I.A. Pump Limiters . . . . . . . . . . . . . . .  2 
1I.B. RF Antennas . . . . . . . . . . . . . . .  2 

I11 . MAGNETIC FIELD MODEL . . . . . . . . . . . .  3 

1II.A. Field Line Tracing . . . . . . . . . . . . . .  6 

1II.B. Poloidal and Vertical Fields . . . . . . . . . . .  7 
1II.C. Application to the Outboard Limiter Module . . . . . .  8 

III.C.l. Effect on Particle Removal . . . . . . . . .  11 
III.C.2. Effect on Heat Handling . . . . . . . . . .  11 
III.C.3. Reshaping of the Limiter Head . . . . . . . .  12 

III.C.4. Sensitivity to Limiter Radius . . . . . . . .  14 

1II.D. Application to RF Antennas . . . . . . . . . . .  16 

IV . ANALYTICAL MODEL . . . . . . . . . . . . . .  16 

V . CONCLUSIONS . . . . . . . . . . . . . . . .  19 

ACKNOWLEDGMENTS . . . . . . . . . . . . . . .  20 

REFERENCES . . . . . . . . . . . . . . . . . .  21 

... 
111 





ABSTRACT 

Design of edge components for a plasma device requires a description of heat 

and particle flows at the edge of the device. In a tokamak, the ripple of the toroidal 

field affects the direction of such flows by affecting the direction of the field. In Tore 

Supra, in particular, the ripple is large (58% at the outboard edge). 'This causes 

a substantial ( 5  factor of 2) increase in heat flux deposited onto the limiter and 

antenna face. It also reduces the particle removal efficiency of the pump limiters 

by increasing the distance between the throat opening and the plasma edge. It is 

therefore important to include the ripple when designing plasma edge components 

such as pump limiters and rf antennas. A simple, but accurate, scheme for field line 

tracing is found and used to study this effect. Modeling of the ripple is discussed. 





I. INTRODUCTIQN 

In the design of components that come into contact with the plasma at the edge 

of a tokamak, the effects of high heat flux at the surface of these devices must be 

considered. Such components include limiters, divertor plates, and radio frequency 

(rf) antennas. Often, to optimize their heat removal capability, the components 

are shaped so that they are nearly parallel to the direction of the flux near the 

plasma edge, where the heat flux is highest, and become more perpendicular as the 

distance between the surface of the device and the plasma edge increases. Typically, 

the heat flux decays exponentially with distance from the plasma edge. 111 this way, 

the normal component of heat flux can be made nearly constant over the surface. 

Its upper limit is dictated by technology. Operation of edge components near such 

limits causes even small errors in the shaping of their surfaces to be detrimental. 

Because the ripple of the magnetic field (Fig. 1) affects the direction of the 

particles and, therefore, heat flow at the edge of a tokamak, the ripple should 

be taken into account in the design of such surfaces. Furthermore, in a pump 

limiter module, ripple in the edge field lines will affect the distance between the 

opening of the throat of the module and the edge of the plasma, leading to decreased 

particle trapping. Also, charged particles trapped in the throat are still guided by 

ORNL- DWG 862991 FED 

I .  -4.0 

I RADIAL DISPLACEMENT 
OF THE FIELD LINE 
DUE TO MAGNETIC 

FIELD RIPPLE 

Fig. 1. Magnetic field ripple. 

1 



2 

the magnetic field to the neutralizer plate, where they are reflected or recycled a s  

neutrals. The ripple in the field will affect the path of these particles, possibly 

causing them to m i s s  the neutralizer. 

The amplitude of the ripple, 6, is defined as 

where B,,, and Bmin are the maximum and minimum values of the field at  a given 

radius and poloidal an le. In Tore Supra, 6 is as large as 6.5233% at the outer 

midplane, depending on limiter radius. This is an unusually large ripple and must 

be considered in the design of the edge components. The effect of the ripple on 

particle transport is not Considered in this paper. It has been studied by other 

authors both for Tore Supra’ and for other m a ~ h i n e s . ~ - ~  

11. THE TORE SUPRA TOKAMAK 

Tore L’jupra is a large (Ro = 238 crn, a = 80 cm), long-pulse ( 2 3 0  s), high- 

input-power (515  MW) tokamak that features superconducting toroidal field (TF) 

coils.’ 

I1.A. Pump Limiters 

Seven pump limiter modules will be used in ‘Yore Supra for particle control. 

One of the modules will he installed at the oiithoard midplane; the others will be 

placed on the top and bottom of the torus. The dimensions of the heads of these 

modules are approximately 50 by 50 cm for the outboard and 40 by 40 crn for the 

top/bottom modules. The outboard limiter module is designed to remove 2 MW 
of the power flowing to the edge of the device. The vertical modules are designed 

to handle 1 MW each. To handle such heat loads for the duration of the long Tore 

Supra discharges, the modules will be made entirely of cooling channels imbedded 

in graphite armors. Modeling of these limiter nodules’ heat arid particle removal 

capabilities is found elsewhe~e.~ 

1I.B. RF Antennas 

The three rf antennas planned for Tore Supra will be located at the outboard 

midplane. Their dimensions are about the same as those of the outboard pump 

limiter module. Because the antennas will he placed in the shadow of the limiters, 
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the heat handling requirements are more relaxed for the antennas than for the 

limiter modules. Particle removal is not relevant. What is important is whether 

the electron density at the Faraday shield of the antenna is high enough to permit 

proper coupling. 

111. MAGNETIC FIELD MODEL 

One of the requirements for proper computation of the effect of ripple on an 

edge component is the ability to trace field lines in space from any point on the 

surface. This allows for calculation of both the change in the angle of incidence 

of the heat flux on the surface and the change in distance between the component 

and the plasma boundary, which has the shape of the last closed field line at the 

location of the edge component. 

Tokamak TF models found in the literature typically pertain to noncircular TF 

In these models, the TF coils are modeled by loops, each composed of 

a small number of straight filaments. For studies that require computation of the 

field near (or even inside) the coil, models that use discrete loops must be replaced 

by more elaborate models that use an appropriate, continuous-current distribution 

within the coil cross section." 

In the case of Tore Supra, the TF coils are circular. This allows for simpler 

models that approximate each TF coil by a set of circular loops. Computer codes 

that model the Tore Supra TF coils by using a large number of loops to achieve 

a nearly constant current density (CCU) already exist.11t12 Such computations are 

time consuming and therefore inappropriate for repetitive use. For this study, a 

model was developed in which each of the 18 TF coils is approximated by a set 

of only five current-carrying circular loops. The locations of the loops within the 

physical extent of the coil and the distribution of the total current between these 

loops are adjusted until the results agree, to better than IS%, with those of the 

CCD model, which were available for a few points. Figure 2 shows the distributions 

of the loops and of the current among the loops that produce this agreement in the 

vacuum fields. Note that this replacement of a CCD model by one thai uses a few 

discrete loops is feasible here only because the largest minor radius of interest is 

less than 70% of the radius of the coil. 

The elliptic integral equations that describe the components of the magnetic field 

caused by a current-carrying, circular loop can be found in the 1 i t e r a t ~ r e . l ~  For this 
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Fig. 2. Optimal distribution of five current loops arid of the tota.1 current in 

each of 18 Tore Supra toroidal field coils to approximate CCD. 

calculation, a computer code called B3DLOOP14 was used. 'khe code computes and 

sums the components of the field that results from an arbitrary number of loops, 

arbitrarily placed and oriented in space. The loops were placed in the following 

manner. 

Jlet rg, T I ,  and T Z  be the radii of the three types of current loops in each coil. 

First, 18 loops of radius T O  are placrd such that their centers are at a radial distance 

R, - 244.3 cm from the axis of the torus and their toroidal angle increments are 

Ad = 2x/Nc,;1, where Ncoil = 18 (the number of coils). 

The orientation of each loop is determined by the angles 8 and of the axis of 

the loop in the T ,  8, q5 coordinate system centered on the center of the loop. For this 

first set of loops, 

cos 4 = cos (@ + 5) , 
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sin4 = sin (+ + f> , 

sin0 = -1 , 

cos0 = 0 , 

where @ is the toroidal angle of the center of the loop. The loop radius, ro -1 

1.2668 m, is the same as the mean radius of the coil. 

The second set of loops is placed at the same major radius, but with a toroidal 

shift b@ = 0.0261 rad (or 1.5"; the actual coil spans 3" on each side of its midplane). 

The loop radius for this set is 7-1 = 1.3235 m > T O .  This is the midpoint between 

the mean radius and the outer radius of the coil. 

Note that the loops must be parallel to each other. To accomplish this, the 

orientation of the loop is determined from the toroidal angle of the coil midplane. 

That is, if CP is the toroidal angle of the loop and cPo is that of the midplane, the 

loop is placed at 

cos 4 := cos (!Po + ;> , 

sin4 = sin (+o + i) , 
sin0 --I , 
cos0 = 0 . 

Similarly, a third set of 18 loops has a toroidal shift 6@ = -0.0261 rad with 

respect to the coil midplane and has the sa.me loop radius as the second set. 

The fourth and fifth sets are placed like the second and third, but they have a 

smaller radius r2 = 1.2100 m < T ~ ,  such that ( T I  + ~ ) / 2  = T O .  

Optimal results {best agreement with the vacuum field) are achieved for this 

configuration when the central loop in each coil carries half of the total coil current, 

1 
2 2 

Io - - Ico;n = f_  (2.84 MA) , 

and each of the other four loops ca.rries 

With this configuration of current loops, the values computed for amplitude of 

the ripple, 6, at the outboard and top/bottorn locations for plasma Ro = 238 cm 

and a = 80 cm are 7.95% and 3.89%, respectively. The ratio of these values is 

6oout/6top = 7.95/3.89 = 2. 



This ratio was found to be almost independent of the placement of the loops 

within each coil and of the distribution of current. However, values of the ripple 

amplitude 6 are very sensitive to such distributions. The CCD computation gives 

values of $.35% and 3.8170, respectively, for the outboard and top/bottom ripple 

strengths. The ratio is 2.19. The largest deviation of the five-loop simulation from 

these values is about 5%. 

II1.A. Field Line Tracing 

Once it is possible to obtain the components of the field for any location within 

the torus, a field line can be traced by using the magnetic field line equation 

Figure 3 shows a field line traced from the tangency point of the outboard limiter 

assilmed at Ro + a 1 236 + 75 a n  over a toroidal extent of 10" (the separation of 

the coils is 20"). A trace of the same field line by means of the CCD calculation 

is superimposed in Fig. 3. The toroidal extent of intergst for the edge components 

is about 5 " .  The noticeable deviation of the five-loop model from the CCD model 

(-10%) occurs near the coil and is caused by the approximation of the CCD by 

discrete current loops. 

LE 
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Fig. 3. Comparison of field tines traced by five-loop-per-coil simulation and by 

CCD computation. Data are for a field line at R = 311 cm. 
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1II.B. Poloidal and Vertical Fields 

Thus far, only vacuum fields have been considered. To complete the simulation, 

a current loop is added, this time on the midplane of the torus; that is, 

sin+ = 0 , 
= I , 

sin6 = 0 , 
It carries a current of 1.7 MA, simulating the plasma current. The loop radius 

is chosen as 

T ,  &I f Ash , 
where 

is the Shafranov shift. Values €or P p  and Z;/2 for Tore Supra are -1 and ~ 1 / 2 ,  

respectively. 

The placement of such a shifted current loop results in a significant 2 component 

of the'field in the top/bottom locations. This must be canceled by means of a 

vertical field computed as15716 

For this case, BZ = 0.226 T. 
As a check, the resulting poloidal field is compared with that predicted by the 

Shafranov poloidal field equation: 

which shows good agreement. 

The contribution of the poloidal and vertical fields to the effect of ripple on the 

edge components was found to be negligible. This can be attributed to the fact 

that ,  for a plasma safety factor q z 3, a field line moves poloidally a distance of 

only about 1% of the total poloidal circumference over the typical toroidal extent of 

the component. The field line does not sample a significant change in the amplitude 

of the ripple. It is therefore sufficient to consider only the vacuum field lines. 
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1II.c. Application to the Outboar Limiter Nodiile 

The capability of tracing field lines from each point on the surface of the limiter 

head niakes it possible to compute the distances of each point alon the front surface 

of the outboard pump limiter module from the plasma edge. The shape of the pump 

limiter head, designed on the basis of an assumption of nonrippled edge field lines, 

is shown in Fig. 4a.I7 The vaciszirn field lines shown in this figure are circles. The 

unrippled field line contacting the tangency point of the limiter (i.e.? the point 

closest to the plasma) is a circle of radius 312.5 cm (Ro = 237.0 cm, a = 75.5 cm). 

The remaining field lines shown in the figure have a radius progressively incremented 

by 1 cm. The figure, which shows the front surface, the neutralizer plate, and a 

sketch of the shelf, is essentially a cross section of the outboard limiter head in the 

Tore Supra midplane. In this cross section, the front surface consists of two joining 

straight-line segments of different slope, followed by a circular leading edge. Only 

half of this cross section is displayed, because of symmetry. This shape was chosen 

for its simplicity and also because it distributes the heat flux along the front face 

in a manner consistent with the heat removal capabilities of the embedded cooling 

channels (not shown in the figure). This shape also allows for a minimum distance 

of the throat opening from the edge while keeping the maxinium heat flux density 

at  the leading edge below the 3-kW/cm2 limit imposed by the technology. 

Notice that, at the leading edge, the throat opening is about 2.5 cm from the 

plasma edge, which is defined by the field line tangent to the limiter at 2 0. Also, 

most of the field lines entering the throat actually reach the neutralizer. In Fig. 4b, 

the distance, Ay, of each point along the toroidal extent of thc limiter front surface 

from the plasma edge and the angle, 8 ,  hetween the field lines (also particle and 

heat fluxes) and the surface at each point are plotted. From these, the heat flux 

density Q at each toroidal location is computed as 

where XQ is the heat flux scrape-off length, and is also plotted in the figure. ‘The 

edge parallel heat flux Qo is adjusted so that the total power handled by the limiter 

is 2 MW. The assumed poloidal extent is 53 cm. 

Figures 5a and 5b show the same quantities for rippled field lines. From Fig. 5a, 

it is evident that the particle removal efficiency is greatly reduced because of two 

resulting effects. First, the throat opening is moved away from the plasma by about 

an additional 1 cm. Second, the neutralizer is largely shadowed by the limiter head. 
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Fig. 4. Plots for the unmodified limiter head and the nonrippled (circular) field 

lines for which it was designed: (a) a graph showing the front surface of the head 

and edge field lines, including a sketch of the shelf and neutralizer; and (b)  a graph 

showing distances (Ay) between the front limiter surface and the plasma edge as a 

function of z (measured along the tangent to the plasma edge at  the plasma-limiter 

tangency point), the angle ( 6 )  between the field lines and the surface, and heat 

flux density (Q) on the surface that, has been normalized so that the total power 

removed from the limiter is 2 MW. 
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angle (0) between the field lines and the surface, and the heat flux density (Q) on 

the surface that has been normalized so that the tota.1 power removed from the 

limiter is 2 MW. 
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Figure 5b shows that the heat handled by the front face of the limiter is increased 

whereas the heat handled by the leading edge is decreased, as compared with the 

designed values (as determined from Fig. 4b). 

III.C.1. Effect on Particle Removal 

The loss in particle removal efficiency can be estimated as follows. The efficiency 

depends on the head thickness zh of the limiter as 

where A is the throat width and Ar is the particle flux scale length. The effect of 

the ripple is to increase 28 by about 0.8 cm at the limiter radius of interest. This, 

as may be observed qualitatively in Fig. 5a, is caused by the fact that the last closed 

field line, which describes the plasma edge, shifts radially inward as it moves from 

the tangency point toward the leading edge. 

The decrease in efficiency is then obtained by comparing the efficiency with no 

ripple to that with ripple: 

(assuming Xr M A, z 3 cm), while 

However, as mentioned in the introduction, there is an additional effect- 

shadowing of the neutralizer plate by the limiter head. Figure 5a shows how it 

can be estimated that 50% of the neutralizer is shadowed. This means that the 

width of the throat, A,  is reduced by a factor of 2 to about 1.5 cm. That reduction 

changes CR from 0.21 to 0.14, leading to a 73% (instead of 60%) decrease in exhaust 

efficiency. 

III.C.2. Effect on Heat Handling 

As for the heat handling capabilities of the limiter, a comparison of Figs. 4b 

and 5b shows an increase of about 17% in the (integrated) heat load handled by 

the front face of the module. The change in heat flux at each point along the 
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front face i s  shown in Fig. 6. The maximum increase in heat flux on the front face 

occurs at  about 10 crn and is 68%. This value approaches 10 %I as the maximum 

outboard limiter radius of Ra, SII 318 cm is approached, where the amplitude of the 

ripple i s  about 8%. The location of this maximum is determined by a competition 

between two effects: (a) the increasing radial component of the field as the toroidal 

angle increases from the tangency point to the midpoint between the tangency point 

and the nearest coil and (b) the decrease in heat flux as the distance between the 

surface and the plasma edge increases. Also, the leading edge, which was designed 

to handle up to 3 kW/cm2, actually handles only half that value. The penalty is in 

the reduced particle exhaust, as discussed earlier. 

III.C.3. Reshaping of the Limiter Head 

To compensate €or the effect of ripple, each of a large number of points along 

the toroidal extent of the limiter is shifted in the y direction by an amount obtained 

by subtracting the values of Ay in Fig. 4b from those in Fig. 5b. The resulting 

surface is then compensated for particlc removal efficiency, as seen in Fig. 7a, and 
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13 

80 

60 

- 
0 

v 4 40 
Q 

20 

0 -  

. 

- 320 
E 
0 
Y > 

31 5 

ORNL-DWG 87-24iIA FED 
330 

To PUMP OTHER MODIFICATIONS 

I THROAT 

310. 

305 

X k m )  

Fig. 7. Plots for the modified pump limiter head and rippled field lines: (a )  a 
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angle (8) between the field lines and the surface, and the heat flux density (Q) on 

the surface that has been normalized so that the total power removed from the 

limiter is 2 MW. 
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presumably for heat handling; the latter is checked in Fig. 7b. Because the shifts are 

made at  discrete points, a certain amount of interpolation and smoothing was used 

to  produce the slopes of the surface at these points. This resulted in the smooth 

curve seen in Fig. 7b. 

As mentioned earlier, the shifts in y as a function of E were computed by sub- 

tracting the Ay values computed with and without ripple. Actually, to produce the 

shape of Fig. 7, the shifts were performed as computed only for the ¶at sections of 

the limiter. The circular leading edge was shifted as a single unit. The neutralizer 

and the shelf were not changed in this exercise, but they should be corrected in the 

final design. 

III.C.4. Sensitivity to Limiter Radius 

The limiter was shaped according to the edge field line traces at the reference 

limiter location, which is Rlim :- 312.5 cm ( ; . e . ,  f z o  = 237 cm and a = 75.5 cm). The 

problem is that this is a movable limiter, and it may be necessary to operate it at a 

different radial location. One example of such operation is that of &inn = 307 cm, 

which would put the plasma in contact with the inner wall. This would be done if the 

limiters could not handle the power lost to the edge without some power sharing 

with the inlier (cooled) wall. An outward shift of the limiter to Rlim - 317 cm 

would also allow the plasma to contact the inner wall, by also dlowing the plasma 

to expand to an 80-crn minor radius. 

Figures $a through 8d show how limiter performance is affected by these changes 

in radial location. Figure $a shows that the exhaust efficiency of the outboard 

lirniter module increases by about 10% from its reference value when the module is 

moved inward. The ripple amplitude is decreased and the shape of the limiter head 

overcompensates for the ripple. The  leading edge is now closer to the plasma edge 

than allowed, and the resulting penalty is a higher heat flux, as seen in Fig. Rb. This 

calculation assumes that the outer limiter always handles a total power of 2 MW (as 

designed). However, at the larger limiter radius of 317 cm, the exhaust efficiency 

is somewhat reduced compared with the referenw value and so is the heat flux at 

the leading edge. This computation neglects small changes in the shadowing of the 

neutralizer by the head of the module. 

Figure 8c shows the effect of changing the limiter radius on the total power 

handled by the front face of the limiter (excluding the leading edge). As the limiter 

moves outside, the worsening ripple causes a larger radial heat flux, which increases 
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the load on the front face of the limiter. If this heat load is to be maintained at the 

design level (-1.5 MW), the maximum power handled by the entire limiter must 

be reduced accordingly (Fig. 8d). The limit on total power is set by the load on the 

front face at the large radii. For smaller radii, the limit is determined by heat flux 

at  the leading edge. 

111.D. Applicat ion to RF Antennas 

The shape proposed for the Tore Supra rf antennas (Fig. 9a) is much simpler 

than that of the limiter.18 It is a line segment of 3.9" slope followed by a circu1a.r 

leading edge. The sloped, flat part i s  intended to follow approximately the shape of 

the field lines so that the electron density remains nearly constant over its toroidal 

extent. The circular leading edge protrudes radially a few millimeters into the 

plasma to protect the Faraday shield (flat part) from the plasma. The field lines 

shown in the figure are traced with the same five-loop magnetic field model. They 

are started at 0.3-cm intervals radially at  2 = 0. 

Note that the leading edge does, in fact, protect most of the flat surface from 

direct contact with the plasma. At the only toroidal location where the plasma 

contacts the antenna, the surface is nearly parallel to the field lines. This should 

keep the normal component of the heat flux low. Figure 9b shows the heat flux 

at  the leading edge, assuming an edge parallel heat flux of 10 kW/crn2, which is 

consistent with modeling ~alculat ions.~ The distances from the plasma edge are also 

plotted in Fig. 9b. The variation in these distances is small (-*2.5 mm). Because 

no plasma should be in thc small scrape-oil' regions between the field line tangent to 

the antenna and the front surface of the antenna, this model shows no heat flux for 

these regions. In addition, if y1 is the distance of the leading edge from the plasma 

edge, the distances Ay - y1 are actually the distances between the Faraday shields 

and the location of the first plasma that the radiation from the antenna encounters. 

IV. ANALYTICAL MODEL 

Because of its inherent periodicity, the ripple is usually modeled as a cosine 

perturbation in the form 

84. = B* [l - 6(f, 8 )  cos NQ] , 



17 

-1: - 

ORNL- DWG 87- 2413 FED 

I 1 I I I 

0.4 

N 
E 
Y 
2 

5 0.2 

- 
01 

J 
(L 

I- 
W 
I 

a 

0 

3 .O 

2.5 

c 

5 2.0 - 
4 
% 

i.5 

i .o 
0 5 10 15 20 25 30 

X (cm) 

Fig. 9. Plots for the Tore Supra radio frequcncy antenna: (a) a graph showing 

the front surface of the head and edge field lines (z and y axes are drawn to different 

scales) and (b) a graph showing distances (Ay)  between the front antenna surface 

and the plasma edge, the angle (e) between the field lines and the siirfa.ce, and the 

heat flux density ( Q )  on the surface that has been normalized s o  that the edge heat 

flux is 10 kW/cm2. 
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where 

and ( T ,  8, @) are the toroidal coordinates. 

Note that j 3 ,  also has a poloidal dependence because of the finite aspect ratio 

(toroidal effect): 

where E = a/Ro is the inverse aspect ratio. 

To first order in t ,6 ,  write 

B+ M No[l --- E co5 B - -  6 ( T ,  8) cos N*] . (2) 

The radial component of the field that results from this perturbation can then 

he derived from thP requirement that 6 -: 0 or 

The remaining task is to find an appropriate model for S ( T ,  0) .  One such model 

is5 
m 

6 ( T , O )  - 6 ( T )  g ( 0 )  = 60 ('> U g ( 8 )  . (4) 

Combining Eqs. (2), (3) ,  and (4) gives 

which when integrated becomes 

6(r, 8) N sin N @  B, ~ Bo E 

h m t 2  ( 5 )  

As in the case of the current loop simulation, the field lines can now be traced 

by using the field line equation 

Radial displacements of the field line from its nonlrippled path are obta,ined by 

integrating dt. over the toroida.1 extent of interest 



If Eqs. (2) and (5) are used, this becomes 

" c 6 ( r , Q )  N sin Nib , _I - -__I lll_ 

6 r = l T d r -  1 R m t 2 1 -- 6(T ,  e )  cos iv+ 
which becomes 

1 6 ( T ,  e )  cos N &  In [- ___I_i 

RC 
6r(r ,8)  = _II 

m S  2 1 - 6(r ,O) 

Values for m and 6 are determined by fitting the results of magnetic field coni- 

putations, such as those described earlier. For T = 75 cm, 0 = O", and & = 236 cm, 

6 M 6% and m M 4.5 best fit the data. 

Figure 10 shows a comparison of a field line trace obtained from Eq. (6) with 

the CCD calculation. 
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Fig. 10. Comparison of field lines traced by the analytical moc-2 [cosine niodt 

(CM)] and by the CCD calculation. The vdues  of 6 

the CM calculation. 

6 and m = 4.5 are used in 

V. CONCLUSIONS 

In Tore Supra, the amplitude of the ripple at the outboard edge is as much 

as 8%. This can cause up to a factor-of-2 increase in heat flux deposited onto the 

outboard limiter face. It also reduces the particle remova.1 efficiency of the pump 
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limiters by increasing the distance of the throat opening from the plasma edge and 

by causing the neutralizer plate to be shadowed by the limiter head. 

A simple, but accurate, scheme for field line tracing was found and used to study 

this effect. It involves representing the toroidal field coils by five current-carrying 

loops, whose location and share of the total coil current are optimized to match the 

results of computations using large numbers of loops. A hetter-than-10% agreement 

is achieved. 

As a result of this study, a method was found for adjusting the shape of the 

limiter head, which was already optimized for particle and heat removal for a xion- 

rippled edge magnetic flux. The resulting pump limiter was found to have heat and 

particle removal properties in the presence of the ripple that were almost identical 

to those of the original, unchanged limiter in the absence of ripple. It is then pos- 

sible to design the limiters for future devices before the ripple, which is strongly 

dependent on the physical dimensions of the coils, i s  known. As soon as the roil 

design i s  known, the design can he corrected by using the described techniques. 

Aiialytical modeling of the ripple is also discussed. This involves representing 

the edge field lines by a product of radial, poloidal, and toroidal functions. The last 

is a cosine function, and the radial dependence is a power of the radius. Both the 

amplitude of the cosine and the power are parameters that must be given. With 

values of these paramc.ters obtained from fits of previously computed edge fields, it 

was shown that field lines can be traced very accurately by means of these analytical 

expressions. 
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