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A b s t r a c t 

I hi' divoi^ioii properties of tlie magnetic field outside the last closed magnetic surface of 

a llelias stellaralor configuration [1] are investigated for finite /^-equilibria. The results 

siipporl a divcrtor concept which has boon developed from the diversion properties of the 

i-orri'spondiiig vaciimn field. Cross-field transport is simulated by a simplified scrape-off 

layer (SOL) model. 

Abstract 

FIELD LINE DIVERSION PROPERTIES OF 

FlNITE ii HELIAS EQUILIBRIA 

T. lIayashi.， t1. SchW<~lln ， E. Strumbcrgぞr

~Iax・ Planrl← IwstituL fiir Plasmaphy可ik

lPP-ECB'\TO~1 '¥"ociatio凡 0-80.16Garchillg boi ~Iüllchcn 

.:¥atiollal I I1~titutc fur Fusioll Scicncc， Nagoya， Japan 

1111'・li、円討iOIlproplTl it、円。rthe magn('ti('町 nt.ldoutsioc th{' last closcd magnctic surfacc of 

，， 110-1凶山討 恥山1，‘，11"泊剖ra剖山10川)f，印011凶目IIT問illlり叩n[川l川]a町叩ft'In川川Y引刊e凶?

、叶h川川1円lド川'1ドB川‘ο川〉川1'1il ‘心lin盲rtornり川，η山11】J<円《叩'1巾pμ)1w叫hh【h ha剖s号h 何何~n d 円 r什lop円吋1rr叩o叫m】111け})('‘ di¥、e町r日on prop 円 lIcs of thl'・

~'or"， 'spoIHl 山耳、四1I 111n fi('J，l. Cross-fit-hl tr剖日portJS SIII川 lalcdh)・asimplificd scr吋陀o町

lay..r (SOI.) mou..t_ 



1. Introduction 

In experiments such as lfoliotron-E [2], ATF [3], and Wendelstein VII-AS [4] characteristic 

stripes along the torus wall have been observed that are due to plasma-wall interaction. 

The positions of these stripes correspond to those of the helical edges characteristic of 

llelias configurations [l]. In a Ilelias configuration with N periods A: half-helix-like edges 

run along the loroidally outward side of the plasma boundary and afford the possibility 

of separatrix formation owing to the coincidence of the helical edge and x-points be­

tween islands. Fig. 1 shows the plasma lube and its five helical edges for the proposed 

Wendelslein 7-X stellarator [5]. 

By investigating the diversion properties of the vacuum magnetic field outside the last 

closed magnetic surface a divertor concept could be developed for W7-X [6]. Fig. 2 shows 

the plasma tube and the so-called 'helical troughs' which fulfill the following conditions: 

• They do not act as limiters, but rather as divcrtor plates. 

• They lead to a complete separation of the magnetic field lines starting at the plasma 

and ending at the divertor trough from the field lines starting at the first wall. 

• This separation is independent of the detailed island positions. 

Here, it is investigated whether this divertor concept is robust for finite /?-equilibria. In 

section 2, the diversion properties of a vacuum field produced by an optimized coil system 

are reviewed. Then, in section 3, the magnetic field of a finite ^-equilibrium, obtained 

by the HINT-code, and its corresponding vacuum field are compared, and the diversion 

properties of the finite /^-equilibrium are studied. A summary of the results is given in 

section 4. 

2. The vacuum magnetic field 

The vacuum magnetic field, shown in Fig. 3, is obtained from an optimized coil config­

uration [7] which has a sufficiently large distance so that divcrtor equipment (dark blue 

areas) can be installed between the plasma and the cryostat (dashed line) containing the 

superconducting modular coils. The current-carrying surface belonging to this coil sys­

tem is given by the outer black solid line. The last closed surface (green dotted line) lies 
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2. The vacuum magnetic lIeld 

Thc vacuum magnetic ficld， shown in Fig. 3， is obtaincd from an optimizcd coil config-

uration [7J which has a sufficiently large distance田 thatdivcrlor珂nipment(dark bluc 
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oulside tin' five islands (< = | ) (red dots) in this case, while outside the last closed [lux 

surface there is an ergodic region where only remnants close to the fixed points of the 

(/ = Y) islands (blue dots) can be found. 

In order to describe the space hetween the plasma surface and the outer current-carrying 

surface in an adequate manner, the coordinate system (s, u, u), defined in [6], is used. The 

coordinates u (poloidal) and v (toroidal) are angle-like variables (0 < », r < I), while $ is 

a radial coordinate (0 < s < 1). 

With a homogeneous distribution of points on a surface outside but very close to the 

plasma surface as starting points, magnetic field lines are traced in both directions. The 

Held lines intersect the plasma facing surfaces of the helical troughs (sec Fig. 1) under 

small angles, (^con) * '1°- These relatively small values of the intersection angles arc a 

consequence of the adequately chosen plasma facing surfaces of the helical troughs which 

are parts of a surface with fixed 5-coord in ate, the so-called control surface (.<<con = 0.2 

= -^pca ^ 0.1m for a device with /?u —5.5m. Apes = distance plasma-control surface), 

and which, therefore, incorporate the geometries of the last closed magnetic surface and 

the current-carrying surface. In Fig. -1 the helical troughs are marked by the hatched 

areas. Figure -1 again confirms that x-poiut regions in the crgodic region lying in the 

neighbourhood of a helical edge are positions where the field lines are diverted. 

The intersection points form patterns on the plasma facing surfaces, shown in Fig. 5, 

whose details depend on the position of the helical troughs, but whose general structure -

being close to the helical edge - originates from the island structure: islands and x-points 

are widest close to the edges. Furthermore, the intersection position depends on the 

direction of the magnetic field line. The red dots in Fig. 5 characterize the intersection 

points of the magnetic field hues surrounding the torus in negative direction, while the 

green ones represent the positive direction. 

3. The finite .^-equilibrium 

The magnetic field of a finite ^-equilibrium with an average J-value of {J) = 'l.'.\7t was 

obtained by the HINT code [S] in a computational box. This code is used with a cur­

rent distribution on a surface which lies completely outside the grid box. Therefore, a 
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current-carrying surface was used [!)] which fulfills tins condition and which produces ap­

proximately the same vacuum field as the coils used in the preceding section. The last 

closed flux surfaces of the two vacuum fields are compared in Fig. 6. 

In Fig. 7 the vacuum magnetic field inside the grid box is shown, as obtained by the field 

line (racing part of the HI.VT-code. Again five small islands (red dots) lie inside the last 

closed surface (green dashed line). 

In the case of the finite ^-equilibrium the boundary region of the vacuum magnetic field 

is ergodized so that the five islands now lie in the ergodic region as it is shown in Fig. 

$. Now. the last closed surface lies inside the five islands and the islands are partially 

ergodized. 

Titus, the aspect ratio is larger for {ft) = 2.3%. The positions of the helical edges and 

of the islands do not. vary significantly (sec Fig. 9). This behaviour is an important 

condition for a successful divert or operation. It guarantees that the field line diversion 

occurs in ihe same regions as in the vacuum case. The plasma boundary of the finite 

.^-equilibrium lies complete!}- inside the last closed surface of the vacuum field. This is a 

consequence of the very small radial shift of free-boundary Helias equilibria. The distance 

between plasma boundary and divcrtor troughs increases. 

For the {.1) = 2..TX equilibrium the boundary field lines are traced until they intersect the 

plasma facing surfaces of the helical troughs. Fig. 10 shows the intersection pattern, while 

Fig. 11 represents the Poincare plots of the boundary field lines. Again the intersection 

points are concentrated close lo the helical edge on the divertor plates, and the two 

directions of the magnetic field lines can be distinguished, but the intersection pattern is 

more concentrated than in the vacuum case. 

Finally, particle diffusion is taken into account. As in Ref. [6) an anomalous diffusion 

coefficient of D = 1 ^ - is simulated in a simplified scrape-off layer (SOL) model. The dif­

fusion is simulated by 'diffusion of field lines' obtained with random displacements during 

the held line tracing after characteristic mean Tree paths (A sw ITH). These calculations 

again confirm that the diversion process persists at the helical edge, that the detailed 

island structure is blurred (see Fig. 12), and that the interaction area on the helical 

troughs increases (sec Fig. 13). 

Due to the relatively small size of the grid box some of the traced field lines reach the 

boundary of this grid box before they intersect the plasma facing surfaces. Therefore, the 
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intersection patterns, shown in Fig. 10 and Fig. 13, are not quite complete. The results 

will not change significantly, if the size of the box is increased. 

4. Summary 

The calculations presented above confirm that the finite ^-equilibrium shows the same 

diversion properties as the vacuum magnetic field. Since the positions of the helical edges 

are almost the same, the helical troughs defined for the vacuum magnetic field work as 

well in the case of the finite ^-equilibrium. 

The intersection pattern corresponding to the {/?) = 2.3% is more concentrated than 

for the vacuum field, and there is larger distance between the plasma boundary and the 

diveitor troughs. This increase in distance is mainly due to the fact that - in the vacuum 

field - the | islands He in the region of nested surfaces. In further investigations a vacuum 

magnetic field will be used whose five islands already lie outside the last closed surface. 

Further calculations will also use a larger grid box. 
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illt('r~('ction paltcrns、shownill Fig. 10 alld fig. 13， arc not quitc complct<.'. TJ，c rf>sults 

will I¥ol ch叩 gesignificantly司ifthe size of thc box is increascd. 

4. Summary 

Tlw日 kuJ叫刷出 prcsf'ut('dabo¥.'c confirm that thc自nit.cβ-cq¥lilibri¥lmshows thc sallH' 

di¥"ersion propcrties as the vacuum magnctic ficld. Sillcc thc positions o[ tll(. hclical cdgcs 

a陀 almostthe same， thc helical troughs defined for the vacuum magnctic field work as 

W(.1l in thc casc of the finite s-equilibrium. 

Tl岡山ter.seclionpattern corresponding to the (β2.3% is morc conccntrat('u than 

for t hc vdcuum ficld， and there is largcr dislancc bctwecn thc plasma boulldary aud thc 

divCI ~or trollgh5. This increase in distance is mainly due to the facl that -ill the vacuum 

ficld -thc ~ islands 1ie in the region of nestcd surfaces目 In川fu山r仙引 invcst伊 tio叩n由5a vac口印u山山lt山u山凹In

11川11】ag伊11阻凶cll阻cfield will be used wh】田 e 日v町eisl品la副回nd也salread匂y1恥l悶eo凹ut凶s司id仇cthe last c10sed surface. 

F'urthcr calculations wi1l also use a larger grid box. 
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Figure cap t ions 

Fig. 1: Plasma tube witli five helical edges marked by red lines. 

Fig. 2: Plasma lube and helical troughs. 

Fig. 'I: I'oincare plots of the vacuum magnetic field for an optimized coil system. The 
ouier black line describes the current-carrying surface. The dashed curve marks 
the fir.vl wall and the dark blue areas show the helical troughs. The red points 
represent the five islands lying inside the last closed surface which is given in 
green, while the nine islands belonging to / = ^ are marked by blue dots. 

Fig. I: Poiinare plots of the traced magnetic field lines. The inner solid curve represents 
the plasma surface. while the outer one shows the current-carrying surface. The 
dashed curve marks the first wall and the hatched areas show (lie helical troughs. 

Fig. •">: ItiUTsvrlion pattern in u. v-coordinates for a vacuum magnetic field. The red 
and green points mark the two directions of the magnetic Held lines (green = 
positive, red — negative). The yellow areas represent the plasma facing surface 
of the helical troughs. The distance between the plasma and these troughs is 
5:21)'/ of the plasma radius. 

Fig. (>: 1'he inner black and red curves represent last closed surfaces of vacuum magnetic 
fields. The last closed surface shown in red belongs to a magnetic field, defined 
on a grid, which was calculated from a current-carrying surface outside the grid 
box marked by the pink frame. The plasma boundary represented by the inner 
black curve is determined from an optimized coil set. The corresponding crurrcnl-
carrying surface is marked I;y the outer black solid curve. The dashed curve 
represents the first wall and the blue area marks the position of the divertor 
trough. 

Fig. 7; Pniiicare plol of tin- vacuum magnetic field (HINT code). The red points rep­
resent the five islands lying inside the last closed surface which is given by the 
green points. 

Fig. S: I'uincare plot of the magnetic hVld for {,,'?) = 2.3%. The plasma boundary (green 
points) lies inside the five islands. 

Fig. !l: Comparison of plasma boundaries for {;1} = 0 (blue points} and (,i) = 2.3% 
(green points). The red points mark the five islands of the vacuum field, while 
the black points represent the last surface of the vacuum field inside the five 
islands. 

I' ig. It): Intersection pattern for U) = '2.3%. The yellow area represents the plasma 
facing surfaces of the helical troughs. The red and green points mark the two 
directions fo the magnetic held lines (red = negative, green = positive). 

l-'ig. II: IVmcare plot of I he edge field lines for (.*) = 2.3%. 

Fig. 12: Poiucare plot of the edge field lines taking diffusion {D = 1 ^ ) into account. 

I'iji i:j: 1 he same as in Fig. 1(1. but with diffusion I) = \ ~ . 

Figure captions 

FiJ!.. 1: Plasllla tlll)('、、ithfi、官、 hl'lica!eup;('s markcd by rct! 1iIles 

Fi丸ゴ Plil:'llIil1¥11)1' oTltl 1H'lical troughs. 

Fig. :~: Poill((l.fI; p¥ots t)f t!¥('、arultrllmagudic lidd for an opl imi7.('d coil syst('tn. Thr 
υ111I'r !.!(¥ck lilu' <1円 nihest 11<' currf'nt-carryillg snrfacc. Thl.' tlash('d cur、('marks 
IllI'fir、1、、all0¥1111 t 11(' dark h111c areas show t hc hdical t roughs. The rccl. poinls 
I"qll川・IIt1 h(， lin' isl出Iclslying insidc thc !a.sl closcu sl1rfa凹 whirh回 gh'叩 m

~n'( 札 whilt ， Ilw川肘 1只1"山

1・ip:.1: P"illC.，1‘'1'1υ1メoftl..， tran、ImagncticfiぞIdlincR， Th(' inner 同 lid引If¥"ere1'res('nts 
111(' pli1"'1Il品川rfacc，whil{' thc OlltN onc shows the引lrr('nt-carrying:mrfac('. TI凹
01代、h円!cun.j'川川ksth，'日目I¥¥'all and t 11(' halchcd arcas show I h(' hdi仁altroughs‘ 

ri!?，. .i. 川町内'1"lloftI日 tf('nJiu 11. ¥.-("oord山afesfor a VaClIlJlll maglleticル・ltl. The rcrl 
ellld gr円引 poilltsllIark tll(' t¥¥'o ，lirections of t.he T1lnglletic fidd lines (grc('n = 
l川、itivl'，fI，tl :;:: JI('gati¥け fll(''yt'llow nreas r<，prcsent the pla....ma fadng surface 
uf 1 ht， 11I'1il"nl troughs. The distanre betw胃 nthe plasma and thesc troughs is 
~:!tl切りftlu、J1 1il~ma radills 

Fi!!..!.: 1"111' illll(，)" bla('k aud n.rl rurv<'s r(>prescnt last dosed surfac目。fvacuum magnctiぐ
tit田1<1吋 Tlll'lastι!O!'i('" sl1rfac(' sho、、nin r円 1bf'longs 10 a magnctic ficld噌 d('fincd
UII a 即id.ももhidlwas caln.lall-d from a current.{'arηing surfa{'(" outsidc thc grid 
J."x Illark“I hy Ihl、I川 lkfral1lp.. Th(、plasmabouudary rf'prescnled by the iUller 
¥>1川k<川町、 i~ d"t('rJ1lillt'J f川 IIIiln optimh:eu coil s<:、し Thl'corrcsponuillg <:urrcnt-
山 Irylll耳刊rfa(T'i河川出k<<，d1;:-' tJw oul('c black so]j<.J口Irvf'. Thc dashcd curve 
fI'pr円引刊誌 II¥('fir同 walland t 11(' blue arca marks tll(' position of the di¥.crtoc 
Irol/ιh 

Fi民 j; Pn;fI((tf(" ，，1(11 υft1..、制1I11T1lmaguclic fidd (lIl:cT (odt'). Th(" rcd poi11tぉfl'p
rl'~t' lJ l 1111' fiv('凶landsIying insitle thl' la.st doscd surf"c(' which is gi¥'cll by th(! 
仏n・4・IllIumb

Fi旦:--::I'oilll"are pl川 uftfl(， rnagndic lic>ld for {.:J) = 2.，'1%. Tfw 1'Iasma bounuary {gr凹 n
J>りIlItぉ)Ii円 in:-;idt'the日iv('islands 

Fi哨民 《リ1: ('.‘υ川>J川I

1 民n円刈T川'11p(附'川山11川1I1s討 ). Th比ll'reアdIν判，バ()刷>1川11山11叫tslTl】arkth】efi¥'c isla剖nclsof the ¥'dC口u山1I川11山l口川m日ch【dι1.、W叶、什hilc
1けJ.μ'-}J山1;1訓s“g巾kpojul持 r('pn'S('lltthc last snrfacc of thc 、acullmHdd insiuf' th<.' fi¥'(' 
islellld:-o， 

1唱 10:(11(('1"'"刊11011いattl'rnfor (刈=:!，31，正 The)でJlowar回 n'pr{鴨川sthr plasrua 
f.tt山口叩rf.1t円。ftl1<' Iwll<"al trollghs. Thc rt.<< antl grc('1I I)oints lIlilrk tIH‘two 
din川iUl1sfo 111(' III品目'1<・ti(.!i('hllilw凶 (rcd= nf'gati¥'c可gr('('1l= posi t i ¥"t'‘). 

l明 11: Poiut"iw.' plυ1 of 1111、刊Igofield 1山内 for(3) = 2.:1~河

l日州1叫民 1'2: PU川tυ川』川川1川山11“川《

I¥I!. n: llJt' S.，1l11' ilS in Fig. 10. hllt wilh tliffu:--i(刷 J)= I~. 
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