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Abstract 

The Large Helical device (I.HD). now under construction is a 

Hcliotron/torsatron device with a closed divcrtor system. The edge LHD 

magnetic structure has been studied in detail. A peculiar feature of the 

configuration is existence of edge surface layers, a complicated three 

dimensional magnetic structure. However it does not seem to hamper the 

expected divcrtor functions. As a confinement improvement scheme in 

LHD. wc have proposed a high temperature divcrtor plasma operation in 

which a divcrlor plasma with temperature of a few kev, generated by 

efficient pumping, leads lo the confinement improvement. Conceptual 

designs of Ihe LHD divertor components arc under way. 

key words: helical divcrlor. high temperature diverlor plasma , 

lorsalron. LHD helical device, confinement enhancement 
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Abstract 

Thc Largc Heiical dcvicc (LHD). now under construction is a 

Hcliotron/torsatron dcvicc with aじloscddivcrtorぉystcl1l.Thc cdgc LHD 

magnC'tlじ叫fuctUfChaメhccnstudicd in dctai 1. A pcculiar fcature 01' thc 

ピonfiguralionis ('xi刈cnじ('()f cdgc surr:‘lCC laycrs. a complicatcd thrcc 

dimcnぉionalmagnclic slrW':lurc. Howcvcr il docs nol sccm 10 hampcr Ihc 

cxpcclcd di、crtorfunじtlO川 Aぉaconlincmcnt improvemcnl schcmc in 
LHD. wc havc prop川 :da high tCl1lpcrature divcrtor pl山 maopcration in 

which a di vcrtor pl出 ma、vilhtcmpcraturc 01' a fcw kcv， gcncratcd by 
ciTicicnt pUl1lping. Ic込dsto thc conlincl1lcnt il1lprovcl1lcnt. Conccptual 

dcsigns 01' thc LHD di、じrtorcomponcntぉarcundcr way. 

kcy wortls: hclical tli、'crtllr.high tcmpcraturc divcrtor plasl1la ， 
torsalron. LHD hcliじaldc、icc.conlincll1cnt cnhancclllcnl 
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1. Introduction 

With the inherent advantage of the stcllarator as an attractive steady 

stale reactor, there has been growing interest in the slerallalor in the 

fusion community. The National Institute for Fusion Science (NIFS) is 

constructing a large, I = 2 Heliotron/torsatron device, called (he Large 

Helical Device (LHD), aiming at demonstration of attractiveness of the 

helical device al more reactor relevant plasma parameters [ 1 ]. The LHD 

device parameters arc : R (the major radius) = 3.9 m, a (the minor 

radius) = 0.6 in, m (the toroidal mode number of (he helical coil) = 10, 

y. (the pilch of Ihc helical coils) = 1.25. It is a superconducting coil 

device and thus steady stale plasma operations will be demonstrated 

provided that the impurity contamination can be kept low. For this 

purpose, a kind of divcrlor is believed to he required for the impurity 

control. The divcrtor is also critically important in enhancing the core 

energy confinement |2]. 

The Hcliotron/torsatron device has a built-in divcrtor configuration. 

This advantage has nol been explored in any existing helical device partly 

because a full divertor configuration makes the device size larger and 

hence more expensive. The LHD device will be the first helical device 

which will demonstrate various divertor functions which enhance the 

plasma quality. 

2. Features of the edge magnetic configuration 

Divenor magnetic configuration in I.HD is quite different from those 

in tokamaks. It is fairly complex and three dimensional and hence 

understanding of the magnetic structure is very important in designing 

the LIID divcrlor and predicting its performance. The 1.I1D divcrlor 

l. Introduction 

With thc inhcrcnt advantagc of thc stcllarator as an attractivc叶cady

slatc rcaclor‘Ihcrc has hccn growing intcrcst in thc slcrallalor in thc 

fu只ioncommunity. Thc National Institulc for Fusion Scicncc (NIFS) is 

constructing a largc、1= :2 Hcliotron!lorsatron dcvicc司 c'allcdthc Largc 

Hclical Dcvicc (LHD)，山mingat dcmon討trationof attrac¥ivcnc州 ofIhc 

hclical dcvicc at morc rcaclor rclcvant plasma paramclc刊 111.Thc LHD 

dcvicc paral1lctcr日arc: R (thc major radiu川=3.9 m， a (Ihc minor 

radius) = 0目6m‘m(Ihc toroidal modc 1111mhcr of thc hclical coil) = 10. 

Yじ(thcpitch of thc hclical coils) = 1.25. Jt i.s a sllpcrwnducling coil 

dcvkc川 dthus日tcady詩tatcpl出l1laopcrationぉwil¥hc dCl1lonstrakd 

providcd thal thc impurily contal1lination can hc kcpl low. For Ihis 

pu叩osc.a kind of divc巾，ris hclicvcd to hc rcqllircd for Ihc il1lpurity 

conlrol. Thc divcrtor is alぉocnllじ川Iyil1lporlant in cnhancing thcじorc

cncrgy confincl1lcnt 12J. 

Thc Hcliotron!torsatron dcvicc has a hllilt-in divcrtor configuration. 

This advantagc h出 notbccn cxplorcd in any cxiメIInghelical d口'ICCpartly 

hccausc a ful¥ divcrtorじontiguralionl1lakcs Ihc dcvicc川χclargcr and 

hcncc 11l0rc cxpcn川vc.Thc LHD dcviじcwill hc Ihc lirsl hdical dcvicc 

which will dCl1lonstralc various divcr¥or funclions whiじhcnhancc thc 

plasma叫uality

2. Features of the ed!(e ma!(netic configuration 

Din.:rtnf magnctiじconfigllralionin !.HD 刊叫uitcdiff，了rcnlfroll1 lhosl' 

in tokama~s ， Jt is fairlyじ01111、Iexand lhrL'L' dilllL'11メionaland hcnピC

Ul1dじr対l礼nding01" Ihe maglH.'liじ吋IruclLIIじl吋、crylI11pOr¥‘1111 in dじメIgnlllg

Ihc 1.¥1¥) di 、口101礼Ildpr山liにllllg1l吋(1crhlrmanl'L'."rhじ1.¥11】di、'Crll"f



structure at the poloidal plane! constant $ plane) is shown in Fig.1(a). 

However i l lends lo be misleading since the diver lor regions are hel ical ly 

twisted strongly. When one sees the divertor structure along the helical 

direct ion as in Fig.1(b). it looks like those of lokamaks even though the 

slruclure varies fair ly strongly wi th toroidal angle <)) due to strong 

toroidal effects. 

Fig.2 shows an edge magnetic structure of a Heliotron/lorsalron 

conf igurat ion. In the outer region just outside Ihe closed surface region, 

several island layers wi th toroidal mode number o f 10 are imbedded and 

wi th increasing radius, Ihe poloidal mode number o f the island layers 

decreases and the size o f the island increases, F.ventually the layers 

overlap, resulting in a stochastic f ield region. Thus def in i t ion o f the 

outermost l lux surface is vague. Beyond Ihe stochastic region . there 

exists a region wi th mul t ip le thin curved layers (the edge surface layer 

region). Fig.2 is a puncture plol o f the field line (racing wi th starl ing 

poinls just w i th in the stochastic region. Field lines from the stochastic 

region enter these surface layers and after many loroidal circulat ions, 

they reach "separalrix" w i th X-points and then hit the divertor plate. 

The existence of such edge surface layers is a peculiar feature of Ihis type 

o f d iver lor conf igurat ion. 

To explain how this magnetic structure is created, we show movement 

o f field lines on an edge surface layer labeled " I " in F igJ (b ) . As they 

travel forwards by one toroidal pi lch (3d loro idal ly) , they rotate 

poloidal ly jusl as those wi th in the closed surface region do. moving on lo 

Ihe adjacent layer labeled " 2 " . However, ones near the wall (i.e..beyond 

Ihe "separalrix") escape lo the wal l . When the field line moves into the 

region wi th -{3/2)jr < t) < 0 I where H (the poloidal angle) is the angle 

日Iruclurcal Ihc poloitlal planc( consl‘ml申planc)i日ぉhnwnill Fig. 1 (川

Howcvcr il Icnds 10 hc mislcading日nccIhc divcrlor 1じgionsarc hc1ically 

IWI討Icdぉlrongly.Whcll nnc sc山 Ihcdivcrlor slruclurc alollg Ihc hclical 

dircclion as in Fig.l(h). il lonks likc IhosじofInkamaks cvじnLhough Ihc 

ぉIruclurcvari山 fairlyslmllgly wilh IOroidal‘mglc $ duじIn叫rong

loroidal cl1ccls. 

Fig.2 show討ancdgc 111礼gncllじ日iruclllrじofa flcliolron/lorsalron 

configuralion. 111 Ihc oulcr rcgion jusl oulsidc Ihc closcd叩 rl日ccrcglon. 

scvcral日landlaycrs wilh loroidal 11l0dc nUl1lhcr of 1 () arc ill1hcddcd and 

wilh inCfc山 ingradius. Ihc poloidal 1l10dじnUll1hcrof Ihc island 1‘Iycrs 

dccrcascs and Ihc川χcof IhじislandinCfc出じs.EvじnluallyIhc laycrs 

nvcrlap. rc叫IlIingin a sloピh出 liclicld rcginn. Thuおdclinilinllnf Ihc 

oulcrll1osl tlux surfaじcis vaguc. Bcynnd Ihc sloじh山 licrcgion . Ihcrc 

CXlsts a rcglon、.vilhll1ulliplc Ihin curvcd layc日 (Ihccdgc surfacc laycr 
rcglo川 Fig.2 is a punclu刊 plolnf Ihc licld linc Ir‘t仁川gwilh slarling 

poinls jusl wilhin Ihc slnじhaslicrcginn. Ficld lincぉfroll1Ihc討Inじhaぉ11正

rcgion cnlcr Ihcsc surfacc 1礼ycrs山1(1aftcr many toroidal c.:in:ulations. 

Ihcy rcach九cparalrix"wilh X-pninls and Ihcn hillhc divcrlor plalc 

Thc cxislcncc 01ぉUじhcdgcぉurfaじじ laycr討1ぉapcculiar IL-alurc of Ih附 Iypc

of divcrlor conligur込1Ion

Tn cxplain how Ihis magncliじ叫fuclufCis cn:alcd. wcぉhowlllo¥'cll1cnl 

。flidd lincs on an cdgc surfacc laycr lahclcd "1" in Fig.司(h).As Ihcy 
Iravcl forwardぉhyonc loroidal pilじh(3r>" loroidally). Ihじyrotate 

poloidally jusl as Iho山 wilhinlhcじInscd川 rfaじじ rcgiondo. moving on 10 

Ihc a<i.la仁じnll.りcr1礼hclcd"2". I h円、じ、CI‘oncおnじ机rIhc、、礼11(i.c‘hCylmd 

11町、じp‘Iralrix")じ叫‘IpC1日Ihc ¥¥"all. Whピn111じIiじIdlillじ1110、山 illlnIhc 

rcgioll wilh-(月/2)πく fl< () 1 whcrc H (IhじI'nloidal川19k)is Ihc llllgh..' 



around the minor axis), the X-poinl moves radially inwards, approaching 

the layers. As a result, the field lines are pulled towards the X-poinl and 

bending of (he surface layers (labeled "3") occurs. Field lines on the tip 

of the bended laycr(c.g. field line Cl arc pulled towards ihe divcrior 

plate. Variation in radial location of the X-point relative 10 the outermost 

flux surface wilh the poloidal angle is a key role in bending and folding 

the layers ( Fig.3(a) shows clear difference in X-poinl radial location 

between 6 = 0 and 9 =JI). Field line B and D rotates poloidally faster than 

field line A and E because of larger radius and hence higher local 

rotational transform. In this process, a sort of mixing takes place. Before 

the mixing, Field line A is located at the largest radius and the largest 

poloidal angle among the five field lines. After this process, it locales at 

smaller radius and smaller poloidal angle. Such folded layers arc 

stretched into a very thin layer because the local rotational transform and 

the local shear are high near the "separatrix". Finally il becomes an 

"original" layer, but it is not at ihe same poloidal plane. With such a 

generation mechanism of the layer, any edge surface layer consists of 

multiple, extremely stretched layers, which themselves are a group of 

multiple layers. 

Rcfering to Fig.2. there exist regions without the puncture points 

between the layers, meaning thai the field lines in these regions are not 

connected to the stochastic region . Instead they are connected to the 

divertor plates when they are traced forwards and backwards. A group 

of Ihe field lines in region 0 moves into region I after one toroidal 

pitch(36 toroidal rotation) and move into region 2 and so on. finally 

reaching the divertor plate. If field line is followed backwards, those in 

region 0 move back into region -1 after 36 backward toroidal rotation 

•I 

around thc minor axi川町 thcX-point 1110VCS radially inward町、 appr(l(lじhing

thr laycrs. Aぉarcsult、thctic¥d lincs arc pulJcd towards thc X-poinl and 

bcnding 01' thc sur"lcc laycrs (Iabclcd "3") 0じcurs.Ficld lincs on thc tip 

01' thc bcndcd laycr(c.g. ficld linc CI arc pullcd toward" Ihc divcrlor 

plate. Variation in radial location of thc X-point rclativc to thじoutcrmost

tlux surfacc wilh lhc poloidal anglc is a kcy rolc in hcnding and folding 

thc laycrs ( Fig.3(a) shows d‘;ar dilTcrcncc in X-poinl radial 10じallOl1
betwccn e = () and e =π). Ficld Iinc B and D rotalcs poloidally rastcr than 
ficld Iinc A and E bccausc of largcr radius and hcncc highcr local 

rolational transrorm. In Ih日 proじC山.a日ヲrt01' mixing takc日placc.Bct'orc 

thc mlxing‘Ficld linc A 刊 locatcdat thc larg山tradills and thc largcsl 

poloidal anglc among thc Iivc ticld lincs. Aftcr this procc川. it Incatcs at 

smallcr radills and smallcr poloidal anglc. Such foldcd laycrs arc 

ぉtrctchcdinto a vcry thin laycr bcι1USC thc local rolalional tranSfOTlll and 

Ihc local shcar arc high ncar thc、cparalrix".Finally it hcピOI11Cぉan
、riginal"laycr. but it is not at lhc samc poloidal planc. With 刊にh‘i
gcncration mcchanisl1l 01' thc Jaycr， any CdgL'川 rra仁cla}じrL'onsists 01 

multiplc‘cxtrcmcly strctchcd laycr、.whiじhthclllscI、!じs.arl' a grollp 01 

multiplc laycrs. 

Rcfcring 10 Fig.~. thcrc cxisl rcgions wilhout thc punじturcpomtメ

hctwccn thc laycrs. mcaning that thc ficld lincs in thcsc rcgions arc not 

conncctcd to lhc stoch出[1じrcgion. I lI st~ad thcy ;!rc l'onnL'L.tcd [() th~ 

divcrtor platcs whcn thcy arc tral'cd forwanls and hal'kwards. A group 

01' thc fiL"ld Iincs in rcgion () mo¥'Cぉ inlorcgion 1 alicr onc loroidal 

pitch(36 !oroidal rotation) and nHH'C into rcgion 2 and so on‘Iin川Iy

rcaching thc divcrtor platc. If Iicld linc is foJJo¥¥'cd haじい、anls.thosc in 
u 

rcgion 0 movc hack inlo rcgion -1 aftcr 36 hackward loroidal rotation 



and move into region -2 and so on. reaching the diverlor plate. 

Divertor operation with a high density, cold diverlor plasma |3.4|. is 

suitable to reduce Ihe impurity sputtering and to enhance the edge 

radiation, a promising boundary control which we plan to pursue in the 

LHD experiments. One of the key diverlor geometric parameters is the 

field line length between the scrape-off layer surrounding the main 

plasma region and the divertor plate. Longer connection length provides 

easier conditions for non-zero temperature gradient along the field line, 

which leads to lower temperature and higher density in front of Ihe 

diverlor plale. The length that field lines lake lo pass through the edge 

surface layer region is more than several times toroidal circumference, 

comparable to or even greater than a typical connection length in 

tokamaks. The vague boundary including the stochastic region and the 

edge surface layer region has a property of poor confinement and Ihus 

may serve to provide an edge radiative volume to reduce the heat flux on 

the diverlor plate |4|. Bui the vague boundary may in turn prevent 

formation of the ll-mode edge temperature pedestal, which leads lo 

impim emenl of the core energy confinement. "This has motivated us to 

propose a high leinerature diverlor plasma operation, discussed in the 

following section. 

3. High temperature divertor plasma operation 

A high temperature diverlor plasma operation has been proposed lo 

improve the energy confinement of the l.HD plasma |?|. In this 

operational mode, the divertor plasma temperature is raised by efficient 

pumping in the diverlor chamber. An elevated diverlor lemperalure will 

lead lo improvement of Ihe core plasma. 

In Ihe high temperature divertor plasma operation mode, the edge 

and n](1、einto n:giol¥ -2川1<..1Sll 011. I"caιhing lh~ di 、 ~rlor plalc. 
Divcrlor opcralion ¥¥ ilh a high dcn引ly.l'old di、Crlorpl山 ma[.1A[. is 
slIilahk 10 rcdllじclhc impurily spulIcring and 10 cnhanじじ Ih!..~ edt!l' 

radialion， a pmmi詩inghlllllld ‘ Ir~ conlml whiじhwc pl礼n10 pur日ICin lhc 

LHD L'xpcrimcnls. ()nc 01' lhc KCy divcrlor gcomclril: param~lcr只 is lh~ 

Iicld linc knglh hcl¥¥'ccn lhc 叫rapc-otllay~r 日Irrounding thc ll1aill 

pl山 111‘Ircgion and lhc di、crlorplalc. l.ongcrじonnCl'liOllIcnglh pm、idcぉ
casicr condilions for n(予n-I.cn下Icmpcralurcgradiclll alollg lhc Iidd linc， 

、、hichIcads 10 lowcr 1じmllL'lはllllピ川ldhighcr dcnsily in frol1l 01' lhc 
di、'crlorr、lalc.Thc 1じnglhIhal IiじIdlin~s 1孔kc10 P出討 lhrollghIhc cdgc 

川Irlaピ('layc]" rl.~gioll is tlHlIじ Lhans('、'craltil1lcS lOfoidal cirじlllllfCfCf1じc，

ピ山IIp‘11‘lhkl，'or ~、 L'11 旦t 山11cr lhan a lypiピal('0I111Cじlion1cnglh in 

10Kal11礼ks.Th~ 、孔日lIC わoundar、')11ピ l 1.Idin 巳 Ihc slOじh‘ISII仁 rCl:!ionand thc 
‘ 

cdgc surfac(' laycr rcgion h出‘1propCrly 01' pnolじonlil1Cl11cnland Ihlls 

l11aトs!':r、('10 pn1、'itki.ln cdgL' radi品11、C、。11I111C10 rcdllじclhc hcal l1ux on 

Ihc di¥'crlor plalc H[. RUl lhc、'aguchoundary 111‘りII1IUrl1prc、cl1l
lurm礼linn01' lhじII-l11odL'L'dgc lCll1pcraturc pcdじメI川町、hil:hkads ln 

11llnrO、CIl1L'11l01' thじ仏、r.. 'l，'IlL'(巳、l'tmtinel1ll'nt.This has TllOLi、alcdlIS 10 
ι 、

pmposじahigh tCll1Cratufc di、Crlorpl出 maOpCri.l[I011‘disl.'USS山.1ill lhc 
tull，川、ingSCl'tIOtl . 

. ~， High lempcralure di刊 rlurpl出 maupcralion 

..¥ hi，dl tCl11pL'l'atllrc di、CrlOI'plasl11‘I opcration has hccn pmposcd tn 
ImrH'O¥'l' Ih(' l'll目白山、nlinじ111('111川 lhcl.HD pl山 ma[ラ[.In lhis 

。pcralionalmod~ ， thc di、crlnrpl山malCl11pCratllrL' 1吋""メcdhy cllil:icnt 
pllmplnιin lhc divl'rlnr L'hamhじr..-¥n c1c¥礼lcddi、crtorl山npcraturじwill
kad 10 il11pnll'L'mcllt 01' thc l' or~ pl山 111‘l

In IhL' high lcmpcralllrc di、crl川 plaSl11UopcγatJOIl 111いIc.lh~ cdgc 



temperature is kepi high hy Ihe pumping. The divertor temperature 

(Tj^) is estimated by a power balance in the divertor channel. We 

consider a steady-stale discharge which is healed (Q i n(input power)! and 

fuelled (rj n(parliclc flux)) by neutral beam injection alone, illustrated in 

Fig.4. We assumed that the pumping efficiency of Ihe diverlor is t,. i..e.. 

a fraction (!;) of the particles reaching the divertor plales ( f j ^ ) are 

pumped and the same amount of the particles need to be fuelled by the 

neutral beam injection i.e. i,. r ( | i v = I"jn . The injected power(Qj„) 

into the main plasma region Hows into the divertor channel and at Ihe 

sheath of the diverlor plate, a power balance (Qj„ = y . T c | i v .\\ln. ) is 

satisfied where y is the heal transmission coefficient, l-'rom these 

relations, the diverlor temperature is given as T i m . = ( Q m >'\~m).Z, IY • 

For a parameter set ( beam cnergy(Qi n / r j n ) - lOOkcv. y ~ 10 . i, ~ 0.2 

), T,jj v becomes as high as 2 keV. significantly higher than those 

observed at the pedestal of H-mode discharges. 

In this operation, a peaked density profile is maintained hy a 

combinalion of deep fuelling such as pellet or neutral beam injection and 

particle pumping. Thus the diffusion coefficient (D) and hence the 

particle confinement becomes important in determining the energy 

confinement. This is desirable for the energy confinement in l.HD 

where high neoclassical ripple induced electron heal loss! l/v-regimc) 

tends to suppress the temperature gradient. However the effective 0 is 

not high because ihe ions arc confined by I-XB drift fv-ivgimc). The 

radial electric field in such a plasma regime is positive and hence 

neoclassical outward impurity pinch | o | may prevent Ihe impurity 

contamination. When this operation is applied to lokantaks. lite direction 

of Ihe neoclassical inipurit\ pinch is um.iru and Ihus ihc iinpui'iIy. 

tcmpcraturc is kcpt high hy lhc pumping・Thcdi vcrtor IcmpCralurc 

(Tdiv)isc叫imatcdhy a powcr halancc in lhc divcrtor channcl. Wc 

considcr a stcady-slatc di討chargcwhich is hcalcd (Qin(input powcr)J and 

fucllcd (ri/l(parliclc Ilux)) hy nculral hcarn injcction alonc. illuslralcd in 

Fig.4. Wc 出細川dlhat lhc pumping cflicicncy of lhc divcrlor is己‘!、ι.

a fraction (巳)of lhc partictcぉrcaじhingthc divcrtor plalcメ(rdi、)arc 
pumpcd and thc samc amounl of lhc p‘1rlidc只nccd10 hc fudlcll hv lhじ

ncutral hcarn injcction i.c唱も「耐 rin. Thc injcclcd pL1wcr(Qin) 

in~o lhe 111山npl出 marcgion Ilows into lhc di vcrtorじhanncl礼ndal lhc 

ぉhcathof lhc divcrlor plalc‘a powcr h.Li‘閉じc(Q;/I = Y . Tdiγ X，Ii、 11可

制 lislicdwhcrc Y iぉthchcal transmi対日1011じocflicicnt.Frol11 Ihc町

rclalions. Ihc divcrlor Icmpcralurc is givcn山 Tdi、=(Qi川1¥ν， /r円一11ι~/y

For a paramctcr scl ( bcam cncrgy(Q川Irin1 -IOOkc¥'‘y -10. ;; -0.2 

1. T div hccomcs出 high山 2kcV司日gnilicanllyhighcr lhan Ihosc 
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accumulation could he Ihc major problem. 

The major uncertainly of this scheme is Ihe wall plasma interaction at 

high plasma temperature and its associated impurity contamination. 

Ph; sical sputtering yield of D + ion to carbon lile has a peak value of ~ 

29f al the incident energy of -200 eV. Beyond this temperature, il 

gradually decreases down to 0.5% al 5 Kev. Considering that the total 

panicle flux to the diverlor plate is more than an order of magnitude 

lower than the conventional operation, physical sputtering due to D+ ion 

bombardment is not a problem. The issue may he unipolar arking, which 

used to be considered as a major impurity source in lokamak devices. It 

might occur al high diverlor plasma temperature and definitely an 

experimental lest for il is needed. 

Al temperature above 100 eV. secondary electrons emitted from the 

divcrtor plate become a source of the cold particles, which lower the 

divertor plasma temperature. This effect can be included in y |7] and y is 

7.S without secondary electron emission and is ~1() when the secondary 

emission rale is 0.7. But when it exceeds 0.7, y increases rapidly and then 

saturates at -23 because of the space charge limit. Selection of the 

divertor plate material in lerms of secondary emission is important. 

When divertor plasma electrons become collisionless. i.e. Ihe electron 

mean free path is much longer than the field line length between ihe 

diverlor plates, secondary electrons emited from the divertor are first 

trapped barely by the sheath potential and makes oscillatory motion 

between (he divcrtor plates. They eventually hit the diverlor plate during 

the thermali/ation process. The parallel energy with which Ihe secondary 

electrons hii the plales is -I) and Ihe perpendicular average energy is a 

Iraclion ol Ihe sheath potential in contrast lo Ihe previous collision.il 

accul11l1lation cOllld hc thc 111.リorprohlcl1l 

Thc m吋orunccrtainty of this sじhcmcis thc wall plasl1la intcract inn at 

high plasl1la tcmpcraturc and ils白河川》じiatcdi11lpurityじont‘1I111Oa11OIl.

Ph; skal sputtcring yicld of 0+ ion to carhon lilc has a pcak valuc of -

2';'叫 lhcincidcnl cncrgy of -200 cV. Bcyond this tCl1lpじratllrc.1l

gradually dccrc出 csdown 10 O.5'h alラKcv.Considcring th‘.llhc lolal 

particlc Illlx 10 lhc divcrlor plalc iぉmorclhan an ordcr of magniludc 

lowcr lhan thc convcntional opcralion‘physical sputtcring duc 10 0+ ion 

homhard11lcnt iぉnota prohk11l. Thc i附 uc11lay hc unipolar arking、whkh

uぉcd10 hc considcrcd as a 11lajor il1lpurily sourcc in lokal1lak dcviccs. It 

11lighl occur aL high divcrtor plas11la LCl1lpcraLurc and dcliniLcly an 

cxpCri11lCnLal LCメLfor iL iぉnccdcd.

AL LC11lpCralUrc ahovc 100 cV‘同じondaryc1ccLrons C11liLLcd !"rom thc 

divcrtor plaLc bccomc a sourcc o!" thcじolllpartiじIc止 whiじhlowcr Lhc 

divcrtor plaぉmatC11lpCratllrc. Th iぉclTcじlじanhc incllldcd in y 171 and y is 

7.X wilholll scじりndarvc¥ccLn>n cl11is川口nand is -¥0 whcn lhc sccondar、!

cmls引011ralc Iぉ0.7.BlIL whcn il cxcccds 0.7， y inじrc辻、csrapidl)山ldlhcn 

saL lI raLじ呉川 -2 司 hCL' allSL~ {lf the -;paじじじhargじlil1lil.SckcLinn "f Lhc 

divcrtor plaLc 111孔tcrialIn Icrm， nf叫仁川H.laryL'llli...叫on¥， IInport込nL
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model where both average striking energy are equal to T (the electron 

temperature). The sheath potential is ~ T 0 when the secondary emission is 

limited by the space charge effect and thus th_ collisionles.s effect reduces 

the electron heal loss due to secondary electrons and hence y 

significantly. 

In the LHD experiment, wc plan to install acryopump system with 

overall pumping efficiency of ~20'7i in the diverlor chamber. For a 

reactor, installation of the cryopump in the diverlor region is unrealistic. 

Wc are trying to find divcrtor configurations which guide the heal ami 

panicle fluxes to a remote region, away from the main coil system, 

thereby making Ihc panicle pumping and the heal removal achievable 

even in a reactor system. 

4. Conceptual design of the LHD helical divcrtor 

The diverlor design needs lo be flexible so thai one can accommodate 

a wide range of diverlor operalional scenarios. For this end, we design a 

largest possible vaccum vessel to accommodate closed diverlor chambers 

within the budgetary and technical constraints. 

One of the necessary conditions for diverlor to function is that the 

scrape off layer plasma does not touch the wall surrounding the main 

plasma. The distance between the coil center and the plasma edge on the 

small major radius side ol" the torus is fairly small. 315mm. In order to 

increase clearance between the plasma and the wall, we decided to 

increase the coil current density up to 53A/mm-, bul it is still 

cngineeringwise acceptable for reliable superconducting coil design. 

Because of the superconducting coil system, a radial space of 50 mm for 

the thermal insulation gap and the thermal displacement of the 
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mmlcl whcrc hoth avcragc striking cncrgy arc cljual to Te Ithc clcctwn 

tcmpcraturc). Thc sl刊はthpotcntial i只-Te whcn thc scじondarycmi"i、iOI1i"i 

limitcd hy thc日paじcchargc cffcct and thus th. collisionless cffccl rcdu山~S

Ihc c1cctron hcat loss duc 10 sccondary c1cctrons aml hcnじcy

significantly. 

In Ihc LHD cxp山IIncnl‘wcplan 10 inぉl辻11a cryopumpザstCIl1with 

ovcrall pumping cl'ficicncy 01' -20(;~ in Ihc divcrlorじhamocr.For a 

rcactor.問符tallation01' Ihcじryopul11pin Ihc divcrlllr rcgion is unrc礼liメIIC

Wc arc Irying to find divcrtor ωnligurations which guidc thc hc川 and

partick tlUXC!-i 10 a rCtllole rcgion. away from lhc main l'oil s)'日tCIl1.

thcrcoy making thc partiじIcpumping and thc hcat rcmov礼1achicvuolc 

cvcn m a rcacIOrぉyslcl11.

4. Conceptual design of thεLHD helical dinrtor 

Thc divcrtor dcsign nccdメ10hc Ikxihlcおり Ihaloncピ礼11<.Iccomlllodatc 

a widc rangc 01' divcrlor opcralional sじcnarios.For Ihis cnd. wc dc討Ign、1

largcslpo討叫hlcvacじUI11vc山 CIto acピomm"dalcd日付cddi¥'cnor chal110crs 

wilhin thc oudgclary and tcdmi山llconslraints.

Onc 01' Ihc ncじCS出lrycondilionぉfordivcrtor to funclion is Ihal Ihc 

scrapc olllaycr 1"山madocメnりIloudl thc wall surrollnding thc main 

plaメm辻 Thcdistancc oclwccn thc coil ccntcr and Ihc plasl11a cdgc on Ihc 

ぉmalln問。rr‘Idil阿川Ie01' I hc loru.'附 fairly.，n1<l11. -' 15111111. In ordcr to 
incrcasc dcaran山:hclwccn thc plasma and thc wall. wc dccidcd to 

mじrc出 cthc coilじurrcntdcnsity up to 5.'^/l11m~. hllt it is刷 11

cngmccnngwl日 acccptal、Icl'or rc1iahlc supcrconducting coil dcぉign.

Bccau町 01'Ihc supcrconducting coil syslcm、aradial spm:c 01' 50 111111 lur 

Ihc Ihcrnwl imulalion gap and thc Ihcrmal displaccmcnt 01' thc 



components is needed, making the space there even lighter. Alter 

optimization of the system, the gap between the first wall and the plasma 

(the outermost edge surface layer) becomes 20mm for ihe standard 

configuration, a gap wide enough lor effective divcrtor functions. 

The majority of the heat and particle fluxes from the core are guided 

to the clivertor plates installed in the clivertor chamber as shown in 

Fig. 1(h). Divcrtor performance depends on how well the neutral 

particles recycled at the divertor plates arc controlled. The width of the 

entrance to the divcrtor chamber needs to be as small as possible for this 

reason. For the high density, cold divcrlor plasma operation, small 

entrance provides enhancement of recycling in Ihe divcrtor, while 

keeping recycling at the main plasma edge minimal. For the high 

temperature divertor plasma operation, the pumping efficiency in the 

divcrlor chamber is the key parameter for the operation. The pumping 

efficiency is nearly equal to the ratio of the "equivalent" pump surface 

area to the entrance area. For the LHD experiment, we are considering 

pumping efficiency of -20 ''/<. A cryopump system will be used for the 

divcrlor pumping. 

The diverlor plates are the major divertor component which handles 

the heat Mux from Ihe core plasma. Its conceptual design has been 

completed. In the LHD divertor configuration, the direction of the 

magnetic field is nearly poloidal, thus cliininat'ng a problem of high heat 

concentration at the tile edge caused by small misalignment of the tiles. 

All of four divcrlor legs have a three dimensional helical structure. 

From these lads, each divcrlor plate is designed as a helically running 

discrete-bar array instead of a continuous plane as in tokamaks. The 

angles between the field lines and Ihe surfaces are designed to be around 

- !) -

c;omponcnls is nccdcd司 m礼kingIhcぉpaccIhcrc cvcn lighlcr. Aflcr 

oplimizalion of Ihc sy川cm.Ihc gap hclwccn Ihc tirぉ1wall anu Ihc pl山 m込

(Ihc oulcrmosl cugc surt‘ICC laycr) bccomcぉ20mmfor Ihcぉlandard

以下nfiguration‘agap widc cnough for clTcclivc divcr!or funclions 

Thc n1<リorilyof Ihc hcal and par!iclc Iluxcs from Ihc corc arc guidcd 

10 Ihc divc円orplalcs inslallcd in Ihc divcrlor chambcr 出日hownin 

Fig.1 (hl. Divcr!or pcrformanじcdcpcnds on how wcll Ihc nculral 

parliclc見rccyclcdal Ihc divcrlor J1lalC見arccOnlrollcd. Thc widlh of Ihc 

cnlranじc10 Ihc divcrlor challlhcr nccds 10 hc aおおmallas po附 ihJcfor Ihis 

rcaぉon. For Ihc high dcnsily町 colddivcnor pl.lsma opcralion. small 

cnlrancc providcs cnhancclIlcnl of rccyじIingin Ihc divcnor， whilc 

kccping rccyじlingal Ihc ll1ain J1lasma cdgc minilllal. For Ihc high 

ICll1pcralllrc divcrlor plaslIla opcralion， Ihc pumping cl1icicncy in Ihc 

divcrlor challlhcr is Ihc kcy paramclcr for lhcりpcr川ion. Thc pumping 

cflicicnじyis ncarly cljual lo lhc ralio 01' Ihc "cl)uivalcn!" pump surfacc 

arca lo Ihc cnlranじcarca. For lhc LHD cxpcrimcnl‘wc arc con日dcring

pUll1plllgじITicicncyof -20 'i，. Aじryopumpぉy日lcmwi 11 hc uscd for Ihc 

divcrlor pumping 

Thc di¥'cnor plalcぉarcIhc mιIjor divcrlor cOlllponcnl which handles 

Ihc hc辻1Ilux frolll Ihc cnrc plasma. IIs以lnCCplllaldcメignhas hccn 

cnmJ1lclcd. In Ihc LHD di、'ertorじonfiguralion，Ihc dircclion of Ihc 

lIlagncli<: licld i日ncarlypoloid川‘ Ihllぉclilnin:ll・nga prohlcm 01' high heal 

con山 nlralional Ihc lilc cdgc山¥Uscdhy small misalignmcnl of Ihc lilcs 

AII of four divcrlnr IcgぉhavcはIhrccdilllcnsional hclicalぉIruclurc.

Frolll Ihcsc facls. cach divcr!or plalc is dcsigncd as a hclically running 

discrclc-har array inslcad 01' a cOnlinuous planc 山 inlokamaks. Thc 

angl山 hclwccnIhe ticld lincs and lhc surfu，，~可 arc dcsigncd 10 hc around 
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30 degree at all the sinking points. F.ach bar is made of copper cooling 

channel, on which several pieces of graphile or C-C composite armor are 

direclly brazed. The cylindrical bar is 34-40 mm in diameter. 300-4(10 

mm in length and a total of 2040 bars is necessary for covering all the 

striking points of the four tlivcrtor legs. Pressurized waler cooling will 

be used to keep the surface temperature of the armor below 120(1 C 

under the maximum heal flux of lOMW/m-. High heal load (ests of the 

C-Cu brazing for the LHD divertor plate have been initialed with an 

electron beam facilily with 100KW. The results will be reported 

elsewhere. 
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Figure Captions 

Fig. 1 Schematic view of the LHD helical divertor 

(a) the poloidal crosssectional view with <]) =18 . 

(b) the view along the helical coil. 

Fig. 2 Edge magnetic configuration of a Heliotron/torsatron 

device which shows (he magnetic structure clearly( it is not the 

LHD configuration ). Puncture plot of the field lines at the 
o 

poloidal plane with <t> = 18 and the field arc traced forwards 

and backwards from the stochastic region just outside the closed 

surface. 

o 
Fig. 3 (a) Edge surface layer (at $ = 18 poloidal plane) generated by 

tracing field lines forwards. Two X-points are located on the 

midplane at 9 (the poloidal angle) = 0 and 9 = 7t and are 

denoted by +. 

(b) To illustrate the movement of the field lines in the edge 

surface layers clearly as they move toroidal ly, the locations 

of five field lines (A,B,C,D,E) arc depicted at the poloidal 

planes with five different toroidal angles (from lop to bottom. 

0=[sT 54*. 90" 126, 162\). However, it is not an exact field line 

tracing. 

Fig. 4 A simplified power balance in the high temperature divertor 

plasma operation. 
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Figure Captions 

Fig. 1 Schemalic vicw of lhe LHD hclical divcrtor 

(a) Ihe poloidal crossseclional view with申=18.

(b) the view along Ihe hclical coil 

Fig. 2 Edge magnelic configuralion of a Heliolron/lorsalron 

device which shows lhe magnelic slruclu陀 clearly(il is nOl lhe 

LHD configurationトPunclurcplOl of thc ficld lines al lhc 
。

poloidal planc wilh申=18 and lhc licld arc lraccd 1"0円九lards

and backwards from lhc slochaslic rcgion jusl oulsidc lhc clos以1

surfacc. 

。
Fig. 3 (a) Edgc surfacc laycr (al申=18 poloidal planc) gcncralcd by 

lracing licld lincs forwardぉ TwoX-point討arclocalcd on lhc 

midplanc al e (lhc poloidal anglc) = 0 and e =πand arc 
denoled by +. 

(b) To illuslralc lhc movcmcnl of lhc自じIdlincs in thc cdgc 

surfacc laycrs clcarJy山 lhcymovc loroidally¥lhc Jocalions 

of fivc fieJd Jincs (A.8.C.D.El arc dcpiclcd al lhc poloidal 

plancs wilh fivc diffcrcnl loroidaJ anglcs (frnm 10p 10 boltom. 
引い 0

$=18司 54.90‘126.162 ). Howcvcr句 il刊 nolan cxacl lidd linc 

lracmg. 

Fig. 4 A simplificd powcr balancc in thc high tcmpcralurc divcrlor 

plasma opcration. 
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