
BOOTSTRAP CURRENT AND MHD STABILITY INA 4-PERIOD HELIAS REACTOR CONFIGURATIONW. A. Cooper 1, T. Andreeva 2, C. Beidler 2, Y. Igithkhanov 2, J. Kisslinger 3,H. Wobig 3, M. Yu. Isaev 1;41 Centre de Re
her
hes en Physique des Plasmas, Asso
iation Euratom-Conf�ed�erationSuisse, E
ole Polyte
hnique F�ed�erale de Lausanne, Lausanne, Switzerland2 Max-Plank-Institut f�ur Plasmaphysik, IPP-EURATOM Asso
iation, Greifswald, FRG3 Max-Plank-Institut f�ur Plasmaphysik, IPP-EURATOM Asso
iation, Gar
hing, FRG4 Russian Resear
h Centre "Kur
hatov Institute", Mos
ow, RussiaThe bootstrap 
urrent (BC) that results from the di�eren
e in fri
tional and vis
ousfor
es between trapped and 
ir
ulating ions and ele
trons in magneti
 
on�nement sys-tems 
an impa
t the equilibrium and magnetohydrodynami
 (MHD) stability propertiesof stellarator systems. We investigate the equilibrium and ideal MHD stability of a 4-�eldperiod Helias rea
tor 
on�guration with aspe
t ratio 8:4 and plasma volume 1500m3 [1℄using the three dimensional (3D) free boundary version of the VMEC 
ode [2℄ and the3D TERPSICHORE 
ode [3℄ with a 
onverged self
onsistent bootstrap 
urrent in the
ollisionless 1=� regime [4℄. We also examine equilibria with analyti
 toroidal 
urrentpro�les that model the behaviour of the BC that is in part or totally suppressed by
ounter ele
tron 
y
lotron 
urrent drive (ECCD).Converged pro�les for the BC are obtained up to volume averaged < � >' 4:6%.Under free boundary 
onditions, the BC 
auses a slight outward shift and elongation ofthe plasma 
olumn. The pressure pro�le is pres
ribed as p(s) = p(0)[1 � s � 0:1(1 �s10)℄=0:9, where 0 � s � 1 is the radial variable roughly proportional to the volumeen
losed. Thus, the pressure pro�le is nearly paraboli
 but with a vanishing gradientat the edge of the plasma to avoid 
urrent pro�le dis
ontinuities at the plasma-va
uuminterfa
e (PVI) generated by �nite BC. With this pro�le, the BC is hollow and peaksjust outside midvolume between s = 0:5 and s = 0:6. The BC peak shifts weakly inwardswith in
reasing < � > as shown in Fig. 1. The BC in
reases the rotational transform � atthe edge from 0.96 in va
uum to almost unity without surpassing this value at relativelymodest values of < � >. At < � >' 2:5%, the �-pro�le is 
at and 
lose to unity in theouter 20% of the plasma volume and this extends to the outer 40% when < � >' 4:5%.The �-pro�les for the va
uum state and at �nite � due to the a
tion of the BC aredisplayed in Fig. 2. The toroidal 
omponent of the BC rea
hes �300kA at < � >' 4:5%.This behaviour 
an have adverse impli
ations for ideal MHD stability. Not only is theMer
ier 
riterion destabilised, but global external modes are also predi
ted. Furthermore,if we arti�
ially suppress the BC, the 
on�guration remains unstable, but the eigenvalueis an order of magnitude smaller as shown in Fig. 3. The internal plasma potentialenergy ÆWP 
an be separated into three terms, namely ÆWP = ÆWC2 + ÆWD + ÆWJ[5℄. The stabilising 
omponent is ÆWC2 , while ÆWD denotes the ballooning/inter
hangeinstability driving me
hanism and ÆWJ denotes the parallel 
urrent density j � B=B2driving me
hanism asso
iated with global kink modes. The global mode stru
ture thatis destabilised at < � >' 4:5% is dominantly driven by j � B=B2 as jÆWJ j >> jÆWDj.We have found that the 
ux surfa
e averaged 
ontribution of j � B=B2 to ÆWJ is weakindi
ating that the dire
t 
ontribution of the BC to the kink destabilising me
hanism is
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small. However, the BC alters the P�rs
h-S
hl�uter 
urrent signi�
antly and this providesthe main driving energy for the global mode observed. The radial pro�les of ÆWC2 , ÆWD,ÆWP and ÆWJ are displayed for the full self
onsistent BC 
ase at < � >' 4:5% in Fig. 4.The main point that 
an be extra
ted from these results is the probable requirement ofsome external means for rotational transform 
ontrol like ECCD in a Helias rea
tor.
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Fig. 1. The 
onverged self
onsistent bootstrap
urrent pro�les in the 
ollisionless 1=� regime ina 4-period Helias rea
tor at < � >' 3%, 3:5%,4% and 4:5%.
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Fig. 2. The rotational transform �-pro�les in va
-uum, at < � >' 3% and at < � >' 4:5%obtained with 
onverged self
onsistent bootstrap
urrents in the 
ollisionless 1=� regime in a 4-period Helias rea
tor.
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urrent asthe magnitude of the BC is arti�
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Fig. 4. The radial pro�les of energy prin
iple
omponents ÆWC2 , ÆWD , ÆWP and ÆWJ for thefull (�303kA) self
onsistent BC 
ase at < � >'4:5% in a 4-period Helias rea
tor.To model the 
ombined e�e
ts of the BC with 
ounter ECCD, we 
onsider an analyti
polynomial input toroidal 
urrent pro�le of the form2�J 0(s) = 2310(1� 22�)s2(s4 � �)(1� s)42�J(1) (1)where 2�J(s) 
orresponds to the toroidal plasma 
urrent en
losed within s and prime(0) denotes the derivative with respe
t to s. We vary both the total toroidal 
ur-rent 2�J(1) and � simultaneously to obtain a sequen
e of equilibria for whi
h theECCD balan
es the BC. Typi
ally, 2�J(1) = �285;�150;�45: � 15;+15;+45kA for� = 0:0023; 0:0227; 0:0386; 0:0432:0:0477; 0:0523, respe
tively. Note that the ECCD 
on-tribution to the 
urrent pro�le is not 
hosen to 
an
el the BC everywhere, but peaks
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at 1=4 to 1=3 of the plasma volume whi
h 
an be seen in Fig. 5. This pre
ludes par-asiti
 edge heating. The �-pro�les 
orresponding to the di�erent 
urrents are displayedin Fig. 6. At < � >' 4:5%, the �-pro�le near the edge remains 
lose to unity for weak
ounter ECCD (2�J(1) = �285kA). When the ECCD globally 
ompensates the BC,the edge-� drops below 0:95 and for the 
ase of over
ompensation (2�J(1) = +45kA) theedge-� ' 0:93.
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Fig. 5. Analyti
 toroidal 
urrent pro�les thatmodel the 
ombination of BC and 
ounter ECCD.
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Fig. 6. The �-pro�les 
orresponding to thetoroidal 
urrent and 
urrent pro�les of Fig. 5 at< � >' 4:5%. For referen
e, the pro�le of theself
onsistent BC (�303kA) 
ase is also shown.The global external kink mode dominated by the m=n = 1=1 
omponent is sta-bilised by the 
ounter ECCD and the 
orresponding redu
tion in the edge rotationaltransform su
h that marginal stability 
onditions are a
hieved when the total 
urrent2�J(1) � +40kA. The unstable eigenvalue as a fun
tion of the toroidal 
urrent is shownin Fig. 7. The perturbed energy asso
iated with j � B=B2 that drives the global kinkmode de
reases in magnitude (in absolute terms) with in
reasing 
ounter ECCD (Fig. 8).
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tion of the toroidal 
urrent in a 4-periodHelias rea
tor at < � >' 4:5% for a model 
ur-rent pro�le that 
ombine the vbootstrap 
urrentwith 
ounter ECCD.
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Fig. 8. The 
ontribution of the parallel 
urrentdrive ÆWJ to the perturbed energy at < � >'4:5% for model 
urrent pro�les of �45kA and+35kA, for the self
onsistent BC 
ase (�303kA)and for vanishing 
urrent.Wall stabilisation of the global kink modes has been investigated with a 
losely �tting
ondu
ting shell in whi
h the average wall radius 
an approa
h the plasma within 1%(Fig. 9). For the equilibrium with self
onsistent BC at < � >' 4:5%, the unstable
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eigenvalue 
an be redu
ed by a fa
tor of three with the 
losely �tting shell withouta
hieving stability. For the model toroidal 
urrent pro�le of BC partially 
ompensatedby ECCD with 2�J(1) = �150kA, a wall to plasma diameter ratio of about 1:09 isrequired to a
hieve marginality, as shown in Fig. 10.

12 14 16 18 20 22

−4

−3

−2

−1

0

1

2

3

4

R

Z

CONFORMAL WALL IN 4−PERIOD HELIAS REACTOR

Fig. 9. The plasma-va
uum interfa
e of a freeboundary 4-period Helias rea
tor equilibrium at< � >' 4:5% (in red) and a nearly 
onformalmodel 
ondu
ting shell (in blue).
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λ/20Fig. 10. The unstable eigenvalue � of a globalexternal kink mode in 4-period Helias rea
torequilibria at < � >' 4:5% with a self
onsistentbootstrap 
urrent (�303kA) and with a modeltoroidal 
urrent of �150kA.In summary, 
onverged self
onsistent bootstrap 
urrent pro�les 
omputed in the 
olli-sionless 1=� regime in a 4-period Helias rea
tor 
ause a slight outward shift and elongationof the plasma 
olumn as < � > is raised from 0 to 4:5%. The most signi�
ant impa
t ofthe BC is on the rotational transform pro�les whi
h be
omes 
at and approa
hes unityin the outer 20% of the plasma volume at < � >' 2:5% and extends to the outer 40%at < � >' 4:5%. This destabilises the Mer
ier 
riterion and global external m=n = 1=1kink modes and unders
ores the relevan
e of rotational transform pro�le 
ontrol. Thus,a sequen
e of equilibria with a polynomial toroidal 
urrent pro�le that models the 
ombi-nation of BC and ECCD demonstrates that with mild ECCD over
ompensation (toroidal
urrent varied from �300kA to 45kA), the edge rotational transform is de
reased fromunity to about 0:93 at < � >' 4:5% to stabilise the external kink mode. The analysis ofthe various 
ontributions to the energy prin
iple reveals that 1) the parallel 
urrent den-sity dominates the m=n = 1=1 energy perturbation, 2) the dire
t e�e
ts of the BC andthe ballooning/inter
hange perturbed energy are weak and 3) the BC alteration of theP�rs
h-S
hl�uter 
urrent 
onstitutes the dominant driving me
hanism. A 
losely �ttingshell de
reases the growth rate of the external mode by a fa
tor of 3 for the self
onsistentBC 
ase at < � >' 4:5%. For the model �150kA toroidal 
urrent 
ase that 
ombinesBC and 
ounter ECCD, a wall to plasma ratio � 1:09 suÆ
es to stabilise the mode.A
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