                       Time-scales for Non-Inductive Current Buildup

                                         In Low -Aspect-Ratio Toroidal Geometry

S. C. Jardin

                                                                            Pr inceton Plasma Physics Laboratory

                                                                                                             Pr inceton University

                                                                                                              Pr inceton, NJ 08543

                                                                                                                       Nove mber 1999

Abstract

The funda me nta l diffe re nces between inductive a nd non-inductive c urre nt

buildup are c larified and the associated time-sca les and othe r implica tions

are disc ussed.  A simula tion is presented whe reby the plas ma curre nt in a

low-aspect-ra tio torus is inc reased primarily by the self-ge ne rated bootstrap

curre nt with only 10% coming fro m e xte rna l c urre nt drive.  The ma ximum

obta inable plas ma curre nt by this process is shown to scale with the toroida l

fie ld stre ngth.  The basic phys ics setting the time-sca les can be obta ined

from a 1D ana lys is.  Comparisons are ma de between the timesca les found

here a nd those reported in the expe rime nta l literature.

I .  Introduction

There is cons ide rable interest in us ing non-inductive c urre nt drive to

establis h, ma inta in, control, and modify the c urre nt distribution in low-

aspect-ratio toroida l fus ion e xpe rime nts, ofte n ca lled sphe rica l tori, spherica l

toka maks, or STs [1].  This interest ste ms from the funda me nta l geometry of

a low-aspect-ratio torus, whic h prec ludes the prese nce of a la rge interna l

sole noid or ^ OH~ coil.  While present la boratory e xperime nts [2-5] are

equipped with re lative ly s ma ll OH coils for inductive curre nt buildup, it is

expected that the ne xt ge neration of e xperime nts and reactor concepts will

re ly tota lly on non-inductive techniques [6 ] .

The non-inductive sources of curre nt drive under cons ide ration could be due

to RF, bootstra p curre nt, and/or ne utra l beams [7].  In this paper we c larify

the funda me nta l differe nces betwee n inductive a nd non-induc tive curre nt

buildup, discuss the associated time -scales, and illuminate some of the

conseque nces of atte mpting to exceed these natura l time -sca les.  We

explic itly do not  cons ider non-a xis ymme tric curre nt drive techniques suc h as

coaxia l he lic ity injection (C HI) [8] in the prese nt paper.

The essentia l phys ics describing both inductive a nd non-inductive c urre nt

ra mpup is conta ined within the TSC code [9,10].  Surface a vera ge equations

are solved for the evolution of the ma gne tic tra ns form a nd plas ma ene rgy,

with externa l sources of ene rgy a nd curre nt, and with rea listic ma gne tic

boundary conditions coupled to the cha nging c urre nts in the poloida l fie ld

coils.  For de finite ness, this is applied to the geometry and para meters of a

possible future upgrade to the Nationa l Spherica l Torus Experime nt (NSTX)

[5].

Inductive a nd non-inductive techniques for plas ma c urrent buildup are

funda me nta lly differe nt. In the MHD description, inductive c urre nt drive

takes the for m of a c ha nging boundary condition in the ma gnetic fie ld

evolution equation whereas non-induc tive curre nt drive takes the form of a

source ter m in tha t equa tion.  This diffe re nce can lead to the forma tion of

la rge tra ns ie nt e ffects in the curre nt profile for the non-inductive case unless

the source ter ms are turne d on s lowly co mpared to the natura l time scale.

An associate d and compounding e ffect is that inductive c urre nt drive

cha nges the plas ma flux most near the plasma boundary, where the
te mperature is lowest, whe reas non-inductive curre nt drive must cha nge the

plas ma flux most nea r the plas ma ma gne tic axis, where the te mperature is

greatest.  This diffe re nce makes the natura l time scale e ve n longer for the

non-induc tive c urre nt drive.

The role of the e xterna l poloida l fie ld coils (whic h produce the vertica l fie ld

needed for equilibrium) in providing volt-seconds for the non-inductive

curre nt ra mpup is clarified.  These coils provide an essentia l fie ld needed for

equilibrium, but a simple graphica l argument s hows that these can ne ver

produce a ll of the flux c ha nge needed for curre nt buildup.

We describe simulations perfor med with the TSC code showing that it

should be possible to ra mp up the plas ma curre nt in NSTX us ing non-

inductive c urre nt drive.  The time scales for this depe nd on the plas ma

te mperature, but a lso depe nd on the fraction of bootstrap c urre nt during the

ra mpup.  For typica l ce ntra l plas ma te mpe ratures of 3-5 keV, the na tura l

curre nt ra mpup timesca le for high bootstrap fraction (ove r 50%) ra mpup

would be severa l te ns of seconds.  Atte mpts to exceed this natura l timescale

can lead to distorted a nd unstable c urre nt profiles.  In extre me cases of

sudde n application of a curre nt drive profile typica l of a high bootstrap

fraction plas ma, the centra l plas ma curre nt ca n actua lly be drive n ne gative,

resulting in certa in instability.

Very high bootstra p fraction plas mas (f
BS

 > 90%) mus t operate at high

va lues of poloida l beta, b
                                                                                                   P

                                                                                                       @  2.  The effect of MHD stability constra ints is to

make the ma ximum a llowable plas ma c urrent for these plas mas proportiona l

to the toroida l fie ld stre ngth.  Inc reasing the ma ximum toroida l fie ld

capability in NSTX is shown to increase the ma ximum va lue of plas ma

curre nt obta ina ble through bootstrap ove rdrive, while ma inta ining M HD

stability.

Genera l sca ling re la tions are derived a nd a phys ica l picture is give n.  A

simple ^ 1D~ mode l tha t conta ins the essentia l phys ics can predict the plas ma

trajectory in (l
                                                       i

                                                         ,q) space during the ra mpup.  The scaling re lations are seen to

agree with the deta ile d 2D TSC simulations of non-inductive c urre nt rise in

NSTX a nd to be cons iste nt with exis ting e xperime nts.

II. Inductive vs. Non-Inductive Current Buildup

Here we compare two differe nt methods for inc reasing the toroida l c urre nt in

a low aspect ratio (spherica l) toka mak (or ST), inductive and non-inductive .

It is instruc tive to cons ider the time e volution of the midpla ne poloida l

ma gne tic flux for these two cases.  We work in the nor ma l ( R, j ,Z )

cylindrica l coordinate s yste m for a xis ymme tric s yste ms shown in Fig. 1

whe reby j  is the symmetry angle, R is the  major radius, and Z  is the ve rtica l

(or a xia l) direction.  For simplic ity, we cons ider a n up/down s ymme tric

configura tion where the ma gnetic a xis lies on the midpla ne, Z=0.  The

midpla ne poloida l ma gnetic flux is de fine d as the inte gra l of the Z

compone nt of the tota l ma gne tic fie ld, B
Z

(R ,Z) times the area in a disk

centered at the symmetry axis a nd lying in the Z=0  pla ne, exte nding out to

the radius R .  The midpla ne poloida l ma gnetic flux is thus de fined by the

inte gra l,

This de finition is cons iste nt with the normal representation for the ma gnetic

fie ld in an a xis ymmetric s yste m [11]

Note that the arbitrary consta nt in Y  whe n de fined by Eq. (2) is determined

by the de finition in Eq. (1) so that Y (0,Z) = 0.

It is a lso use ful to de fine a n interna l inductance L
i

 as the ratio of the interna l

poloida l ma gnetic flux (i.e. the differe nce betwee n the poloida l ma gnetic

flux at the plas ma limiter a nd at the ma gnetic a xis) to the tota l plas ma

curre nt [12], thus

Here q  a nd j  are the poloida l a nd toroida l angles as shown in Fig. 1 a nd the

inte gra ls of the ma gnetic fie ld and c urre nt dens ity are over the plas ma

RdR

R

B

A
d

                                                                                                                  B

                                                                       R

R

Z

                                                                                                       disk

)

0

,

(

2

                                                                                    )

                                                                               0

                                                                             ,

                                                                   (

0
ò

                                                                                                          òò -=
·

                                                                                                 -

                                                                                          =

                                                           Y p

*
                                                                                                                    *

(1)

.

)

(

                                                                                 2

                                                                                    1
2
j
j

                                                                                                     j

                                                                                     p

Ñ

Ñ

·

+

Y

                                                                                                                    Ñ

                                                                                                             ´

                                                                                              Ñ

                                                                        = BR
                                                                B

*

                                                                  *

(2)

òòò
òòò

Ñ

·

Ñ

·

=

DY

                                                                                                                        º

                                                                                                 Y

                                                                                         -

                                                           Y

                                                  =

plasma
plasma

P

                                                                                        P

                                                                                                        axis

                                                                  limiter

                                             i
dV

J
dV

B

I

                                                                                   I

                                       L

j
q

*

*

(3)
volume ins ide the contour Y = Y
limiter

.  Clearly, L
i

 depends on the plas ma

toroida l c urre nt profile.  In the disc uss ion that follows, we assume that L
i

 is

re lative ly consta nt in time so that an inc rease in plas ma curre nt corresponds

to a proportiona l increase in inte rna l poloida l ma gnetic flux.

The poloida l flux at the ma gne tic axis e volves according to the we ll-known

equation [7]

Here h
                           0

                               is the res istivity at the ma gne tic axis , R  is the major radius,

is the toroida l curre nt de ns ity (mks units), and J
CD

 is the non-induc tive

curre nt drive term, all e va luate d at the ma gnetic a xis.

We illustrate in Figs. 2(a) and 2(b) typica l co mputed seque nces of the

midpla ne poloida l ma gnetic flux for two methods of increas ing the plas ma

toroida l c urre nt in a ST.  In partic ula r, we consider inductive 2(a) a nd non-

inductive 2(b) curre nt buildup seque nces using the geometry of NSTX .

Figure 2(a ) illustra tes inductive curre nt buildup, whic h is the sta ndard

method of increas ing the c urre nt in a toroida l de vice.  It uses an e xterna l

tra ns for mer, or OH tra ns former, whic h is a solonoida l stack of coils in the

interior of the plas ma torus as shown in Fig. 1. The first curve in the

seque nce  in Fig. 2(a ) corresponds to a n initia l plas ma toroida l c urre nt of

100 kA, with the tra ns forme r initia lly carrying a toroida l c urre nt in the sa me

direction as the plas ma toroida l c urre nt.  The two limiter points whe re the

plas ma -vac uum inte rface crosses the Z=0  pla ne are marked with solid dots,

and the horiz onta l line connecting the m corresponds to the va lue of the

poloida l ma gnetic flux at the limite r at that time , Y
limiter

.  The minimum in

the c urve betwee n those two points corresponds to the ma gne tic axis,

Y = Y
                      axis

                                ,  marke d with ope n tria ngles.

j

                                                                                                              ph Ñ·

-

                                                                                                  =

                                                                              ¶

                                                                          Y

                                                                     ¶

)

(

                                                                                                         2

2

0 CD

                                                                                  axis
J

J

R

                                                                                   t

*

*

Y

Ñ

·

Ñ

=

Y

D

                                                                                            =

                                                                            Ñ

                                                                      ·

-

* 2

0

                                                                                                                    0

2

                                                                                                    2

                                                                                                               1

R

R

R

                                                              J

                                                      R

pm

                                                                                                         pm

                                                                                   j

                                                                *

(4)

(5)

To increase the plas ma c urre nt, the OH tra ns forme r curre nt is decreased in

ma gnitude to increase the poloida l flux a t the ins ide edge of the plas ma,

Y
        limiter

                        . Since there is no non-inductive c urre nt drive in this case, J
CD

 =0  in

Eq. (4) a nd Y
                                                      axis

                                                                 will a lso increase monotonica lly in time as give n by Eq.

(4), but at a slow rate determine d by the a xis va lue of the plas ma res istivity.

If Y
                 limiter

                                  is made to increase faster tha n Y
axis

 , and if it is accompa nied by a n

adjust me nt in the externa l equilibrium fie lds so that the poloida l flux at the

outside edge increases at the sa me rate, then the poloida l flux differe nce

between the ma gnetic a xis a nd the limite r will increase in time as shown in

Fig. 2(a).  This corresponds to an induc tive increase in the plas ma c urre nt.

We can make a simple estimate of how muc h the poloida l flux at the limite r

cha nges as a result of a cha nge in the currents in those coils.  If the OH coils

are a solonoida l stack of coils of he ight d  (i.e.,
#

 d/2  ) and radius R
OH

 as

shown in Fig. 1, and if R
                                                                                                OH

                                                                                                          << d,  the n the inc rease in poloida l flux at the

ins ide plas ma limiter whe n the c urre nt in the OH sole noid c ha nges by D I
OH

is give n by (mks units)

As me ntione d above, the curre nts in the outer poloida l fie ld coils must a lso

cha nge as the plas ma c urre nt inc reases to keep the plas ma in equilibrium

with the desire d shape.  Howe ver, it is clear from Eq. (6) that a cha nging

curre nt in the OH coils is absolute ly necessary in order to increase the

poloida l flux at the limiter.  In other words, a low-aspect-ratio tokamak

cannot be operated inductively without an OH coil .  Although obvious from

the picture prese nted here, the re has been confus ion on this point pre vious ly

whe re some ha ve incorrectly predic ted that the outer poloida l fie ld coils by

the mse lves could provide e nough flux to ramp up the plas ma curre nt in a

high be ta ST.  The only wa y tha t this could happe n is if it was accompa nied

by a large geometry and/or inducta nce cha nge  so that the sa me plas ma

poloida l flux corresponded to a larger c urrent

Next, cons ider the situation illus trated in Fig. 2(b) of a non-inductive

buildup of the plas ma c urre nt.  Here, the re is no OH coil or coil c urre nt and

thus the va lue of the poloida l flux at the limite r stays essentia lly unc ha nged,

cons iste nt with Eq. (6). In this non-inductive case, the poloida l flux

diffe re nce and the c urre nt in the plas ma are increased by decreasing  the
d

I

R
OH

OH

                                                                                                      iter

/

2

0

                                                                                            lim

D

-

                                                                                                                    =

                                                                               DY pm

(6)
va lue of the poloida l flux at the ma gnetic axis a nd at other locations in the

plas ma.  This is accomplis hed us ing c urre nt drive as described in Eq. (4)

with J
                        CD

                                  > 0.   It is clear fro m co mparing Figs. 2(a) and 2(b) that these two

processes for increas ing the plas ma poloidal flux ( Y
limiter

 - Y
axis

 )  and the

associated plas ma toroida l c urre nt are qua litative ly differe nt s ince the first

re lies on increasing Y
                                                                                       limiter

                                                                                                         and the second on decreasing  Y
axis

.

Note that for the non-inductive c urre nt buildup calc ulation prese nted in Fig.

2(b), one would calc ulate that the outer poloida l fie ld coils provided a

positive flux increase of 0.35 Webers (or Volt-seconds) at  (R ,Z) = (0.80,0)

as the plas ma c urre nt increased fro m 100 kA to 750 kA.  This fie ld inc rease

was essentia l to ma inta in the plas ma in equilibrium, but it clea rly was not

respons ible for building up the plas ma poloida l flux, as this process required

the flux at the ma gne tic axis to decrease not increase .

III. Non-Inductive Current Buildup in NSTX

We ha ve used the Toka mak Simulation Code (TSC) to ca lc ulate the

feas ibility of non-induc tive c urre nt buildup in NSTX.  The deta ils of the

calc ulationa l mode l are give n in Re fs[9-10].  He re we present the res ults of

an optimized calc ulation where the plas ma c urre nt is increased primarily due

to the se lf-ge nerated plas ma bootstra p current.   As the plas ma is heated at

low c urre nt a nd the plas ma pressure inc reases, the sum of the computed

bootstrap c urre nt and the other non-inductive c urre nt sources applied

exceeds the plas ma c urre nt, and thus acts to inc rease that c urre nt.  In this

simulation, the bootstrap c urre nt provides ove r 90% of the c urre nt-drive

needed to buildup the plas ma curre nt.  The re ma ining 10% is provided by a

mode l externa l c urre nt-drive profile typica l of radio freque nc y (R FCD) or

ne utra l bea m c urre nt drive (NBCD):

In these calc ulations, a=0, b=1, d=0.2, y
0

=0,  and J
ECD

(t)  is determine d so

the tota l inte grated c urre nt is I
                                                                                                                     ECD

 shown in Ta ble I.

2

0

2

2

)

~

~
(

)

~
1

(

~

)

                                                                                                                     (

y
y
y
y

-

+

-

                                                                                        =

d
d

t

                                                                                                J

                                                                J
b
a

                                                                                                      ECD

                                                                      ECD

       time % b T
                                                                     e0

                                                                                           n
                                                                                                0

                                                                                                                       b
q

"
i/2

C
T

B
T

I
P

I
ECD

I
BS

       0 0.1 140 1.10 1.0 .707 .54 0.61 100 50 37

       4 0.4 400 1.65 1.6 .274 1.0 0.61 113 60 61

       8 0.8 550 2.20 1.7 .249 1.3 0.61 222 70 174

       12 1.4 700 3.30 1.7 .237 1.7 0.61 310 70 242

       16 1.8 1000 3.50 1.8 .238 2.1 0.61 334 70 272

       20 2.3 1200 3.70 1.8 .266 2.6 0.61 350 70 280

       27 2.3 1700 4.40 2.0 .257 2.9 0.71 399 70 337

       38 3.2 2500 4.80 2.1 .238 3.1 0.80 536 70 497

       52 3.4 3000 5.30 2.2 .241 3.1 0.89 615 70 578

       62 3.3 3600 5.50 2.2 .239 3.2 0.99 674 70 622

       72 3.5 4350 5.50 2.2 .233 3.2 1.05 747 70 700

       140 3.7 4506 5.50 2.1 .264 3.4 1.05 736 70 665

       The results of this calc ulation are give n in Table 1 a nd in Figs. 3-6.

       In Table I, time is in seconds, % b  is the definition whic h uses the square of

       the vac uum toroida l fie ld at R=0.85 m in the de nomina tor, T
e0

 is centra l

       electron te mperature in eV, n
0

 ´  10

19
 m

-3
 is ce ntra l e lectron de nsity, b
q

 is

       poloida l beta,
                                                               "

                                                                   i/2 is interna l inducta nce, C
T

 is Troyon factor a B
T

(% b )/I
P

       with units %- meter-Tes la/M A, B
T

 is vac uum toroida l fie ld in Tes la at

       R=0.85 m, I
                                                       P

                                                          , I
                                                                  ECD

                                                                               , and I
                                                                                                       BS

                                                                                                                are total plas ma curre nt, externa lly drive n plas ma

       curre nt, and bootstrap c urre nt in kA.

       The externa l coil c urre nts were adjusted during the ca lc ulation to keep the

       plas ma s hape approximate ly consta nt at major radius R= 0.82 m , minor

       radius a = 0.62 m, elliptic ity k  = 2.0 and tria ngularity d  = 0.36.  The plas ma

       Z
             EFF

                         was taken to be equa l to 2.0 throughout.  The plas ma de ns ity profile

       and time e volution were prescribed.  The de ns ity profile was give n in te rms

       of the time depe nde nt centra l va lue a nd norma lized poloida l flux by

       This corresponds to a peak to volume-a verage ratio of about 1.4.  The

       te mperature profiles were computed fro m a tra nsport mode l as described in

( )

ú
û
ù

ê
ë
é
+

-

                                                                                                   = 1.0

~
1

9

.

0

)

                                                                                                                     (

                                                                                              )

                                                                                      ,

                                                                                 ~
                                                                            ( 2

1
6

                                                                                                                0
y

                                                                              y
                                                                                                                        t

                                                                                                           n

                                                                                          t

                                                                       n

(7)

Table I: Results of TSC s imulation of high bootstrap c urre nt ra mpup in NSTX-U

[10], but ca me out to ha ve peak to volume -a vera ged ratios of approximate ly

2.7 (electrons) and 2.45 (ions). The fina l ion te mpe rature was T
i0

 = 2079 eV .

The injected power was ra mped up to 15 MW (tota l) over the first 72

seconds and he ld steady a fter that.  The fina l stored e nergy of 0.3 MJ

corresponds to an e nergy confine me nt time of t
E

= 20  msec.

Figure 3 shows the time-history of the ke y scalar para meters cha racteriz ing

the plas ma as a function of time during the evolution.  The time e volution of

the tota l plas ma c urre nt is give n in Fig. 3(a) as well as the computed

contributions due to the bootstrap c urre nt and the othe r curre nt drive source

terms.   The time-sca le over whic h the e volution occ urred is very c lose to the

fastest a llowable by the phys ics.  Atte mpts to accele rate the plas ma c urre nt

evolution with these sa me bootstrap c urre nt fractions resulted in code fa ilure

due to the formation of e xtre me hollow curre nt profiles and concomita nt

disappeara nce of the ma gne tic axis.  This phe nome non is described more

complete ly in the ne xt section.

Note that the e xterna l sources of heat a nd de ns ity become consta nt in time at

t=72  sec.  Eve n though the c urre nt buildup had bee n very gradua l ove r this

time, it still requires another 40-45 sec for the profiles to reac h the ir steady-

state va lues.  These times are to be compared with tha t obta ined by simple

dime ns iona l e va luation of Eq. (4) with T
e 0

 = 4300 e V, a = 0.65, ln L  = 17,

and Z
                      EFF

                                 =2 , whic h gives a characte ristic time  of  t
0

 = a

2
 m
0

 / h (0) = 85 sec .

The time de ve lopme nt of the plas ma pressure a nd toroida l c urre nt de ns ity

are shown in Figs. 4 and 5, and the fina l contours a nd midpla ne va lues of the

plas ma poloida l flux a nd c urre nt de ns ity are shown in Fig. 6.  These profiles

ha ve the distinctive s hape of a high e b
P

 equilibrium.  Note that for the

profiles, aspect ratio, and bootstra p mode l used here, we find that a plas ma

bootstrap fraction of 90% corresponds to a poloida l beta va lue of

approxima te ly 2, i.e. b
                                                                                        P

                                                                                             @  2.  Since I
P

 μ  a B
T

 C
T

 / b
P

 , if the Troyon

coeffic ie nt C
                                                  T

                                                       is fixe d by stability limits and if the geome try sta ys fixed, the

ma ximum plas ma c urre nt will sca le with the toroida l fie ld stre ngth, I
P
μ
 B
T

.

IV. A Simple Illustration in 1D

Here we cons ider a simple exa mple in one dime ns ion by making use of the

la rge aspect ratio toroida l e xpa ns ion, but keeping essentia l toroida l e ffects.

ú

û
ù

                                                                                                                       ê

                                                                                                                       ë

                                                                                                                       é

-

¶

¶

¶

¶
                                                                                               =

                                                                                  ¶

                                                                               ¶

)

,

(

1
                                                                                                                    )

                                                                                                            (

0
t
r
j

r
r

r
r

                                                                                                               r

                                                                                      t

CD
y

m

                                                                                                     h

                                                                                    y

.

)

(

                                                                                                                        2

0
t

I

r
a

P

=

¶

¶ y

m
p

2

/

3

2

2

                                                                                                              0

1

.

0

)

1

(

9

.

                                                                                                                      0

                                                                                            )

                                                                                    (

-

ú

û
ù

                                                                                                                   ê

                                                                                                                   ë

                                                                                                                   é

+

-

                                                                                                 = m

a
r
                                                                                        r h

                                                                              h

ú

û
ù

                                                                          ê

                                                                          ë

                                                                          é

-

+

-

+

                                                                                      -

                                       = )1()(

16

45
)

1

)(

1

                                                                                                             )(

                                                                                1

                                                                              (

                                                                     )

                                                              (
                                  )

                           ,

                   (

2

2
2

/

1

2

2

                                                               2
a
r

a
r
f

a
r
                                                                                                                   n

                                                                                                f

                                                         a

                                                                 t

                                               I
                              t

                       r

      j
BS
n

                                                                                                   BS

                                                   CD

        CD
                                                  p

If we denote by y (r,t)  the us ua l cylindrica l poloida l flux function, the n in the

presence of a strong toroida l ma gnetic fie ld and of a non-induc tive curre nt

drive source, we ha ve the e volution equation:

(8)

with either the non-inductive boundary condition[13]

(9)

or the inductive bounda ry condition

(10)

In Eq. (9), we ha ve de fined the e ffec tive externa l induc ta nce as

Whe re the contribution of the vertica l fie ld ( VF ) is used to reduce the

effective plas ma inducta nce. [13-14]

The resistivity function is take n to ha ve the following form

(12)

with m =8/3 unless othe rwise specifie d.  The c urre nt-drive source, j
CD

(r,t)  is

of the form:

(13)

whe re the first term in the square bracket represents c urre nt drive due to

centra lly peaked R F or NBI source (with n=4 in these exa mples), and the

0

0

=

¶

¶
+

r

L

R
a
eff

ext
y

m

                                                                                                                y

ú
û
ù

ê
ë
é
-

                                                                                                           @

+
ú
û
ù

                                                                                                                   ê
                                                                                                                   ë

                                                                                                                   é
-

                                                                                                           @

2

)

8
ln(

                                                                                                                   4

                                                                                                                   3

2

)

8
ln(

0

0

a

R

R

VF

a

R
R

                                                                                         L

                                                                                              eff

                                                                                               ext

m

                                                                                                                       m

(11)

)

(

                                                                                                                  1
1

0

                                                                                                                    0
r
j

r
r

r
r

-
=

¶

¶

¶

¶

h
y

                                                                                                              m

).

0

(

/

0

2

                                                                                                                    0
h
m
a

                                                                                                                  t =
second term represe nts curre nt drive due to the bootstrap curre nt.   The tota l

inte grated c urre nt source is spec ified as a function of time, I
CD

(t) , and the

fraction of the tota l curre nt due to the bootstra p curre nt is f
BS

 .   For the

exa mples presented here, we prepare the plas ma in a n initia l equilibrium

satis fying

with the consta nt j
                                                                       0

                                                                           a nd the boundary va lue of y  c hose n so that both the tota l

initia l plas ma curre nt and the non-inductive boundary condition are satis fied.

Note that the e volution Eq. (7) for the c ylindrica l poloida l flux function y

implies the following e volution equation for the toroida l curre nt de ns ity

j(r ,t):

with

The results of three compa nion ca lc ulations with the sa me initia l conditions

and the sa me ta rget curre nt trajectory are s hown in Fig. 7.  Note that for the

figures, the time is nor ma lized to the diffus ion time based on the ce ntra l

va lue of the res istivity,

         (17)

In 7(a), the plas ma c urre nt is inductive ly ramped up fro m 0.1 I
0

 to I
0

 in a

time t
                      1

                          =0.1 t
                                                 0

                                                    .  In 7(b), the curre nt source is ra mped up linearly fro m 0.1 I
0

to I
             0

                 in a time t
                                                          1

                                                             =0.1 t
                                                                                     0

                                                                                        , with 50% bootstrap c urre nt so that f
BS

=0.5.  In 7(c ),

we repeat 7(b) but with f
                                                                                                BS

                                                                                                        =0.90 so that a ll the c urre nt drive c urre nt is of the

form of the bootstrap c urre nt.  In each of the three cases, besides plotting the

tota l plas ma c urre nt vs. time, we also plot the time history of the inte rna l

inducta nce , l
                                                  i

                                                    /2 , defined as:

[ ]
)

,

(

)

(

                                                                                                    1

                                                                                                      0
t
r

S
j
r

r
r

                                                                                                                     r

                                                                                                          r

                                                                                t

                                                                                 j

CD

+

¶

¶

                                                                                                                ¶

                                                                                                                  ¶

                                                                                       =

                                                                           ¶

                                                                          ¶

h

                                                                                                m

[ ]
.

)

,

(

)

(

                                                                                                                  1

                                                                                         )

                                                                                   ,

                                                                           (

                                                                                                                    0
t
r
j
r

r
r

r

                                                                                                                        r

                                                                                      t

                                                                               r

                                                           S
CD

                                                                CD
h

                                                                                                             m ¶

¶

¶

¶

                                                                                                      -

                                                                                               =
(16)

(14)

(15)
dr

r
r

r

                                                                                                              a

                                                                                    l
a

a
r

                                                                                      i

2

0

2

                                                                                                                   2

1

                                                                                               2

                                                                                          / ò ÷

ø
ö

ç

è
æ

¶

¶

÷

ø
ö

                                                                                                                       ç

                                                                                                                       è

                                                                                                                       æ

¶

¶

                                                                                                     º

=
y

y

(18)

In comparing cases 7(a), 7(b), and 7(c), we note two striking features.  The

first is that the time-sca le for equilibration for the non-inductive curre nt-

drive cases 7(b) and 7(c) is about 5 times as long as it is for the induc tive

curre nt ra mpup case 7(a), eve n though the requested c urre nt is being

inc reased at the sa me rate.  Howe ve r, in the inductive case 7(a) it is being

drive n by a boundary condition, whereas in the non-inductive cases 7(b) and

7(c) it is being drive n by a source term.  The second feature to note is that

the inte rna l inducta nce c ha nges ve ry rapidly at early times for case 7(c),

indicating that s udde n application of a bootstrap c urre nt drive ca n induce

la rge tra ns ie nts in the plas ma c urre nt profile.

These features of non-inductive c urre nt drive are further illus trated in Figs.

8-10, whic h are me re tabulations of cases similar to those illustrated in Fig.

7, but with the para mete rs syste matica lly cha nged.  Figure 8 shows how the

time at whic h it takes the plas ma c urre nt to reac h 99% of it´s fina l va lue

depends on the curre nt turnon time t
1

.  For the inductive case 7(a), this time

is the sa me as the turnon time, whereas for a ll the non-inductive c urre nt-

drive cases it is significa ntly longe r.  The differe nce betwee n inductive and

non-induc tive is a ma ximum at t
1

=0 , where it takes the non-inductive cases

0.8 t
                 0

                      for the curre nt to build up in response to an insta nta neous application

of the full c urre nt-drive source.

During the tra ns ie nt phase, it is interesting to co mpare how distorted the

plas ma c urre nt profile becomes as it approac hes steady state.  To this e nd,

we plot in Fig. 9 the minimum va lues of the plas ma interna l induc ta nce, l
i

/2

and of the plas ma c urre nt peakedness, q*/q
0

, as a function of the curre nt

turnon time t
                                                  1

                                                      for the inductive ra mpup as well as for the non-inductive CD

ra mpup with 0%, 50%, and 90% bootstrap c urre nt fraction.  Anothe r

perspective on these trajectories can be obta ined from Fig. 10 where we plot

the tra jectories in (l
                                                                            i

                                                                              /2, q*/q
                                                                                                           0

                                                                                                              ) space as time progresses from the initia l

application of the c urre nt drive to the atta inme nt of steady state.  This

para meter space was introduce d in [15] as a stability dia gra m for low- b

plas mas.  Upon compa rison with the Fig. 4 of that paper, we see that the
inductive trajectories of Fig. 10(a) re ma in in the stable re gime e ve n for t
1

 =

0.1 t
                 0

                     , while the non-inductive bootstrap trajectories of Figs. 10(b) and 10(c )

ente r far into the unstable re gimes for t
1

 < t
0

.

The results of the 1D calc ulations presented in Figs. 7 through 10 can be

better understood by cons ide ring Eqs. (8), (13), (15), and (16), and the

associated graph in Fig. 11.  The source term j
CD

(r ,t)  as defined in Eq. (13) is

ma nifestly pos itive a nd we ll be ha ved, as seen from its graph in Fig. 11(a ).

Whe n inserted into Eq. (8), it will act to eve rywhere decrease y , as is needed

to inc rease the plas ma curre nt non-induc tive ly.

Howe ve r, if we cons ider the e volution equation for the curre nt dens ity, Eqs.

(15) a nd (16), obtained by twice diffe re ntiating Eq. (8), the picture is quite

diffe re nt.  The source term S
                                                                                                               CD

                                                                                                                        (r ,t)  in these equations a nd graphed in Fig. 11

is not as well be ha ved.  It cha nges sign as a function of r a nd it becomes

la rge and ne gative near the origin, actua lly diverging at r ® 0 for f
BS

 > 0 .

Thus, while the c urre nt de ns ity will e ve ntua lly increase everywhere, we see

that for short times it will first decrease at some locations, partic ularly nea r

the plas ma ce nter.

V.  Discussion

We can infer the re le va nt timescales fro m Eq. (15) e ve n without solving it

explic itly.  The homoge neous part of this equation is the sa me as that

ana lyzed in [13] with the ^ free c urre nt decay~ boundary condition in that

paper corresponding to our ^ non-inductive~ boundary condition a nd the

^ constant plas ma c urre nt~ boundary condition corresponding to our

^ induc tive~ bounda ry condition.  Since the va lue of y  needs to cha nge most

on a xis whe n going from the initia l to the fina l state, it is clear that the n=1

eige nmode is the most re le va nt.  That paper observed that the time consta nt

for the n=1 mode for the ^ free curre nt decay~ was about 5-6 times longe r

tha n the corresponding time constant for the ^ consta nt plas ma curre nt~

mode.  This is cons iste nt with wha t we found in our nume rica l experime nts.

Also, Re f. [13] did not cons ider e xplic it source terms in the diffus ion

equation.  The fact that these source terms peak near the ma gnetic a xis (r=0)

whe n bootstrap c urre nt drive is present, ie. Fig. 11(c ), implies that there will

be additiona l we ighting to the va lue of the plas ma res istivity near the origin.

Thus, it is clea r that the re le va nt timesca le over whic h the curre nt can be
inc reased by non-inductive mea ns without substa ntia lly distorting the s hape

of the curre nt profile is give n by

Whe re h (0) is the centra l va lue of the resistivity a nd f
P

 is a profile-depe nde nt

factor very c lose to one ,  f
                                                                                                     P

                                                                                                           »
                                                                                                                 1.

VI. Relation to Ex periment

There are experime nta l res ults of R F be ing used to inc rease the plas ma

curre nt in a toroida l de vice on WT-2 [16], TII-U [17], PLT [18-19], Alca tor-

C[20], and CDX-U [21-22].  The results of the first five of these are

summa rized in Table 2, while those in CDX-U are more diffic ult to inte rpret

for the reasons stated below.  Note that in Table 2, the first row of data is the

centra l skin time based on the centra l e lectron te mperature and the quoted

Z
      EFF

                  , the second row is the inc re me nta l increase in the plas ma c urre nt via

non-induc tive c urre nt drive, and the fina l row is the ratio of the curre nt

ra mpup time to the ce ntra l skin time.  The fact that T / t
0

 is greate r tha n or

comparable to D I / I in a ll these expe rime nts is consiste nt with the res ults of

our paper.

Table II :   Summa ry of non-inductive current ra mpup e xperime nts

                                                               WT-2[16] T-IIU [17] PLT[18] PLT [19] Alcator-C [20]

t
    0

         = a

                     2 m
                              0

                                 / h (0) 0.2 ms 5.8 ms 0.3 s 1.65 s 0.42 s

D I / I 4 8 3.3 0.18 0.4

T / t
                  0

                                                               105 27 7.6 0.18 0.35

The results of Table II a lso appear to be cons iste nt with deta iled simulations

us ing TSC.  For exa mple, our simulations of the PLT c urre nt drive

expe rime nts reproduce the expe rime nta l results presente d in Fig. 1 of [19]

whe n the para me ters quoted there are used.  Name ly for a = 0.3 m and R =

0.8 m, we cons idered the plas ma response to shorting the OH supply while

the equiva le nt of 300 kA of R F c urre nt drive is applied to increase the

curre nt of a 190 kA plas ma with centra l T
e

 = 1.35 keV and Z
EFF

 = 4.

Applying this c urre nt drive source in a period of 0.3 seconds res ulted in a

plas ma c urre nt of 225 kA at the end of tha t period. The re ma ining 75 kA can

be cons idered to be ^ back curre nt~, cons iste nt with the ana lys is in that paper.

P
f
a )0(

/
0

2 h
m

                                                                                                            t = (19)

The only e xperime nta l re fe re nce of possible bootstrap-overdrive plas ma

curre nt buildup is in CDX-U [21-22].  There it is reported that the plas ma

bootstrap c urre nt was large ly respons ible for inc reasing the c urre nt of a n

a=0.2 m , T
                                             e

                                                 = 30 eV plas ma from 600 A to 1000 A in 10 ms.   These times

also appear to be cons iste nt with the a na lysis prese nted here, howe ver, it is

diffic ult to make direct compa rison with this experime nt without mode ling

the c urre nt due to the precessing orbits of the mirror confined plas ma,

inc luding that on the ope n fie ld lines.

VII.  Summary and Conclusions

Plas ma c urre nt ra mpup in a n axis ymmetric toroida l de vice is funda me nta lly

diffe re nt for non-inductive  curre nt drive than it is for inductive  c urre nt drive.

The first involves decreasing the tota l poloida l ma gnetic flux in the plas ma

center, while the second involves increas ing this flux at the plas ma edge.

Inductive  c urre nt drive for a low-aspect-ratio axis ymmetric toroida l de vice

requires an OH sole noid at the s ma ll major radius side of the plas ma,

threading the torus.  The ^ vertica l fie ld~ produced by outer ring coils alone

can ne ver provide the flux needed to increase the plas ma c urre nt.

We ha ve shown by s imulation that it s hould be poss ible to increase the

plas ma c urre nt in a low-aspect-ratio toroidal de vice us ing prima rily the

bootstrap e ffect, with only 10% or less of the drive n curre nt provided by

exte rna l curre nt drive, suc h as RF.  Howe ve r, the time required to increase

the c urre nt is ve ry long, and the ma ximum fina l plas ma curre nt will be

proportiona l to the ma ximum poss ible toroida l fie ld stre ngth of the de vice.

The na tura l non-inductive curre nt ra mpup time for a toroida l de vice sca les

similar to the inductive ra mpup time, but is set by the centra l res istivity a nd

is there for muc h longe r, at least by a factor of 4-5 for the sa me te mperature

plas ma.  For a plas ma with minor radius a  and ce ntra l res istivity h (0),  the

natura l non-inductive time is approximate ly give n by

.

)

0

(

/

2

0
h
m a
                                                                                                            T =

The long time required for curre nt ra mpup is also compounded beca use the

curre nt drive syste ms and auxiliary heating s yste ms needed to provide the

plas ma press ure for the bootstrap c urre nt a lso inc rease the plas ma

te mperature and he nce decrease the ce ntra l res istivity and le ngthe n the

natura l time scales.

If curre nt drive is applied over times muc h shorte r tha n this natura l time,

unstable tra ns ie nts will domina te.  The tra ns ie nts are more seve re the higher

the bootstrap fraction.  Howe ver, if the heating a nd c urre nt drive sources are

applied over times comparable to or longer tha n the ^ natura l time~, i.e.

t

     ³
            T , then tra ns ie nts should not be a problem.

VIII. Acknow ledgements

The author is grate ful to Dr. M. Peng for calling atte ntion to the importa nce

of this proble m, a nd to Drs. N. Pomphre y, D. Moreau, P. Politzer, F. W.

Perkins a nd C. Kessel for use ful disc uss ions.  This work was supported by

DoE contract # DE-AC02-76-C HO-3073.

References:

[1] Y. K. M. Peng and D. J. Strickler, ^ Features of Sphe rica l Torus

Plas mas~, Nuc lear Fus ion 26  (1986) 769

[2] A. Sykes, G. Cunningha m, R. Colc hin, et al, ^ First res ults fro m the

STAR T experime nt~, Nuc lear Fus ion 32  695 (1992)

[3] A. Sykes, et al.,  ^ Mega-Ampe re Spherica l Torus Expe rime nt~, United

Kingdom Ato mic Ene rgy Authority, Culham Laboratory, Engla nd

[4] R. Fonk, T. Thorson, and the PEGASUS Tea m, ^ Plas ma Be ha vior in the

PEGASUS Toroida l Expe rime nt~, Bull. Am.  Phys. Soc. [RP1.37] (1999)

[5] M. Ono, S. Ka ye, M. Peng, et al, ^ Explora tion of Sphe rica l Torus

Phys ics in the NSTX De vice~, IAEA-CN-69/ICP/01(R)-EX4/1(R), 17
th

IAEA Fus ion Energy Confere nce Yokoha ma, Japan, 19-24 October 1998.

[6] S. C. Jardin, C. E. Kessel, J. Menard, et al, ^ Phys ics Bas is for a Sphe rica l

Torus Powe r Pla nt~, sub mitted to Fus. Eng. Design (1999)

[7] N. Fisc h, ^ Theory of C urre nt Drive in Plas mas~, Rev. Mod. Phys. 59  175

(1987)

[8] B. A. Nelson, T.R.Jarboe, D.J.Orvis, et al, ^ Formation a nd Susta inme nt

of a 150 kA Toka mak by Coaxia l He lic ity Injec tion~, Phys. Rev. Le tt. 72

(1994) 3666

[9] S. C. Jardin, N. Pomphre y, and J. DeLuc ia, ^ Dyna mic Mode ling of

Tra nsport and Pos itiona l Control of Toka maks~, J. Comput. Phys. 66  (1986)

481

[10] S. C. Jardin, M. Bell , N. Pomphre y, ^ TSC Simulation of Ohmic

Disc harges in TFTR~, Nuc l. Fus ion 33  (1993) 317

[11] J. Greene, J.L. Johnson, a nd K. We imer, ^ Toka mak Equilibrium~, Phys.

Fluids 14  671 (1971)

[12] M. Kruska l a nd R. Kus lrud, ^ Equilibrium of a Ma gnetica lly Confined

Plas ma in a Toroid~, Phys. Fluids 1  (1958) 265

[13] D. R. Mikke lsen, ^ Curre nt Rela xation time scales in toroida l plas mas~,

Phys. Fluids B 1 , p. 333 (1989)

[14] S. P. Hirs hma n a nd G. H. Neilson, ^ Exte rna l Induc ta nce of an

Axis ymmetric Plas ma~, Phys. Fluids 29 (1986) 790

[15] C. Z. Che ng, H. P. Furth a nd A. H. Booze r, ^ MHD Stable Re gime of

the Toka mak~, Plas ma Phys ics and Controlled Fus ion, 29 , p. 351 (1987)

[16] S. Kubo, M. Naka mura, T. Cho, et al, ^ Toroida l Plas ma C urre nt Startup

and Susta inme nt by rf in the W T-2 Toka mak~, Phys. Rev. Lett ., 50 , p. 1994

(1983)

[17] K. Toi, K. Ohkubo, K. Kawa hata, et al, ^ Startup a nd Quas istationa ry

Drive of Plas ma C urre nt by Lower Hybrid in a Toka ma k~, Phys. Rev.

Lett ., 52 , p. 2144 (1984)

[18] F. Jobes, J. Steve ns, R. Bell, S. Bernabe i, A. Ca va llo, et al, ^ Formation

of a 100-kA Toka ma k Discha rge in the Princeton Large Torus by Lower

Hybrid Wa ves~, Phys. Rev. Lett ., 52 , p. 1005 (1984)

[19] F. C. Jobes, S. Bernabe i, T. K. C hu, W. M. Hooke, E. B. Meserve y, R.

W. Motle y, J. E. Stevens, and S. von Goe ler, ^ Curre nt Ra mpup by Lower-

Hybrid Wa ves in the PLT Toka mak~, Phys. Rev. Lett ., 55 ,  p. 1295 (1985)

[20] Y. Takese, S. Knowlton, and M. Porkolab, ^ Plas ma c urre nt ra mp-up

and Ohmic-heating tra ns former rec ha rging e xperime nts using lower-hybrid

waves on a toka ma k~, Phys. Fluids 30 , p 1169 (1987)

[21] C. B. Forest, Y.S. Hwang, M. Ono, and D. Darrow, ^ Interna lly

Genera ted Curre nts in a Sma ll-Aspect-Ratio Toka mak Geometry~, Phys.

Rev. Lett ., 68  3559 (1992)

[22] Y. S. Hwa ng, C.B. Forest, M.Ono, ^ Observation of Nonclass ica l Radia l

Curre nt Diffus ion in a Fully bootstrap C urre nt Drive n Toka mak~, Phys. Rev.

Lett ., 77 , 3811 (1996)

[23] F. Kaza ria n-Vibert, X. Lita udon, D. Moreau, et al, ^ Full steady-state

operation in Tore Supra~, 38  p. 2113 (1996)

[24] C. Litwin, ^ Curre nt Diffus ion and Toroida l Electric Fie ld Response to a

non-Ohmic Curre nt Drive~, Phys. Plas mas 2 , p. 4542, 1995

Figure Captions:

1. Basic geometry is shown.  (R, j ,Z)  form a standa rd cylindrica l coordinate

syste m. An OH coil, if prese nt, has radius R
OH

 and he ight d .  The poloida l

angle about the ma gne tic axis is q .

2. Poloida l ma gnet flux as a func tion of major radius for severa l times

during plas ma c urre nt buildup for (a) inductive buildup a nd (b) non-

inductive buildup.  Open tria ngles correspond to the ma gnetic a xis and solid

dots to the plas ma boundary, or limiter.

3. Time histories of plas ma para meters for the high-bootstrap non-inductive

curre nt buildup (a) toroida l c urre nt, (b) vacuum toroida l fie ld, (c) poloida l

flux, (d) poloida l beta and interna l inducta nce, (e) sa fety factor, and (f)

toroida l beta based on vac uum fie ld a nd Troyon coe ffic ie nt.

4. Plas ma pressure vs. major radius on midpla ne for the high-bootstrap non-

inductive c urre nt buildup.

5. Toroida l c urre nt de ns ity vs. major radius on midpla ne for the high-

bootstrap non-inductive curre nt buildup.

6. Toroida l c urre nt de ns ity (le ft) a nd poloida l flux (right) at t=140 s for the

high-bootstrap non-inductive curre nt buildup.

7.Time history of plas ma c urre nt a nd interna l inducta nce for a curre nt

ra mpup in time 0.1 t
                                                                               0

                                                                                   for (a) induc tive c urrent ra mpup, (b) non-inductive

curre nt drive with 50% bootstrap c urre nt, and (c) non-induc tive c urre nt drive

with 90% bootstrap curre nt.

8. Depende nce of plas ma c urre nt buildup time  on CD source turnon time.

9.  Dependence of (a ) minimum interna l inducta nce a nd (b) minimum

curre nt peakedness on CD source turnon time.

10. Trajectory in stability space for (a) inductive c urre nt ra mpup with a

tra ns for mer, (b) c urre nt drive ra mpup with 50% bootstra p curre nt, and (c)

curre nt drive ra mpup with 90% bootstrap curre nt.

11. Profiles of (a) c urre nt drive source in flux e volution equation, (b) c urre nt

drive source multiplied by plas ma resistivity, a nd (c) c urre nt drive source in

curre nt e volution equation.

Figure 1: Basic geo me try is shown.  (R, j ,Z)  for m a sta ndard c ylindrica l

coordinate s yste m. An OH coil, if prese nt, has radius R
OH

 a nd he ight d .  The

poloida l a ngle about the ma gnetic a xis is q .

R

                                                               Z

                                                               j
q

                                                                                                    OH Transformer

                                                               d/2

                                                               R
                                                                     OH

Y = Y
LIM

                                                                                                            Y = Y
AXIS

            Limiter

                                                 Figure 2 :  Poloida l ma gnet flux as a func tion of major radius for severa l

                                                 times during plas ma c urre nt buildup for (a) inductive buildup and (b) non-

                                                 inductive buildup.  Open tria ngles correspond to the ma gnetic a xis and solid

                                                 dots to the plas ma boundary, or limiter.

(a) Inductive Current Buildup

Major Radius R (meters)

                                                                                                          0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

Poloidal Flux on Midplane

Y (webers)

                                                                                                 -0.4

                                                                                                 -0.3

                                                                                                 -0.2

                                                                                                 -0.1

                                                                                                  0.0

                                                                                                  0.1

                                                                                                  0.2

100 kA

325 kA

670 kA

750 kA

OH coi l
li mi ter

(b) Non-Inductive Current Buildup

Major Radius R (meters)

                                                                                                        0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8

                                                                                               -0.4

                                                                                               -0.3

                                                                                               -0.2

                                                                                               -0.1

                                                                                                 0.0

                                                                                                 0.1

                                                                                                 0.2

750 kA

670 kA

325 kA

100 kA

                                                 Figure 3: Time histories of plas ma para mete rs for the high-bootstrap non-

                                                 inductive c urre nt buildup (a) toroida l current, (b) vacuum toroida l fie ld, (c)

                                                 poloida l flux,

                                                                                                             0 20 40 60 80 100 120 140

Toroidal Current (kA)

                                                                                                       0

                                                                                                  200

                                                                                                  400

                                                                                                  600

                                                                                                  800

Pl asma Current

Bootstrap Cur rent

FW CD Current

                                                                                                              0 20 40 60 80 100 120 140

R BT

                                                                                                    0.5

                                                                                                    0.6

                                                                                                    0.7

                                                                                                    0.8

                                                                                                    0.9

                                                                                                    1.0

time (s)

                                                                                                              0 20 40 60 80 100 120 140

Poloidal Flux

                                                                                                   -0.4

                                                                                                   -0.3

                                                                                                   -0.2

                                                                                                   -0.1

                                                                                                    0.0

                                                                                                    0.1

                                                                                                    0.2

                                                                                                    0.3

                                                                                                    0.4

Y
LIM

 - Y
MIN

Y
MIN

                                                                                                                        (a)

(b)

(c)

                                                 Figure 3: (d) poloida l beta a nd inte rna l inducta nce,  (e) safety factor, and  (f)

                                                 toroida l beta based on vac uum fie ld a nd Troyon coe ffic ie nt.

                                                                                                                0 20 40 60 80 100 120 140
bP and l
i/2

                                                                                                       0.0

                                                                                                       0.5

                                                                                                       1.0

                                                                                                       1.5

                                                                                                       2.0

                                                                                                       2.5

                                                                                                                  0 20 40 60 80 100 120 140

Safety Factor q

                                                                                                            1

                                                                                                          10

                                                                                                       100

Time (s)

                                                                                                                   0 20 40 60 80 100 120 140
bT and Troyon Factor

                                                                                                              0

                                                                                                              1

                                                                                                              2

                                                                                                              3

                                                                                                              4

C
T

%
T

                                                                                                                       (d)

(e)

(f)
b
P

li/2

q
0
q*
q
e

                                                 Figure 4 :  Plas ma pressure vs. major radius on midpla ne for the high-

                                                 bootstrap non-inductive curre nt buildup.

                                                                                                         0

                                                                                              10000

                                                                                             20000

                                                                                            30000

                                                                                           40000

                                                                                          50000

                                                                                         60000

                                                                                                               0.3 0.4 0.5
0.6 0.7 0.8
0.9 1.0 1.1
1.2 1.3
1.4 1.5 1.6 0

20

40

60

80

100

120

140

Pressure

Major Radius (m)

Time (s)

Major Radius (m)

                                                                                              0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6

                                                                                          0

                                                                                10000

                                                                                20000

                                                                                30000

                                                                                40000

                                                                                50000

                                                                                60000

t = 3 s

t = 15 s

t = 65 s

t = 140 s

                                                 Figure 5 :  Toroida l c urre nt de ns ity vs. major radius on midpla ne for the

                                                 high-bootstrap non-inductive curre nt buildup.

0.0

                                                                                                                        0.2

                                                                                                                        0.4

                                                                                                                        0.6

                                                                                                                        0.8

                                                                                                                        1.0

                                                                                                                       1.2

                                                                                                                       1.4

                                                                                                                       1.6

                                                                                                                      1.8

0.2 0.3 0.4 0.5 0.6

0.7 0.8 0.9 1.0

1.1 1.2 1.3 1.4 1.5

1.6

                                                                                                                       20

                                                                                                                        40

                                                                                                                        60

80

                                                                                                                       100

                                                                                                                       120

Tor oi dal Cur rent Densi ty

Major Radius (m)

Time

Major Radius (m)

1

Toroidal Current Density

                                                                                                             0.0

                                                                                                             0.2

                                                                                                             0.4

                                                                                                             0.6

                                                                                                             0.8

                                                                                                             1.0

                                                                                                             1.2

                                                                                                             1.4

                                                                                                             1.6

                                                                                                             1.8

t = 3 s

t = 15 s

t = 65 s

t = 140 s

Figure 6 :  Toroida l c urre nt de ns ity (le ft) a nd poloida l flux (right) at t=140 s

for the high-bootstrap non-inductive c urre nt buildup.

                                                 Figure 7 :  Time history of plas ma c urre nt and interna l induc ta nce for a

                                                 curre nt ra mpup in time 0.1 t

0

 for (a) inductive curre nt ra mpup, (b ) non-

                                                 inductive c urre nt drive with 50% bootstrap curre nt, a nd (c)  non-inductive

                                                 curre nt drive with 90% bootstrap c urre nt.

                                                                                                                        Time history of I

P

 and l

i

/2 for current rampup t

1

=0.1t

0

normal ized time

                                                                                                         0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20
plasma current, I

P

                                                                                                   0.0

                                                                                                   0.2

                                                                                                   0.4

                                                                                                   0.6

                                                                                                   0.8

                                                                                                   1.0

                                                                                                   1.2
internal  inductance l
i/2

0.5

0.6

0.7

0.8

0.9

normal ized time

                                                                                                          0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

P

                                                                                                  0.0

                                                                                                  0.2

                                                                                                  0.4

                                                                                                  0.6

                                                                                                  0.8

                                                                                                  1.0

                                                                                                  1.2

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

normal ized time

                                                                                                          0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

P

                                                                                                  0.0

                                                                                                  0.2

                                                                                                  0.4

                                                                                                  0.6

                                                                                                  0.8

                                                                                                  1.0

                                                                                                  1.2

0.2

0.3

0.4

0.5

0.6

0.7

0.8

(a) inductive current rampup

(b) non-inductive CD with 50% bootstrap

(c) non-inductive CD with 90% bootstrap
t
1

=0.1 t
0

t
1

=0.1 t
0

t
1

=0.1 t
0

                                                 Figure 8: Depe nde nce of plas ma c urre nt buildup time on CD source turnon

                                                 time

                                                                                                                Dependence of Current Buildup time on Turnon tim e

current turnon time t
1

                                                                                                0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
ti me at whi ch I = 0.99 I

FINAL

                                                                                       0.0

                                                                                       0.2

                                                                                       0.4

                                                                                       0.6

                                                                                       0.8

                                                                                       1.0

                                                                                       1.2

                                                                                       1.4

                                                                                       1.6

                                                                                       1.8

                                                                                       2.0

inductive

CD with 50% bootstrap

CD with 90% bootstrap

                                                 Figure 9 :  Depe nde nce of (a) minimum interna l induc ta nce and (b) minimum

                                                 curre nt peakedness on CD source turnon time.

                                                                                                             Dependence of minimum internal inductance on turnon time

current turnon ti me t
1

0.2 0.4 0.6 0.8 1.0
mi ni mum value of l
i/2

                                                                                                    0.1

                                                                                                    0.2

                                                                                                    0.3

                                                                                                    0.4

                                                                                                    0.5

                                                                                                    0.6

                                                                                                    0.7

                                                                                                    0.8

inductive

CD with 50% bootstrap

CD with 90% bootstrap

                                                                                                              Dependence of minimum current peakedness on turnon time

current turnon ti me t
1

0.2 0.4 0.6 0.8 1.0
mi ni mum value of q*/q

0

                                                                                                        -8

                                                                                                        -6

                                                                                                        -4

                                                                                                        -2

                                                                                                          0

                                                                                                          2

                                                                                                          4

                                                                                                          6

inductive

CD with 50% bootstrap

CD with 90% bootstrap

                                                 Figure 10 :  Trajectory in stability space for (a) inductive c urre nt ra mpup

                                                 with a trans forme r, (b) c urre nt drive ra mpup with 50% bootstrap c urre nt, and

                                                 (c) curre nt drive ra mpup with 90% bootstrap c urre nt.

                                                                                                                    (b) Current Drive Rampup with 50% Bootstrap
internal  inductance l
i/2

                                                                                                   0.1

                                                                                                   0.2

                                                                                                   0.3

                                                                                                   0.4

                                                                                                   0.5

                                                                                                   0.6

                                                                                                   0.7

                                                                                                   0.8

                                                                                                   0.9

t
1

 = 0.1 t
0

t
1

 = 0.2 t
0

t
1

 = 1.0 t
0

(a) Inductive current rampup with transformer

-6 -4 -2 0 2 4

-6 -4 -2 0 2 4

                                                                                                   0.1

                                                                                                   0.2

                                                                                                   0.3

                                                                                                   0.4

                                                                                                   0.5

                                                                                                   0.6

                                                                                                   0.7

                                                                                                   0.8

                                                                                                   0.9

t
1

 = 0.1 t
0

t
1

 = 0.2 t
0

t
1

 = 1.0 t
0

(c) Current Drive Rampup with 90% Bootstrap

current peakedness q*/q
0

-6 -4 -2 0 2 4

                                                                                                   0.1

                                                                                                   0.2

                                                                                                   0.3

                                                                                                   0.4

                                                                                                   0.5

                                                                                                   0.6

                                                                                                   0.7

                                                                                                   0.8

                                                                                                   0.9

t
1

 = 0.1 t
0

t
1

 = 0.2 t
0

t
1

 = 1.0 t
0
ini tial and final

final
ini tial

ini tial

final

                                                 Figure 11 :  Profiles of (a) c urre nt drive source in flux e volution equation, (b)

                                                 curre nt drive source multiplied by plas ma res istivity, and (c ) curre nt drive

                                                 source in c urre nt e volution equation.

                                                                                                           0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
h jCD

                                                                                                        0

                                                                                                        5

                                                                                                     10

                                                                                                     15

                                                                                                           0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
jCD

                                                                                                   0.0

                                                                                                   0.5

                                                                                                   1.0

                                                                                                   1.5

                                                                                                   2.0

                                                                                                   2.5

                                                                                                   3.0

                                                                                                   3.5

f
BS

 = 0.90

f
BS

 = 0.50

f
BS

 = 0.0

normal ized radi us r/a

                                                                                                          0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

SCD

                                                                                                -200

                                                                                                -100

                                                                                                       0

                                                                                                  100

                                                                                                  200

                                                                                                  300

                                                                                                  400

                                                                                                  500

34