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The definitions and correlations existing between
different terms used by physicists and engineers are
clarified in order to deal with the assessment of the po-
loidal flux requirement in a fusion experiment.

The theoretical formulation of both the Faraday
and the Poynting methods, for the internal flux eval-
uation, is briefly reviewed. Heuristic expressions that
allow estimates of internal flux consumption are re-
ported for the specific case of an ignition experiment
represented by the Ignitor configuration.

The analytical and heuristic results for both inter-
nal and external poloidal flux requirements are checked
against numerical evaluations carried out by using the

-~ TSC transport and magnetohydrodynamics code and

the TEQ. equilibrium code. A fairly good agreement
. between the different estimates is found. This suggests
that simple heuristic expressions can be used to evalu-
ate the poloidal flux requirement of future experiments,
- even if a detailed simulation of the plasma current
penetration process is strongly recommended to cor-
rectly assess and optimize the resistive poloidal flux
consumption.

Finally, the poloidal flux requirement for different
plasma scenarios in the Ignitor experiment is compared
with the magnetic flux variation that can be delivered
by the poloidal field system.

I. INTRODUCTION

The Ignitor tokamak!~® is designed to reach and
investigate fusion burning conditions for deuterium-
tritium (D-T) plasmas. To achieve this objective, the
strategy involves an optimal combination of ohmic and
alpha-particle heating.* Because of the importance of
the ohmic heating, it is essential to be able to estimate
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the poloidal flux requirement of the current ramp and
flattop phases of the discharge. The current ramp phase
is the most poloidal flux consuming part of the dis-
charge. Therefore, close attention must be paid to its
analysis because a small error could result in a large
contraction in the duration of the flattop phase if an
adequate poloidal flux margin is not provided.

The problem of the evaluation of the poloidal flux
required to induce a certain value of plasma current in
a specific tokamak configuration can be solved by using
magnetohydrodynamic (MHD) and transport codes
such as TSC (Ref. 7) or WHIST (Ref. 8). The TSC
code, for example, once the external coil positions, the
desired plasma current, and the shape and position are
provided as input, is able to model the plasma dis-
charge, evaluating all the plasma parameters and pro-

files (for current, pressure, temperature, etc.), including

the plasma poloidal flux requirement. This last quan-
tity is due to an inductive term, which is proportional
to the value of the magnetic energy stored in the
plasma, and a resistive term, which is related to the en-

~ergy dissipated during the plasma current penetration

process. The code results clearly depend on the mod-
els assumed for the plasma resistivity and the diffusion
coefficient for the plasma thermal energy. The good
benchmarks of these codes against experimental data
provided by several existing tokamaks have proven the
accuracy of the models and of the numerical schemes
used in the codes. On the other hand, these codes are
complicated and consume large amounts of CPU time.
Simpler and faster equilibrium codes, such as the TEQ
code,? can be used to calculate the inductive part of
the plasma poloidal flux requirement once the final
plasma shape, position, and profiles for current and
pressure have been assumed or evaluated with a trans-
port code. The evaluation of the resistive part requires
a time-dependent simulation of the plasma current pro-
file evolution and, therefore, cannot be carried out by
an equilibrium code. In recent years, heuristic analyt-
ical models for the inductive flux consumption have
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been derived, and empirical scaling laws for the resistive
requirement have been drawn from existing tokamak
data. These simplified models have been extensively
used to predict the poloidal flux requirement of future
tokamak experiments.

In this paper, we present results for the Ignitor con-
figuration obtained from the TSC and TEQ codes, and
we check them against results provided by the heuris-
tic models. This comparison is useful to verify the pos-
sibility of applying the heuristic models to a tokamak
configuration that presents plasma parameters never
achieved before. Furthermore, this double check of the
poloidal flux requirement assumes particular impor-
tance in the Ignitor design because, as in the design of
other high-field, compact tokamaks, the poloidal mag-
nets are pushed close to their maximum allowable op-
erating temperature to achieve an adequate flux swing
to produce the desired plasma current and maintain it
for a time interval adequate to fulfill the physics mis-
sion of the experiment.

il. POLOIDAL FLUX BALANCE EQUATION

To introduce these empirical models, we first derive
an equation for the time variation of the magnetic flux
in the plasma-poloidal field (PF) coil system. We proceed
heuristically, making use of the following considerations:

1. The flux balance satisfies the following equation:
AY. =AY, , (1)
where

AV, = fraction of the flux variation produced by
the PF coils that is used to drive the plasma
current

AY, = total plasma flux consumption.

2. The terms AV, and AV¥, can be divided, as a
function of the radial coordinate R, into terms internal
to the plasma for R, < R < R, (where Ry, =Ry —a is
the radial coordinate of the plasma boundary, R, and
a are the major and minor radii of the plasma cross sec-
tion, respectively, and R = R, is the coordinate of the
plasma magnetic axis) and terms external to the plasma
for 0 = R < R,. Therefore, we can write

A‘I’C(Ra) = A\I’c,inl(Ra) + A“I/c,e)(t (2)
and '
A\I’p(Ra) = A\I/int(Ra) + A‘Ilext ’ (3)

where it has been specified that the internal and total
values of the poloidal flux are evaluated up to the lo-
cation of the magnetic axis (the external component
is clearly evaluated at the plasma boundary). Before
substituting Eqs. (2) and (3) into Eq. (1), it is oppor-
tune to specify how the different terms are defined and
calculated.
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3. Inside the plasma, we can write
AYin (Ry) = AV + AV, 4)
where
AVY,,, = internal inductive flux consumption
AV, = internal resistive flux consumption.

To evaluate the internal inductive flux consumption, it
is possible to proceed in two different ways. This gives
rise to two different formulations of the flux balance
equation, Eq. (1).

4. The term AV¥,,, can be evaluated by using only
the poloidal magnetic field produced by the plasma cur-
rent (AV¥,,4 ,, where the subscript p refers to the plasma
poloidal magnetic field). In doing so, it becomes nat-
ural to write the flux balance equation by assuming the
magnetic axis as the reference point. Thus, Eq. (1) can
be rewritten as

A‘I/c‘, inl(Ra) + A\ch,exl = A\I'(res + A\I,ind,p + A\I,ex{ .
(5)

5. Instead, if the inductive component is evaluated
by using the total poloidal magnetic field required by
the plasma equilibrium (AV¥,,,;, where the total mag-
netic field is given by the superimposition of the field
produced by the plasma current and the poloidal field
produced by the external field coils), the internal con-
tribution from the PF coils [AY, ,,,(R,)] is already
taken into account [AVY ;= AV, , — AV, 4, (R,)]. In
this situation, by using the total poloidal magnetic field,
it is reasonable to write a flux balance equation at the
plasma boundary, where the flux still internally needed
by the plasma (AV,., + AVY,,,) must be equal to the flux
available at the plasma boundary (AV, .., — AV ,.,):

A\Pc, ext A\I’exl = A\Pms + A\Ijind (6)
and, therefore, to rewrite Eq. (1) as
A\I/C, ext = AV, + AV, + AV, . (7

In this paper, we use By as the standard total poloidal
magnetic field because it is easier to compare with ex-
perimental data and numerical results. Therefore, we
use the flux balance at the plasma boundary, given by

Eq. (7).

6. Before proceeding, it is worthwhile to specify
some of the terms used in the left side of Eq. (6). In
particular, as far as the external poloidal flux consump-
tion and production are concerned, the plasma-PF coil
system can be reduced in a simplified way to three elec-
trical circuits reproducing the effects of the plasma (with
external inductance L,,, and toroidal current ,), the
transformer coils (with flux ¥,,,,..), and the vertical field
coils (with flux ¥,,,). The flux ¥,,,,.(R) in this ideal
model is produced by coils that give zero vertical field
in the plasma region and is therefore nearly uniform
over the entire region outside the transformer coils

51




IDAL FLUX REQUIREMENT

Rp) for Ry < R < R,]. Its value

by engineering constraints and does not

; ma configuration. Instead, ¥yer (R)
%3 ith the vertical field Byer (.R).requ_lged

sma equilibrium, which, in this sxmphf;ed
odel ,,IS;A” to be uniform over the plasma region
[Bden(R “Bvérl (RO) = Buert(Ra) for Rb =R= Ra] .
\I’vert(R) = WRZBUert(RO) s (8)

and the value of ¥, (R) is determined by the partic-
ular final plasma equilibrium. The external poloidal
flux variation supplied by the coils can be written as

AV o = AV (R,) — A¥ ini (R)
= A Mirans¥irans) + A¥pert (Rg)
— [AVyer (Ry) — A¥per (Ry)]
= A(Mirans¥irans) + A¥per (Rp)
= AMupansVirans) + AT Moere¥uer (R (9)
where

M rans» Myere = mutual inductance coefficients be-
tween the plasma and the respective
external circuits

¥,..(Ro) = opportune averaged value'® of the
poloidal flux produced by the exter-
‘nal coils inside the plasma region.

Following our definition, ¥, is uniform over the
plasma volume, and the value linked to the plasma
boundary is equal to the value on the magnetic axis.
Therefore, setting Mans Yirans = Yirans (Rp), We can re-
write Eq. (9) as

lA?c,exl = A\Iltrans (Rb) + A [Mvert‘i’ver[(RO)] . (10

The external poloidal flux variation at the plasma
boundary, considering what happens outside the
plasma, can therefore be written as

A‘ch, ext — A“Ilext
= AV ns (Rp) + A[Muert\i’vert(RO)] - A(Lexllcb) s
(1D

where L,,, and M,,,, are functions of the plasma equi-
librium alone!® and do not depend on the relative po-
sition between plasma and coils.

7. Rearranging the terms of Egs. (6) and (11), we
can rewrite Eq. (7) as —

A‘Iltrans (Rb) + A[Mvert‘i,vert(RO)]
=AV¥;q + A"I’res + A(Lext[qb) s (12)

where the right side represents the total poloidal flux
consumed by the plasma, already reduced by the inter-
nal contribution from the PF coils, and the left side is
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the available flux from the coils, which is linked to the
plasma column and drives the plasma current.

8. To provide the kind of information usually re-
quired by engineers, i.e., the value of the poloidal flux
variation in R, that the PF system must supply be-
tween time ¢ = 0 (breakdown) and time ¢, it is oppor-
tune to transform the poloidal flux balance, Eq. (12),
at the plasma boundary in the poloidal flux balance
equation in Ry, by adding to both sides the flux vari-
ation produced by the coils AV, ;,,(Ro) inside the
plasma regions between R, and Ry:

Vyere (Ro)
‘;{uerr ( R 0 )

A\I/C,in{(RO) = [1 - Muert }\Ifuerl(RO) )

(13)
we then obtain
A\I’trans(Rb) + A‘I'vert(RO)
= A\I/ind + A\Ifres + A(Lex11¢)
\i,vert(RO)
\I,uer!(RO)

where the left side represents the total flux supplied by
the coils in Ry

AY . (Ry) = A\I/(rans(Rb) + A‘I’vert(RO) s (15)

to link the amount A¥, ,,, to the plasma column. The
value of AV¥,.(R,) plus all the contributions from
higher order fields may be provided by an MHD and
transport code such as the TSC code. The right side of
Eq. (14) can be seen as an effective total poloidal flux
consumed by the plasma in Rg:

A\I’p(RO) =AVjy + AV, + AV (Ro) (16)
where AV, (R,) is given by
AY¥,y (Ro)

. {1 M., }wm,mo) L (4)

q’uerl(RO)

=A(Lody) + |1 = My, —20207
( e QS) 1: UEI\I/vert(RO)

] ‘I/vert (RO) .

(17

We define, as shown in Sec. II1.B, this effective exter-
nal inductance evaluated in R as

Lext (RO)

¥ v R
= Lext + [1 —Muert uert(RO)} uert( 0)

\I’uert(RO) Iqs

b

(18)

where the last term in the right side of Eq. (18) can be
interpreted!! as an additional term to the external in-
ductance L,,,, and, therefore, rewrite Eq. (16) as

A\I/p(RO) = AVjpg + AV + Al Loy (RO)I¢] . (19)

9. Now we add to the effective plasma consump-
tion in Eq. (19) the initial flux variation used during the
FUSION TECHNOLOGY
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breakdown phase of the discharge (AV¥eq1q) and the
poloidal flux reduction due to the presence of the boot-
strap current (AVY,):

A\pr<RO) =AV,q + AV, + A[Lex!(RO)1¢]
+ A‘I/breakd - A\I’,bs . (20)

Note that except for the initial breakdown flux varia-
tion, the resistive contribution is proportional to the
toroidal plasma current variation Al = I,. Thus, to
include the reduction due to the bootstrap current /p;,
it is sufficient to define an effective plasma current in-
duced by the PF system as

Ly =1, Iy , 21
and to rewrite Eq. (20) as
AV, (Ro) = AV (1) + AV s (L)
+ A[ Lo (R ] + A¥eapa - (22)

10. In summary, the exact balance equations, at
different radial locations, are

at the plasma center Ry:
AV rgns + AV e (Ro)
= AV, (1y) + AV, (Logr)
+ AlLew (Ro) g1 + A¥preaka (23)
at the plasma boundary Ry:
AV s + Ao (Rp)
= AV, (1y) + AY,es (Loyr)
+ AlLexdy] + AV¥phreana (24)
at the magnetic axis R,:
AV rans + AV e (Ry)
= AV p (Lg) + AV e (Legy)
+ AL 1y] + A¥preaka
= AV (1) + DAY es(Legy)
+ AlLea (R 1] + AVpreard (25)

where L, (R,) is defined, following the same proce-
dure used for L., (Ry), as

Lext (Ra)
\i/uerl (RO) \I/verl (Ra)
\Iluerl(Ra) [<25

= Lext + 1= Mve’rl

(26)

In the rest of the paper, we refer to the balance equa-
tion at the plasma center given by Eq. (23).

The internal flux consumption [AV¥;,,([y) +
AV,.5(Ls)] is the most difficult term to evaluate. In
the following sections, we discuss two different meth-
ods'>!? and present analytical and numerical results
obtained for Ignitor.
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Iil. HEURISTIC MODELS

LA, Internal Flux Requirement

The internal flux used to drive a certain plasma cur-
rent has been divided into two parts: inductive (non-
dissipative) and resistive. The two methods that are
examined, briefly reiterating the exposition presented
in Ref. 14, give different ratios of the dissipative part
of the internal flux consumption with respect to the
nondissipative part, although the overall internal flux
requirement should be the same.

II1.A.1. Poynting Method

Starting from Faraday’s and Ampere’s laws,!? !¢
dB
P v «E @7)
at
and
wod =V xXB, (28)

and taking the scalar product of Eq. (27) with B, and
Eq. (28) with E4 (where ¢ and 6 indicate the toroidal
and poloidal directions, respectively) and subtracting
the two equations, we obtain

dB}

Theintegration of Poynting’s theorem, given by Eq. (29),
over the plasma volume gives the poloidal magnetic en-
ergy balance'*:

1 9B} f
| — e av- | E, 0 av

fvzﬂo at yo o ;
= =V, (Ry, t) s (1) . (30)

Now solving Eq. (30) with respect to the toroidal loop
voltage V4 (R, ), neglecting a term due to change in
the geometry, and integrating over time, we obtain the
Poynting energy form of the poloidal flux balance:

Aqf{;,efnuzb,z)dr
[ dr [9Wp, (1) f | }
”fl__—_¢(t)[_——-at + ] Eedsadv), QD

where

AVY?%, = total internal flux variation (the super-
script P refers to Poynting method)

BZ
W, (1) = f 5—"—dV
Vv &R0

= poloidal magnetic energy content of the
plasma.

Now defining an internal inductance
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Nassi
. Wy (L
P = lioRo/I(f) _ %,_zf;l(.,) , (32)
int 2 1(15([)
where the Shafranov inductance /;(7) is given by
B AW, (1)
() = ——2 (33)
MOROI(;)(”
and defining an effective resistivity
o)
R.yp= —— | E,-J,dV 34)
T
we can rewrite Eq. (31) as
aLt (f)
A‘I';,;z = A[Lml ( )] f Id,(f) o 8[[
+ f[¢(f)Reff(f) dr (35)

where the second term on the right side of Eq. (35),
which was originally!? defined as part of the inductive
flux, depends on the plasma evolution. Instead, follow-
ing the notation'® originally attributed to Sugihara, we
can define the effective internal inductive flux variation
linked to the external circuits as'®!?

AVE4(8) = A[LL () 1,(1) (36)

and the flux dissipated to establish the poloidal mag-
netic energy content of the plasma as

1 Ll (¢
M,’;Szﬂ*zlm ’5}3 +1¢<r>Reff<z)] dr .

(37

Therefore, we can rewrite the internal poloidal flux bal-
ance as

AVE = AVE 4+ AVE (38)

In this way, as reported in Ref. 16, the internal induc-
tive flux A¥? , becomes a property of any equilibrium
and can be evaluated by time-independent equilibrium
calculation. The internal resistive flux A¥Z , which in-
cludes the dissipation associated with plasma current
penetration process, requires a time-dependent simu-
lation of the current profile evolution.

1I1.A.2. Faraday Method

In this approach,'®!* the magnetic flux balance

is derived by integrating Faraday’s law [see Eq. 27)]

over a toroidal strip S; bounded by the magnetic axis
(R = R,) and the plasma edge (R = Ry):

[
Se 6t

-dSy = f (VX E)-dS,
Sy

:f E-dl, -55 E-dl,
R Ry

= Vo(Rot) = Ve(Rp, 1) . (39)
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Now, defining the inductive component AV¥Z , as

\I/md = f BB’dSG s (40)
S

4
solving Eq. (39) with respect to V, (R, 1), neglecting
a term due to change in geometry, and integrating over
time, we obtain the poloidal flux equation:

AYE (1) EIV¢(Rb,t)dt

\I’IH
= f[Vd)(Ra,[) + waTd dr . (41)
By defining an internal inductance
' 28
Lﬁu o Roh; ([) ind i 42)
2 1,
where the flux inductance A4;(¢) is given by
2vE
Bty = o @3)
roRoly

we can rewrite the magnetic flux balance equation as
AVE (1) = ALLL (O, (0)] + de)(Ra,t) de . (44)

Note that the flux inductance #; is different from the
Shafranov inductance /; used in the Poynting method,
which was defined by the magnetic energy content of
the plasma. The first term in Eq. (44), representing the
internal inductive flux variation, depends only on the
particular plasma equilibrium and can be calculated
using a time-independent equilibrium code. The last
term can be rewritten as

J(;b(R(lyt)
= —_— 4
fV¢(Ra,t)dt ZWRaf o(Ro.1) dt (45)

and it represents the resistive loss on the axis [o(R,,!)
is the plasma conductivity and Jy4 (R, f) is the toroidal
plasma current density on the axis]. As with any other
dissipative term, it must be evaluated from a time-
dependent simulation.

lI1.B. External Flux Requirement

The effective external plasma flux variation eval-
uated at the plasma center is given, as shown in Sec. I,
by

A\I,ext(RO) = A[Lext(RO)[d;]
‘iluerl(RO)
= ALy ly] + |1 — My 2220
[ o QS] vert \I/uert(RO)
X \I,uerl(RO) s (46)

where the plasma self-inductance L,,, and the mutual
inductance M,,,, depend only on the geometric char-
acteristics of the last closed flux surface. The value of
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M ., can be calculated if a reference value for the av-
erage flux ¥, (Ry) produced by the vertical coils is
specified. Assuming, as has been done in Ref. 10, that

Vyort (Ro) = TREByer (Ro) | (47)

where B, (Ro) is the vertical equilibrium field, the

last term in Eq. (46) can be simplified and rewritten
1

as

‘I/uer (R )
[1 - vert mt—““g’:!‘l’verf(RO)
\Puert(RO)
=(1- Mvert)"rRéBuer[(RO) s (48)

and using the Shafranov formula for By, (Ry),

,LL01¢ SRO ) 1,‘ - 3
By (Ry) = £07¢ 1) Y A TS
t( O) 47FR0{H<QKI/2 Bp > ( )

where
a = plasma minor radius
x = elongation of the plasma cross section
B, = plasma poloidal beta,

we obtain the following expression for the effective ex-
ternal inductance evaluated in Ry:

R
Ko 9%

Loyt (Rg) = Lex{ + - Muerl)

8R li =3 .

X ]:Iﬂ(ﬁ) + Bp + vzjl . (50)

For a circular plasma with a large aspect ratio, we have
M., = 1and

Lo = poRolIn(8Ry/a) — 2] , (51

while for a toroidal configuration with an inverse as-
pect ratio e = a/Rg and an elliptical cross section with
elongation «, L,,, and M,,,, must be evaluated numer-

ically. Useful analytical formulas for L,,, and M,,,,

were obtained in Ref. 10 for an elliptical cross section
by fitting numerical results:

Loyt = poRo[ f1(e)(I = e)]/[1 — e+ fo(e)k] (52)
and
Moere = [(1 — €)21/[(1 — €)*f3(e) + fale)x?],

v (53)

where

Si(e) = (1 + 1.81€¢'? + 2.05¢)In(8/¢)

— (2 +9.25¢2 — 1.21€) ,

Sale) = 0.73¢V2(1 + 2e* — 6€° + 3.7¢%)

S3(e) = 1+ 0.98¢? 4 0.49¢* £ 1.47¢5
and

Sa(e) = 025¢(1 + 0.84¢ — 1.44¢%) . (54)
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IV. APPLICATION TO THE IGNITOR COMFIGURATION

IV.A. Plasma Scenarios

The basic reference plasma dimensions and param-
eters of Ignitor'’ (see Fig. 1) are reported in Table I.

To design a PF system able to meet the require-
ments of different plasma performances and param-
eters, several plasma scenarios have been analyzed by
means of the TSC modeling code, to discover which
one presents the greatest demands. In particular, we
present the results relative to seven different plasma sce-
narios where a maximum plasma current /, of 8, 10,
or 12 MA is induced by using different durations of the
current ramp phase, different values of the injected
power, and different locations of the magnetic null
point at the breakdown (close to the inside or the out-
side limiter). The main parameters of these scenarios
and the corresponding plasma performances, relative
to the time ¢ when the maximum plasma temperature
(cases 1 through 4) or when ignition is reached (cases
S through 7), are reported in Table II. Here, the per-
formance parameter Q is defined under transient con-
ditions as Q = (5P,)/ (P, + Py,; — W), where Wis
the rate of change of the internal energy. Figure 2 re-
ports typical poloidal magnetic flux contours (case 7,
Table II) for a plasma at the start of the TSC calcula-
tion and at the beginning of the flattop. The final con-
tours are similar for all cases. The transport models
used in these simulations, as well as all the other input
parameters, are the same as in Ref. 6. We write the
total electron thermal diffusion coefficient as

Xo = X(l,)h + X(fum«()h , (55)
oh

where x2” is an extension®*® of the Coppi-Mazzucato-
Griiber '®1? diffusion coefficient to regimes in which
ohmic heating is no longer dominant, and x/°"°% is an
anomalous electron heat diffusion coefficient arising

when non-ohmic heating is present.”® In particular,

xJ2omof is given by
xJomor = <——*~——Phem - POh)C"”XXf“X , (56)
Pheal
where

Pheqr = total input power (Pieor = P,y + P, + Py,
where P, is the ohmic heating power, P,
is the alpha-particle heating power, and
P, is the injected heating power)

C = numerical coefficient

xZ** = anomalous electron heat diffusion coeffi-

cient due to the combined excitation of the
“ubiquitous” trapped electron mode?2%2!
and the collisional impurity-driven mode.?

The numerical coefficient C*** is evaluated in such a
way that the total energy confinement time 75 repro-
duces present-day experiments with injected heating in
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(D PLASMA CHAMBER
@ TOROIDAL MAGNET
(3 SHAPING COILS
(@ EQUILIBRIUM COILS
(5 OUTER TRANSFORMER COIL
® EQUATORIAL PORTS
(?) CENTRAL SOLENOID
(8 SHAPING AND TRANSFORMER COIL
(9 AXIAL PRESS
(O CENTRAL POST
@ c-CLAMP
(D BRACING RING
(@ TENSIONING WEDGES
Ry = 1320 mm
a= 470 mm
b = 870 mm

Fig. 1. Axonometric view of the Ignitor machine. The plasma column has R, (major radius) = 1.32 m, @ X b (minor ra-
dif) = 0.47 x 0.87 m?, and & (triangularity) = 0.4. The toroidal plasma current is 1, < 12 MA, and the toroidal field
on axis is B, < 13 T, with a further contribution from paramagnetic effect [AB, = 1.5 T for a poloidal (paramag-

netic) current /y < 10 MA].

the so-called L mode. The ion thermal diffusion coef-
ficient is written as>®

Xi = X0+ vixlomon (57)
where

~x{®° = collisional (so-called neoclassical) diffusion
coefficient?

v; = numerical coefficient typically in the range
between 0 and 2 (v, = 0.5 in the simulations
reported here).

In cases 5, 6, and 7, all the data and the evaluation
of the poloidal flux requirement refer to the time when

TABLE I

Reference Design Parameters
of the Ignitor Configuration

Major radius of the plasma column Ry=1.32m
Minor radius of the plasma cross section a = 0.47 m
Triangularity of the plasma cross section &g = 0.4

Elongation of the plasma cross section  « = 1.85
Plasma current in the toroidal direction [, < 12 MA
Vacuum toroidal magnetic field at R, By =13T
Safety factor at the plasma edge gy(a) s3.5
Injected heating power (ion cyclotron

resonance heating at f = 130 MHz) P s 18 MW
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ignition is achieved. This is justified because transport
simulations®®'7 have shown that after ignition is
reached, the maximum value of /, is not necessary to
sustain the ignited state since the fusion alpha-particle
power takes care of the power balance. Moreover, during
the rampdown of the plasma current, as has been shown
experimentally in the Tokamak Fusion Test Reactor 2
(TFTR) and confirmed by transport simulations,"” the
current density is reduced only in the external plasma
region (r = %a), and thus, the confinement properties
of the discharge do not deteriorate with respect to the
full plasma current case. Thus, if this operational pro-
cedure is adopted, the poloidal flux requirement reaches
a maximum at ignition and decreases afterward.

The values (evaluated from the TSC simulations)
at the start (SOFT) and end of the flattop or at igni-
tion (EOFT) of the Shafranov inductance /;, the flux
inductance #;, the poloidal beta f3,,, the bootstrap cur-
rent I, and the time-averaged value of the toroidal
loop voltage on the magnetic axis V;(R,) during the
flattop are reported in Table III for the seven plasma
scenarios described.

Note that the values of the internal inductance at
the SOFT are lower than those at the EOFT. This means,
because of the relatively short current ramp compared
with the diffusion resistive time scale and the relatively
high value of plasma current, the current profile at
the SOFT has not yet reached the steady-state, fully
penetrated profile (see Fig. 3). This feature is useful®®
to control the size of the region where the magnetic field
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TABLE I
Different Plasma Scenarios for the Ignitor Configuration
Case ¥
1 2 3 4 5
Plasma current, I, (MA) 8 8 10 10 10 12
Location of the null Out Out Out Out Out
Numerical coefficient, C“* 1.0 1.0 1.0 1.0 0.66 1.0 ,
Injected heating power, Py (MW) 0 10 . 0 10 0 0 0
Toroidal field at Ry, By (T) 10 10 1 S I O 13 13
Poloidal field, B, (T) 2.7 2.7 3.3 3.3 3.3 3.9 3.9
Vertical field at Rg, Byere (T) 1.2 1.2 1.5 1.5 1.5 1.8 1.8
Rampup time for Iy, £, (8) 3.0 30 3.5 3.5 3.5 4.0 3.0
Time, ¢ (s) 9.0 9.0 8.5 8.5 5.5 5.0 4.3
Peak electron density, 7,0 (102 m ™) 8.0 8.0 9.0 9.0 9.0 10.5 10.5
Peak temperature, Tg (keV) 6.4 11.4 9.7 17.2 | 132 11.8 11.0
Energy confinement time, 7z (s) 0.71 0.35 0.53 0.28 ¢ 0.57 0.59 0.66
Alpha-particle power, P, (MW) 2.3 10.3 10.8 38.0 20.0 21.0 17.8
Ohmic power, Py, (MW) 6.1 4.0 7.1 4.0 5.8 8.9 9.5
Effective charge, Zgy 1.2 1.2 1.2 1.2 1.2 1.2 1.2
Performance parameter, Q 2.0 4.0 8.0 14.0 [ oo oo

line parameter ¢ is less than or equal to 1, and to avoid
the excitation of sawtooth oscillations. It also means
that a significant amount of poloidal flux must be pro-
vided during the flattop to compensate not only for the
resistive loss, but also for the increase in the magnetic
energy content of the plasma. Furthermore, the slow
inward diffusion of the plasma current compared to the
growth of the central temperature generates an inho-
mogeneous toroidal loop voltage (see Fig. 4) that is

peaked near the plasma edge and allows a large value -

of ohmic heating®® at a high central temperature, as
shown in Table IL.

The values of A; reported in Table I1I, which were
obtained from a TSC simulation, have been checked
against the values obtained by means of equilibrium
calculations carried out with the TEQ code and with the
following experimental relationships!® that correlate
the value of A; to the value of /;:

, 1.01 x [, + 0.48 for [; = 0.75 (58)
LS x 4015 for =075 . (59)

As shown in Table IV, for a particular plasma sce-
nario (case 6, Table II), the three different evaluations

TABLE 111

TSC Evaluation of /;, h;, Ips, and V4(R,) for Different Plasma Scenarios

Case
1 2 4 5 6 7

I; (SOFT) 0.68 0.68 0.68 0.68 0.68 0.68 0.64

[; (BOFT) 1.04 1.04 1.0 1.0 0.86 0.78 0.76

h; (SOFT) 1.14 1.14 1.14 1.14 1.14 1.14 1.08

h; (EOFT) 1.53 1.53 1.49 1.49 1.35 1.27 1.25

B, (SOFT) 0.11 0.15 0.10 0.13 0.10 0.09 0.09

B, (BOFT) 0.14 0.20 0.15 0.23 0.15 0.15 0.13

I,s (SOFT) (MA) 0.48 0.7 0.55 0.8 0.55 0.6 0.6

Iy (EOFT) (MA) 0.52 0.9 0.7 1.0 0.95 1.1 1.0

V,(Ry) (V) 0.42 0.18 0.38 0.15 0.32 0.3 0.3
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Fig. 2. Typical poloidal magnetic flux contours for a plasma starting on the inside limiter (case 7, Table II): (a) at the start
of calculation and (b) at SOFT. The lower piots show the normalized poloidal flux on the horizontal midplane (in

Whb/27). The final current is /, = 12 MA, and By

of h;, for the same value of /;, differ by only a few

percent.

These results show that the internal inductive flux
consumption can be evaluated correctly by using an
equilibrium code or, at least for this Ignitor configu-
ration, by means of a simple experimental scaling with
[;, such as the one derived by the Joint European To-
rus (JET) Team.'®

IV.B. Estimates of the Poloidal Flux Requirement

All seven discharges produce at SOFT, and main-
tain throughout the flattop, the plasma configuration
that is described in Table I. Therefore, the external in-
ductance L,,, and the mutual vertical inductance My,
which are functions of geometrical parameter only, will
be the same in all the discharges [from Egs. (51) through
(54), we obtain L., = 1.21 (uH) and M, = 0.68]. Fur-
thermore, the additional term contained in Ley (Ro),
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~ 13 T. The final contours are similar for all the cases.

which is a function of /; and 3, does not change sig-
nificantly, as shown in Table V. In this table, the val-
ues of L, (Ry) at SOFT and at EOFT, evaluated
using Eqgs. (51) through (54) and the Ignitor parameters

TABLE IV

Comparison Between Values of h; Derived
from Experimental Relationships and
TSC and TEQ Simulations for Case 6

Experimental
Method Relationships TSC TEQ
l; (SOFT) 0.68 0.68 0.68
h; (SOFT) 1.14 1.16 1.17
l; (EOFT) 0.78 0.78 0.78
h; (EOFT) 1.27 1.29 1.31
FUSION TECHNOLOGY VOL. 24 AUG. 1993
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Fig. 4. Time evolution of the toroidal loop voltage as a func-
tion of the plasma radius, for case 7 of Table II.

reported in Tables I, II, and III, are compared with the
values obtained by means of TSC and TEQ simula-
tions. Note that the value of the external inductance
given by the TEQ is the value L., (R,) [see Eq. (26)],
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TABLE V

Comparison Between Values of Lew (Ry) Derived
from Analytical Formulas and TSC and
TEQ Simulations for Case 6

Analytical
Method Formulas TSC TEQ
Lo (Ry) (SOFT) 1.44 1.42 1.42
Lew(Ro) (EOFT) 1.46 1.44 1.44

evaluated at the magnetic axis, as is the value given by
any other equilibrium code, and must therefore be cor-
rected before being compared with the other estimates.

Thus, to find out which discharge of two with the
same plasma current requires a larger poloidal flux, it
is sufficient to compare the internal flux requirements.
Looking at Tables IT and III, we can see that the two
auxiliary heated discharges (cases 2 and 4) should
present lower poloidal flux requirements than the cor-
responding ohmic discharges (cases 1 and 3) because of
a reduction in the resistive consumption. In particular,
this reduction, evaluated to be ~2 V-s by TSC simu-
lations, is due to two phenomena occurring in the aux-
iliary heated discharges:

1. an increase in the bootstrap current and thus a
reduction in the effective plasma current 7,/ in-
duced by the PF system [see Eq. (21)]

2. anincrease in the plasma temperature and thus
a reduction in the plasma resistivity, as shown
by the values of V,(R,) in Table III.

The 10-MA discharge that reaches ignition (case )

clearly requires a lower poloidal flux swing than the one
that does not reach ignition (case 3), because of a re-
duction of all the internal terms. A comparison of cases
3 and 5 is useful to underline the relatively high degree
of uncertainty in the prediction of the plasma perfor-
mances. A small reduction in the non-ohmic compo-
nent (see C** in Table II) of the thermal diffusion
coefficient® is sufficient to allow the 10-MA discharge
(see case S5, Table II) to reach ohmic ignition with an
energy confinement time that is still comparable with
the prediction of L-mode scalings.

As far as cases 6 and 7 are concerned, it can be
inferred that case 6 will require a larger poloidal flux
variation (evaluated to be ~1 V-s by TSC simulation)
because it takes a longer time to reach ignition (5.0 s
compared with 4.3 s) and thus requires larger resis-
tive consumption, and also because it presents a larger
value of the internal inductance (larger magnetic en-
ergy content in the plasma and thus larger inductive
requirement).

Therefore, to evaluate the maximum poloidal flux
variation that must be produced by the transformer, we
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concentrate our analysis on cases I, 3, and 6. In par-
ticular, we estimate the poloidal flux requirement by
using heuristic models, developed in the f ramework of
the International Thermonuclear Experimental Reac-
tor (ITER) activity!>!¢ on a large tokamak data base.

These heuristic models,!>!¢ based on the Poynting
and Faraday approaches, give the following expression
for the dissipative component (including the flux vari-
ation used for the breakdown) of the poloidal flux
requirement:

AV, + AV oika = (CrjimatroR0) gy (V-8) , (60)

where the suggested values'® for the Ejima coefficient
are Cgjimng = 0.4 for the Poynting approach and Cgjipg =
0.16 for the Faraday approach. Note!>!¢ that the
Ejima coefficient has been chosen so as to fit empiri-
cal data coming from different machines. As pointed
out in the original paper by Ejima et al.,” there was
considerable scatter of the data about the line of best
fit, attributable to differences in the way the discharges
were programmed through the current rise.

In Table VI, the evaluations of the poloidal flux re-
quirement at the SOFT given by the two heuristic mod-
els are compared using the data reported in Tables I
through IV. In particular, as far as the resistive com-
ponents are concerned, the heuristic expression contain-
ing the Ejima coefficient was used to determine the
values at SOFT, as suggested in the literature.'*!6:3°

In comparing the results obtained by using the two
methods, note the good agreement on the value of the
total internal flux consumption A¥,;,,, which confirms
that the relationship between the Ejima coefficient for
the two methods suggested by the ITER Team is con-
sistent with the relationship of 4; to /;, reported by the
JET group in Ref. 16. As expected, the Poynting ap-
proach predicts a smaller inductive poloidal flux con-
sumption and thus a larger dissipative part of the
magnetic flux requirement. The large dissipative com-
ponent in the Poynting method may be misleading'®
since “a little of this could be saved without reducing
current penetration and thereby risking instability.” The
only resistive consumption that can be reduced, by
using noninductive current drive, is the resistive loss on
axis.

Taking into account the good agreement between
the Faraday and the Poynting methods, from now on
we use only the results of the Faraday approach for a
rapid comparison with the results obtained with the
TSC code (which presents its results according to the
Faraday method). The TSC code’ follows the plasma
evolution from the beginning of the current ramp and
takes into account the reduction due to the bootstrap
current and the exact plasma shape.*® Table VII
shows that the TSC results are in good agreement with
the estimates derived from the heuristic model. The val-
ues at EOFT have been estimated, in the heuristic
model based on the Faraday approach, by adding to the
value at the SOFT the resistive consumption on axis
during the flattop. This last value may be approximated
as V4 (R,) X Alfuuop, where the value of Vi (R,) was
derived from TSC simulations (see Table III) and
Alfig0p 1s the duration of the flattop phase of the
discharge.

The estimates differ in the external inductive flux
variations. This is mainly due to minor variations of the
plasma parameters obtained in the TSC simulations
compared with the reference parameters reported in Ta-
ble I. Furthermore, the analytical estimates are evalu-
ated for an elliptic configuration and do not take into
account the significant triangularity of the Ignitor
plasma cross section. Therefore, a second-order vari-
ations should be expected.

The differences in the evaluation of the internal in-
ductive terms clearly reflect the variations found (see
Table I'V) in the estimations of #;. The other discrep-
ancy is found in the resistive components, confirming
the relatively high degree of uncertainty in the value of
the Ejima coefficient. In fact, the resistive flux con-
sumption strongly depends on the characteristics of the
plasma current penetration phase. Numerical TSC sim-
ulations (see Table VIII) have shown that by program-
ming the plasma density evolution, it is possible to
reduce the dissipative consumption by ~0.7 V-sin the
three reference cases. This is accomplished by slowly
increasing the plasma density during the first part of
the current ramp in order to reach a relatively high peak
plasma temperature (75 = 4 keV), and thus a low
plasma resistivity, as soon as possible. The values of the

TABLE VI

Comparison Between Faraday and Poynting Methods in Estimating the Internal Flux Requirement (V -s)
at SOFT for Different Plasma Scenarios

Case 1 3 6
Model Poynting Faraday Poynting Faraday Poynting Faraday
AY,., (SOFT) 4.5 7.6 5.6 9.5 6.8 11.4
AVY,., (SOFT) 5.3 2.1 6.6 2.7 7.9 3.2
AY,., (SOFT) 9.8 9.7 2.2 12.2 14.7 14.6
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Comparison Between Faraday Method and TSC in Estimating the Poloidal

Flux Requirement (V-s) for Different Plasma Scenarios

POLOIDAL FLUX REQUIREMENT

Case 1 3

Model Faraday TSC Faraday TSC Faraday TSC
AV, (SOFT) 7.6 7.6 9.5 9.8 11.4 11.7
AV, (SOFT) 2.1 2.82 2.7 2.92 3.2 3.32
AV, (SOFT) 9.7 10.4 12.2 12.7 14.6 15.0
AV, (Ry) (SOFT) 11.5 11.4 14.4 14.2 17.3 17.1
AY,(Ry) (SOFT) 21.2 21.8 26.6 26.9 31.9 32.1
AVY,.4 (EOFT) 10.2 10.5 12.4 12.3 12.7 12.8
AVY,.. (EOFT) 4.6 5.3% 4.6 4.8% 3.5 3.62
AY,,, (EOFT) 14.8 15.8 17.0 17.1 16.2 16.4
AV, (Ry) (EOFT) 11.8 11.6 14.7 14.5 17.5 17.3
AY,(Ry) (EOFT) 26.6 27.4 31.7 31.6 33.7 33.7

0.8 V-s added for the breakdown phase.*
TABLE VIII
Flux Requirement (V -s) for Flux-Minimizing Plasma Density Evolution

Case 1 3

Model Faraday TSC Faraday TSC Faraday TSC
AV, (EOFT) 10.2 10.5 12.4 12.3 12.7 12.8
AV, (EOFT) 4.6 4.6* 4.6 4.1* 3.5 2.98
AV, (EOFT) 14.8 15.1 17.0 16.4 16.2 15.7
AV, (Ry) (EOFT) 11.8 11.6 14.7 14.5 17.5 17.3
AV, (R,) (EOFT) 26.6 26.7 31.7 30.9 33.7 33.0 -

0.8 V-s added for the breakdown phase.”

plasma parameters at EOFT or ignition are the same
as the ones reported in Tables II and I11. Clearly, this
procedure must allow an adequate current penetration
rate to satisfy stability criteria and to guarantee a suf-
ficient level of ohmic heating. The TSC estimates for
cases 1, 3, and 6 with this flux-minimizing plasma den-
sity evolution are reported in Table VIII.

The values of A¥,(R,) reported in Table VIII are
still lower than the maximum value of poloidal flux
variation that can be delivered in R, by the PF system
considered in the Ignitor design.!’

IV.C. Engineering Requirement

One of the results of the TSC code is the time evo-
lution of the current and voltage in all the coils for a
particular plasma scenario. With this information, it
is possible to verify the design of the PF system and,
in particular, the capability of the transformer to de-
liver the necessary poloidal flux swing.
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It is also possible to obtain, according to Eq. (15),
the flux variation that must be delivered by the ohmic
transformer, even if in a more qualitative way, by start-
ing from the total poloidal flux requirement and then
reducing this value by the contribution AVY,, (R).

The plasma poloidal flux requirement at the plasma
center A¥,(Ry), the flux variation produced by the
vertical field coils AV, (Rg), and the flux variation
that must be produced by the transformer at the plasma
boundary AV¥,,...(R) are reported in Table IX for
the three reference plasma scenarios. The value of
AVY,(R,) is obtained from TSC simulation, while
AV, (Ry) is calculated, according to our simplified
model, by using Eq. (8) and the data reported in Ta-
bles I and II.

These results show that the most demanding sce-
nario, in terms of the flux swing required by the trans-
former, is represented by both the 12-MA scenario and
by the 10-MA plasma current discharge that does not
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TABLE IX

Values of A‘Pp(RO)s A\I/Uer!(RO)’ and A\Iltrans(Rb) (VS)
for Different Plasma Scenarios

Case
1 3 6
AY,(Rg) 26.7 30.9 33.0
AV (Rg) 6.6 8.2 9.9
AV ns (Rp) 20.1 22.7 23.1

reach ignition. This is not completely surprising if we
take into account that even if the plasma current is
larger in the 12-MA discharge,

1. ignition is reached early in the current flattop
phase when the plasma current profile is still
very broad (thus, a low inductive requirement)

2. the resistive requirement is lower because of the
early ignition, the higher plasma temperature,
and the larger bootstrap current fraction

3. the contribution of the vertical field is larger.

It may be useful to remember that a small reduc-
tion in the non-ohmic component (see C in Table II)
of the thermal diffusion coefficient® allows the 10-MA
discharge (see case S, Table II) to reach ohmic ignition
with a reduction of 2.5 V-s compared with the value
reported earlier.

IV.D. Evaluation of the Uncertainties

Here we try to estimate the uncertainties associated
with the value of the poloidal flux requirement given
earlier for case 3. To deal with this problem, it is eas-
ier to refer to the heuristic formulation of the problem
given, for example, by the Faraday approach, since the
uncertainties are related mainly to the internal compo-
nent of the flux.

As far as the inductive part is concerned, the un-
certainties are related to the variation of the flux induc-
tance A;. This problem assumes particular importance
in a pulsed machine because, as has been shown by the
results of the TSC simulation, the plasma current pro-
file does not reach a steady-state, completely penetrated
profile (see Fig. 3). Therefore, depending on the char-
acteristics of the specific model used for the current dif-
fusion process, different values of /; can be obtained.
By using the relationship between /; and #; [see Eqgs. (58)
and (59)], an upper boundary value for A, can be esti-
mated that takes into account empirical stability criteria,
in the space [gy (a),/;], for density limit disruptions.
In particular, based on the one determined in JET
(Refs. 26, 27, and 28), the maximum allowable value
of the Shafranov inductance is /; < 1.18 for gy (a) =
3.5. To this value of /; corresponds a value of A, that
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is ~12% higher than the one evaluated from the TSC
simulation for case 3 and used in the evaluation of the
poloidal flux requirement. Therefore, we assume an er-
ror of ~12% on AVY,,,.

The external component (proportional to L., and
M .,,) can be correctly evaluated, by means of a stan-
dard equilibrium code, once the plasma shape has been
fixed. The relatively mild dependence of L., (Ry) on
the internal current distribution /; and the plasma per-
formance 3, can be evaluated in ~5% of AV, (Ry)
from Eq. (50), assuming that the maximum value of /;
is =1.18 and the maximum allowable value of (8, is
=0.3.This boundary value of (3, is determined, in the
[gnitor experiment, by the excitation of possible insta-
bility of global plasma modes with a dominant poloi-
dal mode number m® = 1 (Ref. 5).

The error bar on the value of the Ejima coefficient
and the lack of knowledge of the precise characteris-
tics of the current rampup phase (in terms of the time
evolution of parameters, such as the plasma peak den-
sity, the density profile peaking factor, the impurity
level, the plasma shape, etc., that have influence on the
plasma resistivity) are the sources of uncertainty in the
resistive flux consumption. However, the experimen-
tal evidence'® (JET, D-III, and JFT-2M) shows that
high d1,/dt and high By clearly reduce the resistive po-
loidal flux consumption, and thus, these values of the
Ejima coefficient should be conservative for the Igni-
tor case. This fact is partially confirmed by the results
reported in Table VIII, where it is shown that the heu-
ristic models are in good agreement with the TSC code
in case 1, while for higher dI,,/dt and B, (cases 3 and 5),
they predict a larger resistive poloidal flux requirement.
We estimate that the uncertainty in the characteristics
of the current ramp is of the order of the savings that
were found as a result of changing the plasma density
evolution (=1.0 V-s, corresponding to ~20% of AV ).
Therefore, the total uncertainty in the internal poloi-
dal flux requirement AV, for case 3 should be of the
order of 14% of AV, ,..(Ry) (i.e., AV¥,,. =32 V-s).

Assuming that this estimate of the uncertainty is
also correct for the other two cases (1 and 6), and add-
ing this correction to A¥,,,,s (R,), we obtain, as shown
in Table X, the maximum magnetic flux variations,

Aq’ﬂgr);s(Rb) = A\I’trans(Rb) + A\I,unc ’ (61)

that the ideal transformer must deliver for the three ref-
erence cases. Table X also reports the maximum mag-
netic flux changes that the PF coils must deliver at the
plasma center:

A‘I’me(Ro) - A\I/;%Z;S(Rb) -+ A\Iluerl(RO) . (62)

V. SUMMARY AND CONCLUSIONS

A review of the formulation of the assessment of
the poloidal flux requirement in a fusion experiment
has been presented. Particular attention has been given
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TABLE X

Values of the Maximum Poloidal Flux Requirement
(V-s) for Different Plasma Scenarios

Case
1 3 6
AV, . 2.8 32 3.2
AV TS (Ry) 22.9 25.9 26.3
AVT(Ry) 29.5 34.1 36.2

to the derivation of the poloidal flux balance equation
and to the interpretation of all the terms involved. It
has been shown that if the total poloidal magnetic field
is used, then the balance equation between poloidal flux
consumed by the plasma and poloidal flux delivered by
the poloidal field coils is correctly written at the plasma
boundary. From this equation, the value of the poloi-
dal flux that must be supplied at the plasma center is
easily inferred by adding, to both sides of the balance
equation, the poloidal flux variation produced by the
coils between the plasma boundary and the plasma
center.

Simple heuristic or analytic expressions that allow
the evaluation of the internal (inductive plus resistive)
and external poloidal flux consumption have been re-
ported and applied to several plasma scenarios foreseen
for a specific tokamak experiment (Ignitor). Equilib-
rium (TEQ) and transport (TSC) codes have been used
to check the previous results. The agreement is fairly
good. In particular, it has been shown that the value
of the total poloidal flux requirement obtained with the
heuristic and analytic expressions differ from the value
estimated following the time evolution of the plasma
discharge with the TSC code by an amount that is lower
than the uncertainties associated with the evolution of
the current density profile. Therefore, simple analyti-
cal expressions can be used in the first approximation
to estimate the poloidal flux requirement, while numer-
ical simulations of the plasma current penetration pro-
cess are required to correctly evaluate and optimize the
resistive flux consumption. This could be achieved by
means of controlling the plasma density evolution, the
variation of the plasma current ramp rate, the appli-
cation of external heating, and the use of noninductive
current drive techniques.
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