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The effect of an edge transport barrier on the toroidal field required for the ignition of an elongated tokamak is studied
by modifying an analytic model which was calibrated against a transport code. It is found that the presence of the edge
transport barrier will lead to a higher marginal toroidal field needed for ignition. This seemingly counter intuitive result
is explained as being due to the equivalent effect of profile broadening by the edge transport barrier. This effect is further
traced to its physical origin: in the case close to ignition, the fusion power input is predominantly concentrated in the center
of plasma. It is demonstrated that if the fusion power input could be shifted from the center to the edge by a sufficient
amount, then the presence of an edge transport barrier would lead to a reduction of the required toroidal field for ignition.
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1. Introduction
Ohmic heating is the easiest and the most effective

method of heating the plasma.[1] Therefore using Ohmic heat-
ing to achieve plasma ignition is the most desirable ignition
path. To realize this goal, we are faced with two challeng-
ing technical issues. First, Ohmic heating loses its effective-
ness when the plasma temperature gets too high. Therefore,
we have to employ large current to reach ignition temperature
before Ohmic heating loses its effectiveness. Second, con-
sequently, a strong toroidal field is needed to maintain the
plasma equilibrium and stability and also the plasma trans-
port must be reduced to assure that the ignition condition is
achievable. Ohmic ignition of the tokamak has been proposed
by many authors.[2–6] The critical issue is that the marginal
toroidal field (BT) for a plasma with elongation κ ∼ 1 is re-
quired to be as high as about 20 T.[3] This is at or beyond the
limit of the existing technologies. It was proposed in Ref. [4]
that the marginal BT can be reduced by elongating the toka-
mak. It was shown that with elongation ∼ 5, the marginal BT

can be reduced to ∼ 6 T. Then it is well within the limit of
existing technology.

The zero-dimensional (0D) system models, when prop-
erly bench-marked against full transport codes, have been
found to be extremely useful in design studies. If we gener-
ate 0D models based on the calibrated one-dimensional (1D)
profile models, we can obtain some extra information regard-
ing the effects of profile on the 0D models. Especially, if the
profiles are modified from the profile used in the bench mark,

then we can use this to obtain perturbative information regard-
ing the effect of these modified profiles. We apply this method
to the study of Ohmic ignition of an elongated tokamak. In
previous study, a 0D ignition model was generated by using a
set of 1D profiles (This set of profiles is defined as ‘I’ model
hereafter.) The ignition phenomenon is analyzed by using the
0D model. Particular cases were then bench-marked against
transport code runs, establishing its validity. However, the
study was made relatively early, before the identification of
the possibility of an edge transport barrier.[7,8] It is natural to
inquire whether the presence of the edge barrier can help us
reduce the required marginal BT for ignition. This is the main
purpose of the present paper.

In the present paper, we study this question by general-
izing the 1D profiles (‘I’ model) that were used in Ref. [4] to
include an edge transport barrier. Most of the analyses made
in Ref. [4] can be readily repeated because the structure of the
problem is not changed. A seemingly counter intuitive conclu-
sion is reached: the effect of an edge transport barrier would
increase the marginal BT for ignition. Of course, in existing
experiments, the achieved edge transport barrier is relatively
small. The resulting small increase can be absorbed into the
design margins. But more extreme profile modifications have
been proposed. Also, we try to understand the physics reason
underlying the result of this new discovery.

To obtain our conclusion regarding the effect of edge bar-
rier, we implement two possible edge barrier models. The first
edge barrier model is that the edge barrier effect on the pro-
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file is assumed to be mainly limited to the edge; it does not
penetrate all the way into the center. This is close to the case
where the extreme edge is cleaned by using a lithium wall.
We call this profile model the ‘DC’ profile model. The sec-
ond edge barrier model is the model that is induced by the H-
mode. In this type of edge transport barrier, the whole profile
can be considered to be lifted up by an amount that is equal
to the amount caused by the edge barrier. This is called the
‘H’ profile model. Both types of profile modifications imply
‘improved edge confinement’. Although the profile modifica-
tions improve the edge confinement to different extents, they
lead to similar results of ‘higher’ marginal BT required for ig-
nition. One hypothesis is that the edge transport barrier actu-
ally results in broadening the profiles of the various physical
quantities such as density, temperature, and current. Although
broadness and peakedness are intuitively clear concepts, to be
more precise, we define the broadness br of a profile ξ (ρ) as

br =
2

ξ (0)

∫ 1

0+
ρξ (ρ) dρ. (1)

The peakedness is pk = 1−br. (It is quite clear that br= 1and
pk = 0 for a flat profile with ξ = ξ (0). For a profile that is
peaked at the center ξ = ξ (0)δ (0), with δ (0) being the Kro-
neker delta function, then br = 0, pk = 1). We note that the
broadness defined here is closely related to the average of the
profile across the plasma cross-section, and for a large aspect
ratio torus it is also the same as the average of the profile across
the plasma volume. It is specifically defined here to make our
discussion more precise.

To further strengthen our hypothesis, we go on testing
more general profiles and we obtain the following conclusion:
a broader profiles will lead to a higher required marginal BT,
whereas a more peaked profile can bring about a lower re-
quired marginal BT. This conclusion is further confirmed by
using a set of profiles that are more general than those used
in Ref. [4]. Therefore, introducing an edge transport barrier
is just a means in broadening the plasma profile. This phe-
nomenon is due to the concentration of the fusion energy pro-
duction needed for ignitionin near the center of the plasma.
Broadening the profiles actually moves the fusion energy input
away from the center, which is required for ignition. A ficti-
tious model in which the energy input profile could be modi-
fied is examined. It is found that the trend of the required mar-
gin BT influenced by the transport barrier can be substantially
modified. Application of this result can lead to the benefits
expected from the transport barrier.

The rest of this paper is organized as follows. In Sec-
tion 2, we briefly review the model and method of analysis of
Ref. [4]. In Section 3, we analyze the effect of profile vari-
ation on ignition. First we introduce two different models to
study the effect of incorporating the edge transport barriers.

In Subsection 3.1 we study ‘DC’ type of profiles, in which
the effect of the edge barrier does not propagate to the plasma
center. In Subsection 3.2, we study the effect of edge barriers
in which the elevated edge barrier propagate all the way into
the plasma center, resulting in an elevated plasma ‘H’ profile
typical in H-mode type of discharge. In Subsection 3.3, we
modify the profiles in Ref. [4] to include a larger set of pro-
files, either broader ‘GB’ or more peaked ‘GP’, but without
a transport barrier. We show that, in general, a broader pro-
file leads to a more stringent requirement for BT; whereas a
more peaked profile will reduce the required BT. In Section
4, we introduce a fictitious model, in which the fusion power
input could be adjusted to be concentrated in or moved away
from the center. We show in this model that when the fusion
power is much less concentrated in the center, we can possibly
utilize the edge pedestal more to our advantage, i.e., reducing
the required BT. A brief summary and discussion are given in
Section 5.

2. Summary of model and analysis in Ref. [4]
Here we follow the calibrated model given by Chu et al.

in Ref. [4] to formulate the Ohmic ignition problem. The local
power generation and power loss of the plasma are related by

P =
∂3nT ×1.6×10−16

∂ t
= PΩ +Pf −Pb−Pe−Pi. (2)

In Eq. (2), PΩ, Pf, Pb, Pe, and Pi are the Ohmic power, fusion
input, bremsstrahlung loss, electron transport loss, ion trans-
port loss of the plasma, respectively. Here, the MKS unit is
used. The P, n, and T are in units of W, m−3, and keV, re-
spectively. In the density and temperature range of interest,
these power input and loss components can be expressed as
PΩ = C jT−3/2, Pf = Cfn2T 3, Pb = Cbn2T 1/2, and Pe = CeT ,
Pi = Cin2T 1/2. Using Ohmic heating to achieve ignition re-
lies on high plasma density and relatively low (in comparison
to other heating processes) plasma temperature. Therefore we
assume that the electron and ion temperature are equilibrated
on the flux surface. The C coefficients depend on other char-
acteristics of the system, such as j, a, A, R0, κ , q, . . ., which
denote the current density, minor radius, aspect ratio, major ra-
dius, elongation, safety factor, . . .). Because, in general, each
of n, T , j, q, κ , . . . is a function of flux surface. Equation (2)
depends on flux surface. To create a 0D model out of Eq. (2),
we take the average of Eq. (2) over the plasma volume, i.e.,
we define ignition as

P = PΩ +Pf−Pb−Pe−Pi > 0. (3)

Here, the over bar represents the average over plasma vol-
ume, say, P =

∫
PdV/

∫
dV . To facilitate analytic para-

metric study, it is assumed that the large aspect ratio, and
uniform plasma elongation limit of the flux surface are
valid; and the major variation across the flux surfaces comes
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from the density, temperature and current profiles. A li-
brary of profiles for the physical variables ξ = {n,T, j} =
(density, temperature, current density) can be represented as

ξI (p,ρ) = ξ0 fI (p,ρ) = ξ0
(
1−ρ

2)p
. (4)

Here, ρ2 = x2/a2 + y2/a2κ2, ξ0 = {n0,T0, j0} and p =

{pn, pT, p j}. (Here the lower case p is used to denote the
exponent of the profile) The subscript I specifies that this
is the model used in Ref. [4]. Then the volume averaged
power generation and loss are: PΩ = C jT

−3/2, Pf = Cfn2T 3,

Pb =Cbn2T 1/2, Pe =CeT , and Pi =Cin2T 1/2. A profile aver-
age function is defined as

FI (p) =
∫

dV
[
1−
(
x2/a2 + y2/a2κ2

)]p∫
dV

=
1

p+1
. (5)

Utilizing the F function, the C coefficients are written in terms
of one part that depend strongly on the profile, the K function;
and another part that depends very mildly on the profile. We
obtain

C j = K jZeff
B̃2

p

a2K2 Ftr,

with

K j = 4.179×103 FI(2p j−3pT/2)Ln

FI(p j)
2FI(pT)

−3/2 ; Cf = Kfα,

with

Kf = 1.53×10−38 FI(2pn +3pT)

FI(pn)
2FI(pT)

3 ; Cb = KbZeff,

with

Kb = 5.34×10−37 FI(2pn + pT/2)

FI(pn)
2FI(pT)

1/2 ; Ce = Ke
1

a13/4A2K
,

with

Ke = 1.02×105; C̄i = Ki
µ1/2Zeff

a2A1/2B̃2
p

(
1+

3
2

κ2

A3/2q2K

)
,

with

Ki = 1.715×10−37 FI(2pn + pT/2)

FI(pn)
2FI(pT)

1/2 .

Here, Zeff, B̃p, K, q, and µ denote the effective ion charge,
κBT/qA, 2κ2/1+κ2, the safety factor, and the ion mass num-
ber, respectively, and BT is the toroidal field, Ftr is the fraction
of trapped particles, and α is the fraction of α particle energy
that is absorbed locally by the plasma.

If all the C’s values are known, then the value of P be-
comes a function of n and T . At marginal ignition, the function
P(n,T ) should satify the condition of a saddle point (see the
panel on the left side in Fig. 1 ). The system parameters used
here are α = 1, µ = 2.5, Zeff = 1, a = 0.25, q = 2, κ = 5, and
A = 3. (In the following, we will regard this as the standard

case) Therefore, the marginal point for ignition in the (n,T )
space is defined as

P
(
nm,T m

)
=

∂P
∂n

(
nm,T m

)
=

∂P
∂T

(
nm,T m

)
= 0. (6)

These conditions are solved analytically, thus resulting in a
constraint on the C coefficients as follows:

C jCf =Ce
(
Cb +Ci

)
. (7)

Once equation (7) is satisfied, the marginal values of density
and temperature can be obtained in terms of the C’s as given
below.

nm =
C1/2

e(
Cb +Ci

)2/5 C1/10
f

, T m =

(
Cb +Ci

Cf

)2/5

. (8)

Concurrently, the condition PΩ =Pe =Pf =(Pb+Pi) was also
satisfied. Equation (7) can be expressed alternatively as a con-
straint on the physical values which are the input values to the
problem. If we regard a, A, Zeff, κ , µ . . . as known variables,
and BT as the only unknown variable, then its marginal value
is given by

BT =
qAB̃p

κ
=

q√
2κa5/8α1/2

[
s̃+
√

s̃2 +4t̃
]1/2 1√

F tr
. (9)

Here,

s̃ =
KeKb

K jKf
K and t̃ =

s̃Kiµ
1/2A3/2α

Kba3/4 Ftr

(
1+

3
2

κ2

A3/2q2K

)
.

With BT as defined in Eq. (9), we can readily evaluate the nu-
merical values of the C’s and consequently

(
nm,T m

)
. All other

physical quantities such as total current, density, and temper-
ature profiles are also obtained for an elongated tokamak(see
the red curves in Fig. 2). Therefore BT or equation (9) can
be regarded as the key to the ignition condition. Usually the
Ohmic ignition is considered as a technologically challenging
route to achieving the ignition because for a circular tokamak
with κ = 1, the required BT (see Fig. 1) is around 20 T, at or
beyond the practical engineering limit.

One of the main contributions of Ref. [4] is that it shows
that at large κ the required toroidal field is scaled as 1/κ . The
result of the model is also calibrated against a transport code
with pn = pT = 1, and p j = 1.5, for a plasma with α = 1,
µ = 2.5, Zeff = 1, and a = 0.25. Although at κ = 1, the re-
quired toroidal field is≈ 20 T, whereas for κ = 5, the required
toroidal field for ignition is lowered to ≈ 6 T.

We note here that the profiles adopted in this model,
Eq. (4), do not include the effect of a transport barrier at the
plasma edge. Therefore, our goal of this paper is to study the
effect of an edge transport barrier.[7,8]
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3. Effect of edge transport barriers and more
general types of profile
There has been two different methods of producing an

edge transport barrier. The first kind is usually created by ex-
treme edge cleaning, for instance by using lithium coated wall,
or other pumping methods. In this type of edge transport bar-
rier, the profile change is more limited to the plasma edge.
The effect of this type of transport barrier is to be discussed
in Subsection 3.1. The second type of edge transport barrier
is created by an H mode through large power input. The edge
confinement improvement is most likely due to the excitation
of large poloidal flow in the edge region which suppresses the
anomalous transport. This type of edge barrier actually gives
rise to a substantial increase in the total energy content. The ef-
fect of this type of transport barrier is discussed in Subsection
3.2. In principle, these two types of edge-barriers are proba-
bly not mutually exclusive. But here, we regard them as two
pure cases. We note that both types of transport barrier lead to
the broadening of the profiles of the physical variables, such as
density, temperature and current density. They lead to a similar
higher marginal BT required for igntion. We also subsequently
invoke an even wider class of profiles than those employed in
Ref. [4] and summarized in Section 2 for the case without a
transport barrier, in which the profile can be either broader or
more peaked. We show that the effects of profile changes in
all cases invoked in this section have one common similarity.
That is, in general, a broader profile will cause the required
marginal BT, to increase, which is the cases discussed in Sub-
sections 3.1 and 3.2. On the other hand, if the profile is more
peaked than that used in Section 2, then the required marginal
BT can be reduced. We suggest that this is due to the fact that
the ignition condition is facilitated by concentrating the fusion
energy input in the plasma center.

3.1. Effect of discharge cleaning type of edge transport
barrier on BT

In discharge cleaning induced edge transport barrier, we
assume that it gives rise to a pedestal in profile, but this change
does not propagate into the plasma center. For this purpose,
we propose to use the function fDC to model the effect of this
discharge-cleaning ‘DC’ type of transport barrier. Here

ξDC (h, p,ρ) = ξ0
[
1− (1−h)ρ

2]p
= ξ0 fDC(h, p,ρ). (10)

We see that at h = 0, fDC reduces to fI (see Eq. (4)). At
0 < h < 1, the edge value increases by an amount of hp. How-
ever, in the center, the value of fDC is always 1. It is also
worthwhile to note that when h= 1, the profile becomes a con-
stant within the plasma. Therefore the effect of edge pedestal
does not propagate all the way into the plasma center. We also
assume that the overall confinement is still given by the fitted

confinement law. For the fDC type of profile, the average over
the volume is given by

f
DC

=
1−hp+1

(1−h)(p+1)
= FDC(h, p). (11)

These averages modify the definitions of the K functions, but
do not change the relationship between C and K. With the
modified values of K, we can still use the same method out-
lined in Section 2 to obtain the expressions for the various
quantities at ignition, i.e., the formulae are the same, although
their numerical values have changed, because the values of K
have changed, thus the C have changed.

The results of our study indicate that with fDC type of pro-
file, the resultant BT is always larger than that of the original fI

profile. We show in Fig. 1 the comparison of the saddle point
structure of the averaged power in the (nT ) plane. Figure 1(a)
shows the contour of averaged power of original profiles us-
ing fI; figure 1(b) displays the averaged power for a plasma
with an fDC type of edge barrier with ‘h = 0.2’. We observe
that the edge pedestal moves the ignition point towards higher
averaged density and higher averaged temperature.
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Fig. 1. (a) Original profile ‘I’ model and (b) discharge cleaning profile
‘DC’ model (see Eq. (10)) with ‘h = 0.2’, showing that both n and T
are shifted to higher values in ‘DC’ profile than in ‘I’ profile.

3.2. H mode-induced edge transport barrier

In the H mode, the plasma develops an edge transport
barrier which propagates into the center of the plasma. This
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results[7] in an improved overall plasma confinement. A sim-
plified but useful assumption is made for this model as fol-
lows: the whole profile increases by the same amount as the
pedestal. This actually also broadens the plasma profile. We
can model this type of edge transport barrier as

ξH (h, p,ρ) = ξ0
[
1−ρ

2 +h
]p

= ξ0 fH (h, p,ρ) . (12)

Quite obviously, if h = 0, fH decreases to fI (see Eq. (4)). At
h < 1, the edge value increases by a value of hp, and the value
in the center is (1+h)p. If h = 1, the profile does not become
a constant as in the case of Subsection 3.1. The profile average
of fH is

f H = f0[(1+h)p+1−hp+1]/(p+1) = f0FH(h, p). (13)

To facilitate our understanding of these two different types of
profiles, we show in Fig. 2 their comparison with the origi-

nal profile. It is interesting to note that for fIn = (1− ρ2),

br = pk = 0.5; for the DC profile with fDCn = (1−(1−h)ρ2),

br = 0.5(1+ h), pk = 0.5(1− h); and for the H profile with

fHn = (1−ρ2 +h), br = (0.5+h)/(1+h), pk = 0.5/(1+h).

Therefore, the increase in the edge pedestal will always result

in a broader profile.

The effect of fH type of profile in affecting various quan-

tities at ignition is shown in Fig. 3. The system parameters

are the same as those used in Fig. 1. Figure 3(a) shows the

values of the marginal BT, figure 3(b) the values of the total

current IP, figure 3(c) the values of the density, and figure 3(d)

the values of averaged β . The red line is for the original case,

and the blue line for the case with an H-type edge barrier with

‘h = 0.2’. The black curves refer to the Troyon β limits.[9]
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Fig. 2. Comparison of the profiles in the ‘I’ profile with that in the ‘DC’ model and in the ‘H’ model. Note that both DC and H models have non-zero
values at the edge. Also for H profile, central value exceeds 1. Solid red curves represent density profiles, the dotted blue curves refer to temperature
profiles, and green curves indicate current density profiles.
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Fig. 3. Physical parameters at ignition for ‘I’ model (red) and ‘H’ model (blue) for aspect ratio = 3 (solid) and 7 (dashed) plasma versus elongation κ . For
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We see that both types of edge transport barriers at this
modest barrier height result in higher required BT, higher total
current, higher density, and higher β value. We believe that
this is due to the fact that both types of transport barriers result
in broadening the profile.

3.3. Effects of more general types of profiles (broader or
more peaked) on marginal BTBTBT

In this subsection, we use an even more extended set of
profiles than the ’I’ models which are summarized in Section 2
to show that the peakedness of profile will lead to the improve-
ment of ignition condition or the reduction of the toroidal field
required for ignition. A broader profile will lead to an increase

in the required BT. We consider the following profiles:

ξG (l, p,ρ) = ξ0(1−ρ
2l)

p
= ξ0 fG(l, p). (14)

We note that this set of functions is the same as the origi-
nal set if l = 1. If l > 1, then it is broader; if l < 1, then it
is more peaked. The average of this profile over the plasma
cross-section gives

f G =
f0

πa2κ

∫ [
1−
(

x2

a2 +
y2

a2κ2

)l
]p

dxdy

= 2 f0

∫ 1

0
(1−ρ

2l)p
ρ dρ =

f0

l

∫ 1

0
(1− y)p y(1−l)/l dy
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or

f G =
f0

l
B
(

1
l
, p+1

)
= f0FG(l, p). (15)

Here, B is the Beta function, i.e.,

B(x,y) =
∫ 1

0
tx−1 (1− t)y−1 dt

and it is readily evaluated. Therefore, we have the generalized
FG function as given below.

FG(l, p) =
1
l

B
(

1
l
, p+1

)
. (16)

We note that this generalization of the profile function is dif-
ferent from that of the pedestal function introduced in Sub-
sections 3.1 and 3.2, shown in Fig. 4 is the comparison of the
effect among the different models defined up to now in affect-
ing the marginal BT as a function of the barrier height h. It is
seen that if the barrier height is increased, then the marginal BT

is raised; similarly, if the profile is broader, then the marginal
ignition BT is raised. Because raising the barrier height is to
broaden the profile, we conclude that, in general, broadening
the profile leads to raising the BT and vice versa. We attribute
this to the fact that most of the fusion power input required for
the ignition is located in the center of the plasma.

Figure 5 shows the distributions of various components
of power generation (loss) versus variable ρ2. It is clear that
the fusion power is the most concentrated component in the
plasma center. Therefore, as expected, the main cause of igni-
tion is due to the fast rise of fusion power production near the
plasma center which keeps the central temperature rising, and
eventually leads to ignition. Raising the edge density and tem-
perature everywhere by the same amount would not be con-
ducible to the ignition. The interesting question is “Can we
change the situation if the profile of fusion power generation
is modified?”

4. Effects of modified energy deposition profile
To further investigate the basic cause of ‘failure to reduce

the required BT in plasma in which the edge density and tem-
perature are raised’, in this section we introduce a fictitious en-
ergy deposition model to clarify this issue. Because we hope to
attribute the result to energy production being too concentrated
in the center of the plasma, a model in which the energy de-
position profile is more flexible should be useful. From Fig. 5
we see that only the fusion power is very concentrated in the
plasma center, therefore we propose to consider the following
modification model for the fusion energy production

Pm
f =Cf

(
n2T 3)1−w (

n2T 3)w
. (17)

Here, w represents the replacement of center energy genera-
tion by averaged energy generation. It is seen that if w = 0, we
recover the original distribution of energy generation. If w> 0,

the energy distribution is switched from the central region near
the magnetic axis towards the outside; whereas if w < 0, the
energy generation becomes more concentrated in the plasma
center. This modified energy generation can modify only the
Kf coefficients. In this case,

Kw
f = 1.53×10−38 FI[(2pn +3pT)(1−w)]

FI(pn)
2(1−w)FI(pT)

3(1−w)
.

With this modified model, when w increases, the minimum BT

increases with w. However, the effect of edge transport barrier
on BT is reduced. As a matter of fact, consider specifically the
case of w = 0.7, then the fusion and the Ohmic power depo-
sition profile will become the same, then increasing the edge
pedestal actually becomes favorable. At this time the power
balance as a function of volume becomes more favorable at
the mid portion of the plasma, and unfavorable in the center.
The various components of the energy deposition profiles for
w = 0.7 are shown in Fig. 6. With this value of w, we should
expect the edge barriers to have a reduced BT for the ‘DC’ and
‘H’ model relative to the ‘I’ model.
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Fig. 6. (a) Different components of power versus squared minor radius
for modified fictitious plasma ignition model with w= 0.7 (see Eq. (17))
profile with A = 3, and κ = 5; (b) total sum of power input, power loss,
and net power. By comparing with Fig. 5, we see that the fusion power
input is now the same as the Ohmic power input, and less peaked than
the Bremsstrahlung or the ion loss. Also the net power is not peaked in
the center but in the mid-range of plasma radius. At this time, the edge
pedestal leads to a reduced required BT.

Figure 7(a) shows the plots of BT required for ignition
versus fusion redistribution parameter w for the various mod-
els. We can see that as expected, when the fusion power be-
comes less peaked in the center, the required toroidal fields
all increase. Figure 7(b) shows the plots of the required BT

relative to the original model versus fusion redistribution pa-
rameter w. We can see that as expected, when w increases, the
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required BT value for each of the ‘DC’ and ‘H’ model grad-
ually becomes smaller. At the same time, the BT for model
‘GB’ also becomes smaller, while that of model ‘GP’ becomes
larger than that of the original model. As expected, the values
of BT and delta BT changing over actually occur at w = 0.45
before reaching w = 0.7.

Therefore we conclude that the counter intuitive effect of
the edge pedestal on the required minimum BT is due to the
fact that the fusion power deposition is extremely concentrated
in the plasma center.
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Fig. 7. (a) Plots of BT required versus fusion power redistribution parameter
w for various models, showing that as the fusion deposition power moves
away from the center, the required BT increases for all models. (b) Plots
of difference in required BT relative to that of the original model used in
Ref. [4], versus fusion power redistribution parameter w, indicating that as
w increases, values of required BT for ‘DC’, ‘H’, and ‘GB’ models are all
improved with respect to those of original model and ‘GP’ model becomes
less favorable. The values of BT and delta BT changing over actually occur
around w = 0.45 before reaching 0.7.

5. Summary and conclusions
Ohmic ignition remains an attractive option to achieve

ignition in fusion devices.[6] The major challenge is the
large toroidal field required. It was proposed in a previous
research[4] that this major difficulty could be circumvented by
using an elongated tokamak. The plasma profiles employed
in the previous study did not include the presence of a trans-
port barrier. In this work, we examined a wide class of differ-
ent profiles, including the possibility of a transport barrier as
shown in Table 1.

The comparisons among different types of profiles are
shown in Fig. 8.

We found that broader profiles would lead to higher BT:
more peaked profiles would lead to smaller values of BT. This
phenomenon is not restricted to whether or not an edge trans-
port barrier exists. We also generalize the ignition problem

to the case where there are different fusion energy deposition
profiles, and show that the relationship between the required
BT and the profile peakedness is a direct consequence of the
fusion power generation concentrating near the plasma cen-
ter. When a sufficient amount of fusion power generation is
moved away from the plasma center towards the outer parts
of the plasma radius, an edge transport barrier then leads to
a reduced BT relative to profile without a barrier. However,
moving the fusion power away from the center, in general,
leads to a higher BT regardless of profile models. Only when
the power input becomes less concentrated at the plasma cen-
ter, then the transport barriers show advantages with respect to
profiles without a transport barrier.

Table 1. Profiles and broadness for various models.

Model Profile function Broadness

‘I’ model
(
1−ρ2)p 1/(p+1)

‘DC’ model
(
1− (1−h)ρ2)p

(1−hp+1)/(p+1)(1−h)

‘H’ model
(
1−ρ2 +h

)p
(1−hp+1)/(p+1)(1+h)

‘GB’ model
(
1−ρ2l)p ; l > 1 (1/l)B(1/l, p+1) ; l > 1

‘GP’ model
(
1−ρ2l)p ; l < 1 (1/l)B(1/l, p+1) ; l < 1
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