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Abstract

Basic requirements of the fusion power reactor and its development are outlined. The notion of operational power reactor regime
(OPRR) is introduced explicitly for the first time in order to distinguish it from the relatively short ignition phase of the reactor
operation. Development of OPRR is intrinsically linked to two basic technology objectives, i.e., development of the first wall
(FW) and the tritium cycle (TC). The paper reveals an existing fundamental gap in the reactor development path associated with
the lack of necessary amounts of tritium for the reactor design development. In this regard, low recycling regimes with a plasma
limited by a lithium wall surface suggest enhanced stability and energy confinement, both necessary for tokamak power reactors.
These regimes also could make ignition and OPRR feasible in compact tokamaks. Ignited spherical tokamaks (IST), self-sufficient
in the bootstrap current, are introduced as a necessary interim step for development OPRR-FW-TC for the power reactors.
© 2004 Elsevier B.V. All rights reserved.
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. Introduction

At present, tokamak research is entering a new phase
hen the fusion producedα-particle heating will dom-

nate over the external input of energy into the plasma
1]. Still there will be, at least, two more phases on
he road to a reactor after this “burning”, sub-critical
lasma development. They include demonstration of

gnition, and development of the regime and associ-
ted technology for power production.

∗ Corresponding author. Tel.: +1 609 243 2630;
ax: +1 609 243 2662.

E-mail address:lzakharov@pppl.gov (L.E. Zakharov).

Burning and ignition can be achieved and dem
strated with essentially conventional plasma regim
An enhancement of size, magnetic field (together
the cost of the machine) are required. Although
yet envisioned, a short ignited phase, probably,
be achieved in the next generation of toka-maks,
ITER, with a modest improvement of confinement

On the other hand, power production need
special regime, called here an operational po
reactor regime, or OPRR. OPRR requires 4–5 ti
higher power density than ignition and needs a pla
with significantly enhanced stability and confinem
properties.
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The conventional tokamak regimes have a peaked
plasma temperature as their most prominent charac-
teristic. With high recycling at the plasma edge, and
apparently producing plasma edge consistent with the
material surfaces, this feature, at the same time, leads
to substantial consequences limiting the tokamak core
performance: turbulent energy losses [2], degradation
of confinement with the power [3], Troyon limitations
of plasma beta [4,5], possibility of sawtooth relaxations
and internal collapse [6], instabilities at high edge den-
sity [7], etc.

The second characteristics is that a conventional
plasma is separated from the stabilizing wall surface by
a “vacuum” gap, and, thus, is prone to free boundary
MHD instabilities, which further reduce the stability
margins. As a result, stability, confinement degrading
with the power, and overall performance remain insuf-
ficient for a power reactor.

This paper emphasizes that the search for new
plasma regimes in tokamaks is unavoidable for devel-
opment of a magnetic fusion reactor. Enhancement in
stability and confinement are two of the requirements.

A fusion reactor requires a certain level of plasma
pressure (0.8–1 MPa) for power production. For mag-
netic fieldsB� 5 T such a pressure corresponds to beta
values of 8–10 %. For aspect ratiosR/a> 3 (determined
by shielding from neutrons and radiation) conventional
regimes with peaked plasma temperature are limited by
much lower stability margins, e.g.,β = 2.7% in ITER,
probably,β � 4% in future, which are too small for a
p
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Only compact, spherical tokamaks (ST) are suitable
for this purpose. Even though relatively small, these
devices still should be self-sufficient in tritium and
breed it with 100% efficiency or even more. Moreover,
in order to use the entire wall surface for breeding
ignition is a necessary conditionto allow filling all
NBI ports with a tritium breeding material after
ignition has been reached.

A possible candidate for a mission of FW develop-
ment could be an ignited spherical tokamak (IST), dis-
cussed further in this paper. The high beta (β > 40%
and 35% achieved already) compensates a relatively
small magnetic field, only possible for ST. At the same
time, the problem of non-inductive current drive should
be solved for ST. Conventional plasma regimes cannot
provide sufficient confinement, fusion power density
and bootstrap current for an IST. Thus, with the con-
ventional plasma there is a gap on the development path
to a reactor (even with use of high magnetic fields or
low aspect ratio).

The alternative could be a low recycling plasma with
high edge temperature, which would correspond to an-
other class of confinement and stability regimes. Good
plasma pumping by a lithium surface opens the pos-
sibility for a high temperature pedestal. If combined
with core fueling, it creates a new confinement regime,
where energy losses are determined by the particle dif-
fusion, rather than by thermo-conduction. In contrast
to thermo-conduction, diffusion is ambipolar and, thus,
the losses are determined by the best confined plasma
s ed in
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ower reactor.
Hypothetically, at higher magnetic fields, e.g.,B�

.5 T, the conventional regimes can approach th
ctor plasma pressure even with moderateβ � 4%.
he problem is (besides numerous technologica
ues) that the experimental data base for stability
ins at high fields will remain absent until fusion pow
ill be used at full extent for the plasma heating. A

ast degradation of the energy confinementτE with the
eating powerP, i.e. τ ∝ P−αP , αP > 0.5 in conven

ional plasma precludes reaching OPRR af-ter plas
ave been ignited.

The second reason is limited availability of tritiu
he development of the first wall (or FW, conside
ere as the first 10–15 cm of material structure fa
y fusion neutrons) would require consumption
large amount of tritium (about 1 kg/m2 for accu-
ulating the neutron fluence of 15 MW-year/m2).
pecies. As a result, better confinement is expect
he low recycling regime.

At the same time, a lithium surface allows fo
onducting (back up) wall situated right at the plas
oundary, thus, potentially eliminating free bound

nstabilities. This would be a crucial improvement
owing not only approaching the OPRR stability
uirement, but also leading to smaller and less co
xperiments.

It is shown in this paper that with high edge te
erature, the ignition and stationary regimes in
eem to be possible. ISTs could be unique device
eveloping the physics and technology of the po
eactor.

Section 2 of the paper summarizes the basic
uirements of the reactor development and motiva

or new plasma regimes. Section 3 discusses th
ic transport properties of the LiWall regime. Sectio
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outlines the particle and energy extraction capabilities
of LiWalls. Section 5 explains the stability enhance-
ment for LiWall limited plasma. Section 6 discusses
IST stabilty, self-sufficiency of bootstrap current, and
stabilization of micro-turbulence.

2. Basic physics and technology aspects of the
fusion reactor

Among numerous issues there are three specific ob-
jectives of magnetic fusion which should be developed
for the fusion reactor

(1) Ignition and operational power reactor regime
(OPRR).

(2) Design of the low activation first wall (FW) to-
gether with power extraction and helium ash ex-
haust.

(3) Tritium cycle (TC).

When existing plasma physics results together with
technology and economic aspects are taken into ac-
count, the development of the fusion reactor appears to
be rather restricted by fundamental constraints. Thus,
a clear distinction should be drawn between the ig-
nition phase (with low plasma beta and high energy
confinement) and continuous OPRR (with high beta
and reduced energy confinement). In its turn, the very
development of OPRR requires use of fusion power
f d for
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2.1. Ignition criterion

A fusion reactor should be able to reach the
“ignition” condition when the energy losses are com-
pensated by the fusion alpha particle heating

Epl

τ̄E
= f�

∫
P� dV, P� = E�nDnT〈σv〉DT, (1)

Epl

τ̄E
≡ Epl

τE
+

∫
PraddV, (2)

whereEpl is the total plasma energy integrated over
plasma volumeV , P� the density of the alpha parti-
cle power,E� = 3.5 MeV, nD, nT are the densities of
deuterium and tritium, respectively, and〈σv〉DT is the
cross-section of the reaction. The coefficientf� reflects
the direct losses of the�-particles. InEq. (2) the en-
ergy confinement timēτE (with a bar) takes into account
all energy losses from the plasma, including radiation
powerPrad, while, typically, the definition ofτE ex-
cludes the radiation.

Because the cross-section of the DT reaction within
the known accuracy is proportional to the plasma tem-
perature squaredT 2 [8], the appropriate scaling for the
volume averaged alpha particle power can be written as

1

V0

∫
P� dV = C�〈4pDpT〉 = 〈p〉2fpkC�, (3)

C� ≡ 〈P�〉
, fpk ≡ 〈4pDpT〉

, (4)
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or reaching the necessary plasma parameters an
tability limit studies.

Use of fusion power is extremely restricted by li
tations on tritium consumption (besides many o
echnology and safety aspects). As a result, the ph
nd technology of OPRR, power extraction, FW
C should be first developed on compact devices, ra

han on the reactor scale machines. In a comparis
wo approaches for compact ignition, i.e., use of h
agnetic field or high-beta spherical tokamaks, Ign
Ts have a crucial advantage in being able to us

o 90% of neutrons for breeding. Their central rod
relatively small space view angle for neutrons, t

eaving most of the space around the plasma avai
or breeding materials.

This section explains the necessity of high-beta
gnited spherical tokamaks (IST) for the developm
f reactor physics and technology.
〈4pDpT〉 〈p〉2

here 〈·〉 stands for volume averaging,V0 the to-
al plasma volume,p, pD, pT the correspondingl
lasma, deuterium and tritium ion pressures, res

ively. The coefficientC�, which depends onT, pD, pT
rofiles, is referred here as a reactivity factor.
peaking” factorfpk takes into account peakedn
f the plasma pressure profile, dilution of DT mix
elium ash and by impurities, and the difference
lectron and ion temperatures. In the low recyc
egime the content of impurities and contribution
ot �-particle pressure can be made small.

The value ofC� can be calculated for different de
ity and temperature profiles. Here, we introduce
eference normalized profiles shown inFig. 1a

ν(V̄ ) ≡ (1 + ν)(1 − V̄ )ν, ne(V ) = 〈ne〉sνn (V̄ ),

(5)
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Fig. 1. (a) Reference profiles (with the same volume averaged values) for plasma density and temperature. (b)C� as a function of averaged
plasma temperature. The red curve forνT = 0 does not depend onνn = 0–2. Blue curves correspond toνn = 0 andνT = 0.25–2. (c)C� for
another set of profiles. Red curves are forνT = 0.25 withνn = 0.25–2, and blue curves are forνn = 0.25 withνT = 0.25–2. For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.

T (V ) = 〈T 〉sνT (V̄ ), (6)

where V̄ ≡ V/V0 is the normalized plasma volume.
Each pair of density and temperature profiles can be
referenced by a double index (νn, νT ).

Fig. 1b and cshow the fusion reactivity factorC� for
two sets of profiles each. The red curves corresponds
to flat and “almost flat” temperature profiles of the low
recycling regime, while blue ones to the high recycling
regimes with flat or “almost flat” density. While there
is a significant dependence of theC� factor on the aver-
aged temperature, its maximum value for each profile
is almost the same for different profiles. The optimum
value, which we refer as̄C�, as a function of temper-
ature peaking indexνT for different density profiles is
shown inFig. 2a. With good accuracy

C̄� � 1.5

[
MW

MPa2

]
. (7)

Note that this optimum value can be achieved only in
a stationary regime. Any plasma profile oscillations
in time would make the operationalC� smaller than
C̄�.

For comparisonFig. 2a shows also an analogous
factor C̄X expressing the Bremsstrahlung radiation

∫
PX−ray dV [9] in the same form as̄C�

C̄X ≡ 1

〈p2〉ZeffV0

∫
PX-raydV. (8)

The Bremsstrahlung radiation is proportional toZeff
and forZeff = 1 constitutes less than 10% of the�-
power for the optimum temperatures.

The ignition criterion (2) can be now written
as

3

2

〈p〉
τ̄E

= f�〈P�〉, 2

3
C�〈p〉τ̄E = 1

f�fpk
. (9)

The pressure peaking factorfpk, which for reference
profiles depends on the sumνn + νT , is shown in
Fig. 2b. For the optimum choices of the plasma tem-
peratures (7), the ignition criterion is reduced to

fpk〈p〉f�τ̄E = 1 or fpk〈p〉τ̄∗
E = 1, (10)

where the abbreviation̄τ∗
E ≡ f�τ̄E is introduced to ab-

sorb the factorf�. The same criterion can be written in
equivalent forms

fpk〈neT 〉τ̄∗
E = 31× 1020,

fpkβB
2τ̄∗

E = 2.5, β ≡ 2µ0〈p〉
B2 , (11)
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Fig. 2. (a) Optimum reactivity factor̄C� of alpha particles and Bremsstrahlung radiation factorC̄X (Zeff = 1) for different reference density
and temperature profiles (νn=0–2,νT=0–2) at optimum plasma temperature. (b) Pressure peaking factor for reference profiles.

wherene is the plasma density in [m−3], and T is
in [keV]. In practice (e.g., ITER applications) another
form, written in terms of central values of plasma den-
sity n0 and temperatureT0 (assuming some particular
factorsf�, fpk),

n0T0τE = 50× 1020 (12)

is in use (with conventionalτE not accounting for the
radiation).

Ignition criterion (10) should be fulfilled during both
ignition phase and power production operation.

This criterion is only a necessary condition. It was
obtained under the most optimistic assumptions. Thus,
a stationary regime with an optimal plasma temperature
is assumed. The high recycling regime with a peaked
temperature profile typically exhibits relaxation oscil-
lations, and the criterion (10) should be, in fact, ex-
ceeded. Also, the presence of�-particles and impuri-
ties in the plasma reduce the peaking factorfpk from
its pure plasma value. Recall that radiation losses are
hidden in the definition of̄τE.

In contrast to ignition, a relaxed notion of a
so-called “burning” plasma, when the criterion (10)
is not fulfilled, presumes a significant external power
for plasma heating comparable to the fusion power.
In the case of a power reactor this would conflict with
economics, technology and the tritium cycle. Burning
plasma would also require higher power extraction

from the plasma. On the path to the reactor, the burning
plasma has a very limited potential contribution to the
reactor development.

2.2. Operational Power Reactor Regime

At the optimum temperature, the total fusion power
of the reactor is proportional to the plasma pressure
squared

PDT = 5
∫
P� dV = 7.5V0fpk〈p〉2

= 1.2V0fpk(βB2)2. (13)

We note that, e.g., for parabolic pressure,νn + νT=1
in Fig. 2b, fpk = 4/3 (or close to 1 because of dilution
of DT mixture by impurities and helium). In terms of
the energy confinement time it can be written as

PDT = 7.5
V0

fpkτ̄
∗2
E

. (14)

This form is essential to the notion of the operational
power reactor regime. It shows that power production
requires a reduced effective energy confinement time
τ̄∗

E and, correspondingly, enhanced plasma pressure.
Thus, for typicalPDT = 3 GW for a reactor (assuming
1/3 conversion into electricity and a parabolic plasma
pressure) the energy confinement timeτ̄∗

E = 1 s leads
to a reasonable plasma volumeV � 500 m3. Energy
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confinement times̄τ∗
E greater than 2 s are essentially

not suitable for the power producing phase as they
require a plasma volume higher than 2000 m3.

Given the size and the power of the reactor, the en-
ergy confinement time for the operational power reactor
regime is determined byEq. (13)to be typically in the
range of 0.8–1.3 s and〈p〉 in the range of 0.8–1 MPa.

The relatively small energy confinement timeτ̄∗
E re-

quired for OPRR can be comparable with the slowing
down time of�-particles[10]

1

τsd
�

[
5.4 − 0.3164 ln

(
10

√
ne

Te

)]
ne

(
10

Te

)3/2

.

(15)

(ne here is in 1020 m−3). As a result, the pressureph
of the hot alphas could be a noticeable fraction of the
plasma pressure

〈ph〉
〈p〉 � τsd

τ̄E
= f�

τsd

τ̄∗
E
, (16)

thus, reducing factorfpk and efficiency of the reactor.
Good confinement with an excessive energy con-

finement timeτ̄E would allow for direct losses of hot
alpha particles. This would reduce the fractionf� and
contribution ofph into plasma pressure while keeping
τ̄∗

E appropriate to OPRR.
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equation can be rewritten in a normalized form

τ̄E@ign
dĒ

dt
= Pext

f�P�@ign
− Ē

τ̄E@ign

τ̄E
+ Ē2 > 0, (18)

Ē ≡ Epl

Epl@ign
,

P� = E2
pl

E2
pl@ign

P�@ign = Ē2P�@ign. (19)

Parameters at the ignited state were used here for nor-
malization. If τ̄E = τ̄E@ign independent of the heating
power is assumed, this equation gives the estimate for
the minimum necessary external power

Pext >
1

4
f�P�@ign = 1

20
f�PDT@ign,

τ̄E@ign>

√
1.5V0

4f�Pext
. (20)

Such a level provides the positiveness of the right
hand side in the energy balance equation.

Even with the small factor 1/20 in front ofPDT, this
expression indicates that it is impractical to ignite the
plasma at the operational point of the reactor, where
PDT � 3–4 GW. It would require 150–200 MW of in-
stalled axillary heating power working only for a short
time during the ignition phase.

Instead, the ignition should be performed at en-
h
b
i se.

s an
e
b ing
p

oth
i me
i ts
f se
t nce
w
1

rob-
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.3. Ignition phase

In contrast to OPRR, the ignition parameters
etermined by the available auxiliary heating po
ext. The powerPext required for igniting the plasm

s determined by the plasma energy balance equa

dEpl

dt
= Pext − Epl

τ̄E
+ f�P� > 0. (17)

ithoutPext this equation has two stationary solutio
pl = 0 andEpl@ignτ̄E@ign = f�P�@ign, where index

@ign’ refers to the ignited state. With the exter
ower present, these two solutions approach each
nd merge at some level ofPext, corresponding to th
inimum external power necessary for ignition.
Assuming the best possible scenario where the

erature profile is kept optimal whileP� is externally
ontrolled (e.g., by the density level) the energy bala
anced energy confinement timeτ̄E@ign, which would
e 2–2.5 times higher than the operationalτ̄E. Accord-

ngly, the beta value is reduced at the ignition pha
Ignition phase is distinct from OPRR and require

nhanced energy confinement timeτ̄E@ign determined
yEq. (20)on the basis of an available auxiliary heat
owerPext.

The power reactor should be consistent with b
gnition and OPRR, which have in common the sa
gnition criterion but different contributions from i
actors. Accordingly, the transition from ignition pha
o OPRR would require only a restricted, in accorda
ith Eq. (14), energy confinement degradationτE ∝
/
√
P� when the fusion power increases.

Conventional regimes contain a fundamental p
em in making transition from ignition to OPRR. T
on-temperature gradient (ITG) turbulence, associ
ith low edge temperature, preserves the core tem
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ature gradients by enhancing energy losses and degrad-
ing the confinement[3]. The turbulence makes the tem-
perature profile depend only on its edge value.

In the reactor, because of the necessity an opti-
mal (for fusion power) level of core temperature and
a low edge temperature (for power extraction in the
diverter) its profile should be essentially unchanged
during the transition. An increase in density provides
an increase in power. Based on this model, the ex-
pected scaling would beP� ∝ n2, Epl ∝ nT ∝ n, and
τE ∝ n−1 ∝ P−1/2, just marginal to the requirement.

The problem is that during transition from ignition
to OPRR the fusion power should be raised by a factor
of �10 and the model of "transport enhancement by
turbulence" is unlikely to be applicable. At some level
of power, “transport” most probably will be replaced
by bursting phenomena and then, by macroscopic re-
laxations and loss of confinement.

The consequences of an intrinsically turbulent
regime for energy confinement at power levels far
exceeding the critical level for instability are unpre-
dictable. In any case, they will degrade the “expected
marginal” scaling ofτE versus power, thus, preventing
conventional plasmas, even ignited, from transition to
OPRR.

The high edge temperature of the low recycling
regimes can eliminate (or control) the ITG-turbulence,
thus, raising expectations for both ignition and
OPRR.

2
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OPRR. Separation becomes bigger for larger volumes.
The dashed blue curve inFig. 3ashows a scenario path,
starting with plasma heating by external power, then ig-
nition and transition to OPRR.

The ignition phase should last only several energy
confinement times, while the operational regime is con-
tinuous and has much more challenging plasma param-
eters.

The high pressure plasma of OPRR (〈p〉 �
0.8–1 MPa) can be developed only with use of fusion
power as the dominant heating power.

The heating powerP� of OPRR (13), e.g., assuming
a parabolic pressure (fpk = 4/3, 〈p〉 = 0.8–1 MPa),

P� � 1.5fpk(0.64–1)V0 � (1.3–2)V0 (21)

would be too large even for a plasma volume of 50 m3

(TFTR size). Substituting forP� would require 65–
100 MW of external power (twice the TFTR auxiliary
power) in order to reach and sustain the OPRR. Shield-
ing would lead to further enlargement of the plasma
volume and to a higher power. The available plasma
heating methods simply cannot provide the power for
simulation of OPRR.

Only compact machines, like ST, with a smaller vol-
umeV0 � 30 m3 and no shielding of the central rod
can potentially reach the OPRR level of〈p〉, and de-
velop the regime with much less reliance on fusion
power. At the same time, as discussed later, ignition still
will be required for the purpose of developing the FW
d

are
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r R.
T ith
p
r tral
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i
a
t ree
t

2

ed
W d.
A fer-
.4. Fusion power is needed for development of
PRR

Separation of ignition and OPRR is clearly seen
he plot “fusion power versus energy confinement tim
∗̄
E in Fig. 3a. Recall thatτ̄∗

E accounts for all losse
ncluding radiation and loss of�-particles.

The black curve is the total fusion powerPDT,
hile the red one isP�. The green line shows th

evel of Pext � 30 MW, necessary for ignition. Th
ashed green line is 4Pext. Its intersection withP�

etermines the ignition parameters. The blue c
ives theβ-value (scale on the right side) necess

o meet the ignition criterion (11). The dashed blac
urve in the low-right corner showsPDT for the ITER
olumeV = 834 m3.

For a reactor-like plasma size,V = 400 m3

Fig. 3a), the ignition phase is well separated fr
esign.
While for large machines ignition and OPRR

eparated, it may be possible to ignite an ST a
elatively small energy confinement time of OPR
he (P-τ̄∗

E) diagram for such an ignited ST (IST) w
lasma volumeV = 30 m3) is shown inFig. 3b. With a
easonableB = 3 T (assuming no shield on the cen
od) and total fusion power of about 0.5 GW, it can
gnited withPext � 25–30 MW reachingβ = 0.4–0.45
t the OPRR point. For conventional plasmaβ < 0.04,

his diagram would require a device with, at least, th
imes higher magnetic field.

.5. Cost estimates of electricity produced

The monetary value of the electricity produc
Electr during the life time of the reactor is limite
ssuming 30 years of uninterrupted operation, a re



156 L.E. Zakharov et al. / Fusion Engineering and Design 72 (2004) 149–168

Fig. 3. Fusion power vs. cumulative energy confinement timeτ̄∗
E for (a) a reactor withB = 5 T andV = 400 m3, and (b) for an ignited spherical

tokamak withB = 3 T andV = 30 m3.

ence estimate can be written as

WElectr[$B] = 10.5PElectr
CkWh

0.04
, (22)

wherePElectr [GW] is the electric power of the reactor,
e.g.,PElectr � PDT/3 andCkWh is the cost of 1 kWh.

The cost of the reactor should be only a fraction of
the monetary value of electricity produced, e.g., given
by Eq. (22).

Although extremely simplified even such an esti-
mate imposes severe restrictions on the cost of the
fusion reactor itself, its operation and maintenance.
Given the $5 B cost of the 0.4 GW ITER, it sug-
gests that the power reactor, in approximately half of
the ITER plasma volume, should have an order of
magnitude higher fusion power. Clearly, the conven-
tional plasma does not fit the simplest cost considera-
tions.

2.6. Cost estimate of first wall replacement

The first wall is the most challenging structural
element of a reactor, which imposes additional con-
straints on the reactor physics regime and design. The
necessity of using fusion power for its development
ties the technology of the FW with plasma physics

at the very early stage of development of OPRR and
the FW.

Periodic replacement of the first wall surface (if
it is based on solid materials) leads to additional ex-
penses for operation of the fusion reactor. The charac-
teristic neutron fluence for the FW life time is about
15 MW year/m2. It can be converted into the corre-
sponding valueCFW of electricity “produced” per 1 m2

during the life time of the FW element

CFW

[
$B

m

2
]

� 0.001
5.25

3

CkWh

0.04
, (23)

where 1/3 is assumed as a conversion factor of fusion
power to electricity.

The cost of replacement of the first wall surface
should be within the limitCFW given byEq. (23).

This requirement strongly motivates new ap-
proaches for the first wall design with emphasis on
low activation structures and liquid elements (liquid
lithium, FLiBe, Be, etc.). Correspondingly, the plasma
regime should be consistent with these innovative
structures of the first wall. In this regard, the low re-
cycling regime is compatible, e.g., with the flowing
lithium wall surface[11], although it requires solving
the problem of pumping the helium ash.
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2.7. Tritium consumption and FW development

While it is difficult to assess the total amount of
tritium required for development of OPRR, the tritium
consumptionWT,FW for development of the first wall
is straightforward to calculate, and for 15 MW year/m2

is given simply by

WT,FW

(
kg

m2

)
= 1.046. (24)

Such a large consumption of tritium automatically re-
quires breeding tritium with efficiency close to or ex-
ceeding 100%.

Three elements of magnetic fusion, i.e., OPRR, FW
and tritium cycle are all linked together by the require-
ment of 100% tritium breeding starting from an early
stage of development of a fusion reactor.

Reactor size machines are not suitable for such a
triple-goal R&D. Thus, for accumulation of a fluence to
the wall of 15 MW year/m2, a configuration of the size
of ITER would consume about 600–700 kg of tritium,
far exceeding any foreseeable amount of potentially
available non-fusion tritium (about 25 kg in the next
three–four decades).

2.8. IST based component test facility is required
for reactor R&D

Intrinsic link between OPRR, FW and TC, use of
fusion power and high tritium consumption create a
s ires
c facil-
i the
n TC.
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Fig. 4. Neutron coverage fraction of the central pole as a function
of aspect ratio. (Plasma cross-section of IST in Section 6,Fig. 9was
used for calculations.)

plasma aspect ratio. Although actual losses of neutrons
depend significantly on detail and materials of the de-
sign, NCF is one of the primary factors, contributing
to losses. Based on NCF, STs have significant advan-
tage with respect to conventional aspect ratio devices
targeting CTF requirement. The central rod in the ST
has a minimal averaged space angle compared to other
toroidal configurations.

At the same time, the CTF, even based on an ST,
may have an unacceptable level of neutron losses if
the ports for neutral beams are not filled with tritium
breeding material. In order to use this reserve, plasma
in CTF should be ignited and all NBI ports should be
covered with the breeding material.

Note that ignition, which is motivated by tritium
breeding considerations, is not an excessive require-
ment for IST also from the plasma physics point of
view. In contrast to conventional plasma, STs in the
LiWall regime are not severely limited inβ. The “burn-
ing” plasma is close to ignition anyway, and there will
be no substantial plasma physics obstacles between
“burning” and ignition in ST.

Among fusion configurations ignited spherical toka-
maks are uniquely positioned for development of
OPRR, FW and TC for fusion reactor.

The geometry of the ignited ST together with the
ignition regime allows the maximum use of the FW
surface for tritium breeding.
ituation when the development of the reactor requ
ompact intermediate devices or a component test
ty (CTF), which would be capable of accumulating
ecessary neutron fluence and developing FW and

Even in compact devices, like spherical tokam
e.g.,V0 � 30 m3, FW surfaceSFW � 55 m2), the tri-
ium consumption would be a big issue and full triti
reeding is required. Thus, rather than being a “driv
evice, the CTF should be a mini-reactor working
PRR plasma parameters, almost full FW functio

ty, and closed TC. The only difference from the pow
eactor would be simplification of shielding (with so
tructure exposed to neutrons) and absence of
ricity production. With such a simplification the CT
ould be realized in a form of IST.

Fig. 4shows the neutron coverage fraction, or N
surface fraction weighted using influx of primary
ion neutrons) of the central column as a functio
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2.9. Transition from CTF to the power reactor

On the way to the reactor, first, the OPRR plasma
regime should be developed (probably with limited
or no breeding of tritium). While the plasma pressure
of OPRR can be potentially achieved in two types
of compact machines: IST or high-field conventional
tokamaks, only ISTs are consistent with the following
development of FW and TC.

The way to fusion power reactor includes, first,
achieving OPRR plasma parameters on LiWall IST,
second, a phase of development of FW and TC on
IST based CTF, and then transition to the reactor
itself.

Thus, the IST and its CTF phase should bear the
major part of practical fusion development. Essentially,
ISTs could demonstrate all three objectives of magnetic
fusion and would represent the most crucial step toward
the fusion reactor. Then the transition to a power reactor
will require changing the plasma geometry (to conven-
tional aspect ratio), developing the full functionality of
the FW (including high grade heat extraction from the
blanket), and full shielding of the neutron zone. Other
changes (e.g., superconducting coils, heat conversion
into electricity, etc.), are supplementary to these reactor
core transformation.

Improvements of the present plasma parameters, its
stability and confinement would require, first of all,
making a transition to the high edge plasma tempera-
ture and solving associated plasma boundary problems.
L ei-
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tral particles are supplied into the core itself (either by
neutral beams or by pellet injection).

With the boundary localized particle source, the par-
ticle confinement time near the edge is small, leading
to intense mixing of plasma particles at the edge. As
a result, the edge plasma temperature is relatively low
compared to its core value. The temperature profile is
peaked, while the density profile is flattened.

In the second case with core fueling, the particle
confinement time corresponds to the core confinement.
If the plasma is well pumped from the edge, the wall
and its temperature are not “visible” to the plasma. As
a result, a high plasma edge temperature, comparable
with its core value is established when the plasma par-
ticles are gradually heated while diffusing through the
core toward the boundary. The temperature profile be-
comes flattened or hollow, while the density profile is
peaked in accordance with the position of the particle
source.

Both situations are described by the following
boundary condition for the energy transport equation

γΓmicro
edge→wallTedge=

∫
PheatdV, (25)

written for each species of the plasma (convection
coefficient γ = 5/2 for Maxwellian plasma). Here,
Γmicro

edge→wall is the particle (microscopic) flux toward the
wall, Tedgeis the edge temperature,Pheatis the density
of heat source, dV is the plasma volume element.
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ithium covered stabilizing walls (e.g., copper with
her solid, molten or liquid Li surface and a spe
nterface layer) positioned right at the plasma bou
ry and complemented with the power extraction

em suggest a practical approach for developing the
rade plasma. At the R&D stage the physics of the
egime does not require intense lithium flows.

. Basics of plasma confinement in the
ow-recycling regime

With respect to the boundary conditions and
lasma fueling two kinds of plasma regimes can
istinguished in quasi-stationary configurations: h
nd low-recycling. In the first one, the plasma is re
led by neutral gas through the boundary, while in
econd, the boundary is pumped out, while the
In the high recycling case the plasma particles
esupplied to the edge after collisions with the w
urface. In this case,Γmicro

edge→wall, which is the directe
lasma particle flux to the wall, is much large than
article diffusion (macroscopic) flux inside the plas
s a result, the edge temperature is low compare

he core temperature

micro
edge→wall � Γcore,

edge� 1

γΓmicro
edge→wall

∫
PheatdV � Tcore. (26)

his formula is approximate to the extent that the
rgy of the particles in the edge localized source
eglected with respect to the core temperature. A
ue to possible non-Maxwellian distributions theγ co-
fficient in the convective energy flux can be differ

rom 5/2.
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Fig. 5. χ- and D-confinement regions in the low recycling regime. (a)
Electron and ion temperatures for three values of thermo-conduction
coefficients, related to each other asχ2 = 2χ1, χ3 = 10χ1 (index is
the curve number on the plot), and same particle diffusion. (b) Elec-
tron, ion (deuterium) density and localization of the particle source.

In the low recycling case all particles are absorbed
by the wall and “microscopic” flux is equal to “macro-
scopic” one

Γmicro
edge→wall � Γcore,

Tedge= 1

γΓcore

∫
PheatdV � Tcore. (27)

The plasma energy, essentially, is not affected by the
wall and the edge temperature reaches its natural level,
comparable or exceeding the core temperature. Instead,
the density at the edge becomes very low (thus, elim-
inating the Greenwald density limit[7]). In the low
recycling case, it is possible to expect a less turbulent
(or stabilized at high beta of IST) plasma, where the
rate of convection is described by a factorγ � 5/2.

Two confinement regions are present in the plasma
for the case of core fueling and pumping walls, as
is shown inFig. 5. With respect to the position of
the core particle source, there are different contribu-
tions from convective (or particle diffusion term) and
thermo-conductionqχ energy transport into the total
energy fluxQ

Q = 5

2
ΓT + qχ =

∫ V

0
PheatdV. (28)

Outside the localized particle source, the temperature
profile relaxes to its natural level, when the particles
acquire energy from the heating source, while diffusing
t le is
h ion.
T y the

particle diffusion,qχ � 5/2ΓT . Thermo-conduction
tends to make the profile flat and, thus, returns some
energy from the boundary into the core.

Inside the localized source, the situation is the same
as in the conventional regime, where the plasma den-
sity is flattened, the convective losses are small and the
energy transport is dominated by thermo-conduction,
qχ � 5/2ΓT . A peaked temperature profile is estab-
lished in this region, referred to here asχ-region.

The D-region is the key feature of the low recy-
cling regime, having different and, potentially much
improved, confinement properties than the conven-
tional plasma. First, because of ambipolarity, the en-
ergy losses in the D-region are determined by the best
confined plasma component and are less sensitive to
thermo-conduction than in theχ-region. A comparison
of cases with 3 values of thermo-conduction coefficient
in Fig. 5ashows that the only effect of significantly (10
times) enhanced thermo-conduction is a small change
in the temperature profile.

Experimentally, there are indications that reduced
recycling leads to improved confinement. Thus, all
TFTR high performance regimes were achieved with
“lithium conditioning”, resulting in reduced recycling
[12] (although explained within conventional ITG
theory [13]). The most prominent results with high
plasma temperature and enhanced edge pumping have
been obtained on DIII-D in a quiescent double barrier
regime[14], demonstrating good confinement and a
stable plasma.
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ollow in this region, referred to here as the D-reg
he energy losses here are determined solely b
Theoretically, the presence of the D-region cre
special situation for the confinement, not studied

n the tokamak research. Although there are no th
imulations of turbulent transport in the low-recycl
egime, which would give a corresponding trans
odel, theory unambiguously concludes that

ncrease in the edge temperature improves the
onfinement[2].

As an example, ASTRA code calculations of low
ycling plasma performance using the PPPL-IFS tr
ort model[15,16]for ITER-FEAT tokamak are show

n Fig. 6with boundary conditions (27) andγ = 3. The
ore fueling was simulated by a particle sourceSn local-

zed at 0.5 m from the plasma edge (Fig. 6a). A substan
ial temperature pedestal,Ti (a) � 10 keV, develops a
he edge, and the entire plasma cross-section pro
he fusion power. The ITER plasma would be ign
Fig. 6b) if such a low recycling regime could be e



160 L.E. Zakharov et al. / Fusion Engineering and Design 72 (2004) 149–168

tablished. In simulations, the low recycling regime has
been “started” at some time from a stationary standard
ITER plasma. After establishing a high edge tempera-
ture att = t0, its fusion power increases in calculations
(Fig. 6b), tripling the reference value of 400 MW.

The expected enhanced confinement in the low
recycling plasma, its presumably, smaller sensitivity
to turbulence and to the heating power[12] could
make the LiWall regime suitable for the OPPR and
its development path. Moreover, as it is shown later,
in spherical tokamaks the residual micro-instabilities,
i.e. electron trapped modes, can be stabilized in the
D-region at sufficiently high plasma beta. This would
lead, potentially, to neo-classical confinement and
open the possibility for reaching even D3He (or 3He
“catalyzed DD”) fusion.

Note, that in the ITER-FEAT example ofFig. 6, the
high fusion performance was solely a result of the in-
creased volume of plasma participating in fusion. The
diffusion model used in simulation includes∝ 1/ne
diffusion coefficient, leading to a sharp drop of den-
sity near the edge, enhanced particle flux in the D-
region and energy loss. Such a diffusion model, in fact,

prevents better confinement despite elimination of the
thermo-conduction energy loss. At the same time, for
the low recycling regime there is no real justification
for such a∝ 1/ne diffusion model, which originated
from the global energy (not the particle) confinement
scaling obtained for much higher plasma density.

Control of the temperature pedestal in the low recy-
cling plasma regime would give an unambiguous test of
existing thermo-conduction models as well as unique
information on the diffusion properties of the plasma.

4. Particle and power extraction by close-fitting
LiWalls

Exceptional properties of pumping hydrogen
plasma particles by lithium have been observed in toka-
maks during the very first experiments involving a large
area of lithium coated wall surface on T-11[17–20]and
with rail [21] and toroidal liquid lithium limiter[22,23]
on CDX-U spherical tokamak.

An assessment of the pumping capacity of the
lithium surface can be made using a rather realistic

F eelectro
f d edgeT e
w

ig. 6. (a) Plasma radial profiles: core localized particle sourcS,
unctions of the minor radius. (b) Time evolution of centralTi (0) an
all Γw.
nne density, electronTe and ionTi temperatures, andq profiles as

i (a) ion temperatures, fusion powerPDT and the particle flux to th
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assumption that Li can absorb the hydrogen atoms
essentially at the ratio 1/1 with respect to the Li atoms.
According to TRIM code calculations (J.P. Allain,
University of Illinois), in solid lithium about 150–200
mono-layers of Li (for energy of the hydrogen atoms
of 2 keV) can work for pumping. In liquid or molten
Li, macroscopic depths are involved due to thermal
diffusion. Accordingly the pumping capacitiesCLi

pump
for these two cases are characterized by

Csolid Li
pump � 27

1020

1 m2 ,

Cmolten Li
pump � 46,000

1020

1 m2 × 0.1 mm
. (29)

Relatively small amounts of either solid or molten
Li (utilizing thermal mixing of the particles inside
the layer) on the wall surface are required for plasma
pumping. For 1 h of continuous operation of the ITER
sized plasma, for example, only 2 L of molten lithium
(or 20 m2 of the surface coverage by 0.1 mm thick
molten lithium) would be necessary.

The pumping capacities of a lithium surface far
exceed what is necessary for absorbing the plasma
particle flux, thus allowing different arrangements for
the LiWalls, including coating (micron thin solid Li),
“painting” (tens of microns molten Li), gravity or elec-
tromagnetically driven boundary layer flow (fraction of
mm liquid Li with velocity in the range of cm/s) or elec-
tromagnetically propelled liquid lithium flow (fraction
o
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tially establishes the evaporation limit at approximately
400◦. Also, it makes the plasma sensitive to potential
“hot” spots at the wall.

At the same time, evaporation does have an effect
on the particle flux to the wall, and, thus, on the edge
plasma temperature, as was explained in the previous
section,Eq. (26). In this regard, strong dependence of
Li evaporation on the wall surface temperature sug-
gests a straightforward way to control the confinement
regime by affecting evaporation and the edge plasma
temperature.

Sputtering, as another source of contamination by
Li, cannot contribute significantly into contamination
because it corresponds to the edge Li source, which
is only a fraction of the core source of plasma parti-
cles. Also, at plasma temperatures higher than 500 eV,
sputtering is degraded with plasma temperature.

Regarding Li edge source control, a copper shell is
an excellent material behind the lithium layer, which
can provide (even with no active cooling) an exposure
time given approximately by

texposure� d2

4D
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where,d is the thickness of the wall,qwall is the energy
flux to its surface,*Twall is the allowable temperature
increase, andT1 andD are defined as
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f cm thick layer with about 10–20 m/s speed).
The power extraction requirement is that the h

oad to the lithium surface should be distributed in or
o prevent heating the free Li surface to above 400◦C.
ear this temperature the evaporation rateΓLi of Li can
e approximated as

Li � 3 × 1020 e
T−400◦C

50◦C
1

m2 s
(30)

nd is comparable with expected particle flux from
eactor 2–3×1020 (m2 s)−1. Note, that comparable
ven modestly exceeding surface source of Li (w
mall particle confinement time) cannot compete w
he core fueling of the plasma and, thus, contami
he plasma. (This contrasts with the conventional s
ion when both plasma particle and impurities have
dge localized source.) Nevertheless, the expone
ependence of evaporation on wall temperature e
1 ≡ d
qwall

κT
, D ≡ κT

ρcp
, (32)

ith κT, ρ, cp being the thermoconduction coefficie
ass density and specific heat of the wall, respecti
The combination of lithium layer and copper w

κT � 393, ρ = 8960, cp = 400 in SI units) would al
ow a reactor relevant heat fluxqwall � 2 MW/m2 (an
rder of magnitude larger than, e.g., in ITER) for 1
0 s (d � 5 cm, *Twall � 400◦C) with a stabilizing
ighly conducting shell right at the plasma bound
i and copper is a unique combination suitable for
elopment of the plasma physics aspects of OPRR

Flowing lithium requires high velocities in order
ithstand the reactor relevant power fluxes to the

TLi = 200◦C
qwall

3.5 MW/m2

√
4texposure,

skin (mm) = 4.8
√

4texposure, (33)
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where dskin is the thickness of the heat absorbing
surface layer. Forqwall � 3.5 MW/m2 it gives 1/4 s of
exposure time, corresponding to a velocityV � 20 m/s
and the working layerdskin � 5 mm. Intense lithium
streams, driven by magnetic propulsion have the
necessary properties[11] and should be developed for
such a case.

All the options listed above for reactor relevant heat
fluxes require a lithium surface well aligned with the
plasma. At smaller heat flux, as well as at lower beta
(when the conducting shell is not required), other pos-
sibilities may exist. Even a diverter plasma, according
to experiments, is interacting with the wall due to so-
called “blob” transport mechanism[24,25]. This would
suggest effective pumping of the plasma by the Li wall
surface even in a diverter configuration.

5. Stability of LiWall limited plasma

A flattened temperature profile, beneficial for en-
ergy confinement, results in a flattened current density
profile j with a current pedestal at the plasma edge,
jedge �= 0. Also, at high betas, which are necessary for
OPRR, the bootstrap current makes a significant con-
tribution to the plasma current density. The bootstrap
currentjBS, which is proportional to the plasma pres-
sure gradient,jBS ∝ p′, also leads to the current density
pedestal at the edge.

With the plasma boundary separated from the con-
d ther
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Fig. 7. Stability diagram for fixed boundary plasma with a current
density pedestal. (Calculated using ESC, DCON, PEST and BAL-
LOON stability codes forn = 1,2,3, ∞ MHD modes.)

with the same aspect ratio and for two different values
of centralq. First, there is a dramatic enhancement
of stability β-limits, compared with the conventional
plasma when the current density pedestal becomes
comparable with the central current density. Second,
the plasma shape becomes less important for stability
in the low recycling regime. For both circular and
non-circular configurations, nearly flat current density
profiles haveβ-limits higher than required for OPRR.

Conventional plasmas with peaked temperature and
the current density profile, even with hypothetical sta-
bilization of free boundary modes by some plasma
physics mechanisms (e.g., by plasma rotation), would
remain entrapped in the “first stability” regime, insuf-
ficient for OPRR.

Fig. 8 illustrates the difference in stability proper-
ties of peaked and flat current density profiles with the
fixed plasma boundary. The first two configurations
(marginally unstable) have a peaked current profile.
Their pressure gradient is limited in both the center and
at the edge, thus, requiring “profile control” for stability
optimization. The third configuration has a flat current
density, much higher beta limits and is less sensitive to
the pressure profile.

It is a unique property of LiWall regimes that flat-
tened temperature and current together with pumping
ucting wall, the current edge density pedestal fur
educes the stability of conventional plasma regim
he suggested so-called “profile control” for tailor

he current density distribution in order to impro
tability remains speculative for reactor power leve

LiWalls can change the stability situation in tok
aks in a crucial manner by allowing for a conduct
all positioned right at the plasma boundary and,

entially, for eliminating the free boundary instabiliti
his allows utilization of the high beta of the seco
tability regime resulting from a flattened (or revers
urrent density profile. Thus, the properties of LiW
ustify a new parameter in stability optimization, i.
he current density pedestal in conjunction with
xed boundary plasma, as shown inFig. 7.

The blue curve inFig. 7 indicates theβ stability
imit for TFTR-like circular tokamak geometry, whi
wo black curves areβ-limits for elongated plasm
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Fig. 8. Magnetic configurations and plasma profiles for “first” and “second” stability regimes. (a) Core ballooning unstableβ = 4.6% configu-
ration with a peaked pressure profile. Pink color shows ballooning instable region. (b) Edge ballooning unstableβ = 5.3% configuration with
a flattened pressure profile. (c) Second stability withβ = 16%. (d) Current density profilej‖(a), black for configurations (a, b) and blue for
configuration (c). (e) Correspondingq(a)-profiles. (f) Pressure profilesp(a), black for configurations (a, b) and blue for (c). For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.

and a stabilizing wall are consistent with each other.
The expected enhanced confinement andβ limits may
satisfy two of the most important requirements of the
reactor OPRR. In addition, in the LiWall environment
the bootstrap current, enhanced by high-β, does not re-
duce the ideal plasma stability as it would happen with
conventional free boundary plasma.

6. Ignited spherical tokamaks

Spherical tokamaks are the leaders in achieving the
highestβ � 0.35 values at a good, tokamak range, en-
ergy confinement time[26]. Earlier in the paper addi-

tional reasons why STs are unique for developing the
magnetic fusion were revealed.

The value of the magnetic field is rather restricted
in spherical tokamaks by limitations in space for the
central rod of the toroidal magnetic coils. In the case
of ignition, there is no possibility of using supercon-
ductivity for toroidal coils. Also, it is problematic to
rely on the central solenoid for current excitation in an
ignited ST.

The low recycling regime and stabilization of the
free boundary instabilities by LiWalls open a wide pa-
rameter space for ignited operation with OPRR plasma
parameters and self-sufficient bootstrap current. Here,
we show that the highβ limit in low recycling STs



164 L.E. Zakharov et al. / Fusion Engineering and Design 72 (2004) 149–168

compensates for the relatively low value of the mag-
netic field and makes an ignited ST feasible.

Concerning the bootstrap current, highβ and sec-
ond stability make two situations possible, (a) when
plasma is overdriven with the bootstrap current, and
(b) when the configuration is essentially maintained by
the bootstrap current. Thus, ignition can be initiated at
the lower plasma current and then, the configuration
will slowly evolve to the stationary state due to only
bootstrap current drive.

6.1. Ignition conditions for IST

In the following examples, the low recycling regime
was simulated by a flat temperatureTe(a) = Ti (a) =
15 keV, wherea is radial coordinate related to the
toroidal magnetic fluxΦ

a ≡
√

Φ

Φ0
(34)

(Φ0 is the total toroidal flux in the plasma). A particular
configuration with the innerRi = 0.5 m and outerRe =
2.0 m radii and the plasma height 3 m is considered.
The entire plasma of such an ST would fit into the
ITER-FEAT plasma cross-section. The plasma volume
V = 26 m3 and the surfaceS = 53.4 m2 are about 30
and 12 times smaller than the corresponding plasma
volume and surface of ITER-FEAT.

The value of the toroidal magnetic fieldBtor = 7.5 T
a ter

is technically feasible and would be sufficient for
robust plasma stabilization atβ � 0.4–0.45 with the
pressure exceeding the OPRR level of 1 MPA. A flat
parallel current densityj‖ is assumed for the current
distribution together with the simplest model of the
pressure distributiondp/d1 = const. In contrast to
the conventional plasma, an IST with a finite current
density at the edge and wall stabilization does not
require pressure profile tailoring.

Such an IST configuration would have fusion power
PDT = 658 MW (with Prad = 36.5 MW at Zeff � 1)
and would require onlȳτ∗

E = 0.49 s (or, with radiation
subtracted,τ∗

E = 0.68 s) energy confinement time.
Its total currentIpl = 8.5 MA should be initiated by
inductive current drive, while after ignition it will be
maintained and, in fact, enhanced by the bootstrap
current drive.

The IST configuration has other properties consis-
tent with the requirements for development of the FW
and TC. Thus, with only 10% neutron loss in the cen-
tral rod (52 MW of the power in neutrons), the average
neutron load on the outer wall is 10.7 MW/m2, which
exceeds by an order of magnitude projections based on
conventional plasma regimes.

6.2. Self-sufficiency of bootstrap current

In consideration of a stationary plasma with low
edge temperature there is always a conflict between sta-
b of

F kamak
(

t R = Ri and 3 T at the plasma geometric cen

ig. 9. (a) Stable magnetic configuration of ignited spherical to
c) Pressure profile (exceeding OPRR level).
ility of free boundary MHD modes and high value

withIpl = 8.5 MA, β = 0.46. (b) Parallel current density andq-profile.
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Fig. 10. Bootstrap current profile in IST configuration ofFig. 9.

the bootstrap current. For optimization it would require
the so-called “profile control”. In contrast, with a flat
Ti,e � const. = 15 the LiWall stabilized IST configu-
rations can be overdriven by bootstrap current without
violating stability.

The bootstrap current calculations for the IST con-
figuration of Fig. 9 are shown inFig. 10. The OR-
BIT code (R. White) has been used for calcula-

Fig. 11. (a) Stable magnetic configuration of bootstrap current maintained IST configuration withIpl = 9.2 MA, β = 0.44. (b) Parallel current
densityj‖ (blue) aligned with the bootstrap current (red) andq-profile. (c) Pressure profile. For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.

tion of the bootstrap current based on direct parti-
cle orbit simulations. The blue curves (dashed and
solid) in Fig. 10 represent the bootstrap current cal-
culated with Maxwellian and mono-energetic parti-
cle distribution functions. The red and brown curves
are contributions from ions and electrons. The stan-
dard theory, developed for conventional aspect ratio
[27] gives 25% higher value than the particle sim-
ulations. The black dotted curve represents the col-
lisionless theory model and black dashed curve re-
sults from the theory with collisions atT = 15 keV.
(At this moment, the reason of some discrepancy be-
tween theory and particle simulation results is not yet
understood.)

The solid black line inFig. 10represents the parallel
current distribution in the configuration. Both particle
orbit simulation and the theory indicate a significant
value of the bootstrap current overj‖ everywhere ex-
cept in the plasma center.

Bootstrap current overdrive does not represent a
problem for the IST. The IST provides a wide oper-
ational space for variations of plasma current density
and pressure, even at a level exceeding OPRR require-
ments. In particular, a stationary configuration with al-
most 100% alignment of the bootstrap current with the
plasma current is achievable with no deterioration of
stability or the fusion power.

Fig. 11shows an example of a configuration, with
a pressure profile similar to the previous case and the
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current profile aligned with the bootstrap current ev-
erywhere, except for a small region near the mag-
netic axis. Here, the bootstrap current has been calcu-
lated using orbit particle calculations as a normaliza-
tion for theory formulas. This configuration has a fusion
powerPDT = 649 MW (Prad = 36 MW) and requires
the same energy confinement time for ignited operation
(τ̄∗

E = 0.49 s,τ∗
E = 0.68 s).

Note that the center region is the most favorable
for the radio-frequency current drive methods because
of the reduced fraction of trapped electrons. Thus, the
deficiency in the bootstrap current in the small central

zone could be, if necessary, compensated by other kinds
of current drive.

6.3. Magnetic well, suppression of
micro-instability

An exceptional property of the IST configuration is
that it has an absolute magnetic well inside the plasma.
Fig. 12shows the amplitude of the total magnetic field
|B|, calculated along theθ =const-lines in the radial
direction (θ is the poloidal angle in the cross-section).
In the plotn is the toroidal wave number of the mode,

Fig. 12. (a) Stable magnetic configuration ofFig. 9(IST with Ipl = 8.5 MA, β = 0.46). Red lines correspond toθ = const. (b)|B| as a function
o es nea o color
i f this a

F
o
c

f a for 64 equidistantθ values. (c)|B| as a function ofa for 5 θ valu
n this figure legend, the reader is referred to the web version o
ig. 13. (a) Growth rate of ETM ata = 0.6 as a function of electronβe(0).
f a atβe(0) = 0.7, corresponding to ITS parameters ofFig. 9. Solid curves
ollisions atT = 15 keV.
r the outer middle plane. For interpretation of the references t
rticle.
(b) Growth rate ofn = 5 ETM mode (most unstable) as a function
corresponds neglecting collisions, dotted curves are calculated with
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γ, ωA0 are the growth rate and Alfven frequency, cor-
respondingly.

Fig. 12c shows that an absolute minimum of|B|
exists inside the plasma between the magnetic axis and
the outer edge. The field gradient at the outer board of
IST reaches a value

d|B|
|B| dR

∣∣∣∣
θ=0

� 2 m−1, (35)

which is much larger than the curvature of the magnetic
field lines 1/R. In this situation, the plasma particle
precession reverses its direction and puts electrons out
of resonance with diamagnetic frequency. As a result,
the trapped particle instabilities can be stabilized[28–
31], thus, removing the residual turbulence from the
D-region of low recycling plasma.

Fig. 13shows such a stabilization of electron trapped
modes (ETM) by enhanced beta in IST configuration,
calculated using the HINST code[32].

Increase inβ stabilizes modes as is shown in
Fig. 13a. All modes withn > 5 become stabilized in-
dependent of the effect of collisions (stabilizing). At
the full plasma pressure, even then = 5 mode is com-
pletely stable ata > 0.6.

Thus, at highβ of IST, the electron trapped modes
can be stabilized by reversed particle precession. In this
case, with no micro-turbulence present in the D-region
of the low recycling plasma, the configuration can,
potentially, approach the condition of D3He fusion,
( –50
t r
c on
o sity,
s r
“

7

en-
t nce.
L sed
p ch,
a n-
d con-
v wer
r re-

lated to the solid wall environment (discussed else-
where [34]), make the conventional plasma incon-
sistent with the high power density of the power
reactor.

Another kind of plasma is required to achieve the
key objectives of magnetic fusion, i.e., development of
OPRR, first wall and tritium cycle. The concept, dis-
cussed in this paper, suggests the LiWall regime suit-
able to both OPRR and to its development path. The
LiWall regime is also consistent with new technology
approaches (e.g., liquid lithium walls) required for first
wall development.

Ignited spherical tokamaks, or ISTs, suggested in
the paper as an implementation of the LiWall concept,
could be practical devices for developing elements
of the power reactor, including ignition, obtaining
parameters of the operational regime, designing the
first wall and starting the tritium cycle technology.
Basic theoretical limits for stableβ and bootstrap
current, being very restrictive for the conventional
plasma, provide a wide parameter space for stationary
ignited operation of IST with the wall-stabilized
plasma and with a flattened temperature. The real
question is to what extent these opportunities can be
materialized.

While potentially eliminating or, at least, down-
grading numerous problems related to plasma physics
(ITG turbulence, sawtooth oscillations, free-boundary
modes, impurities, Troyonβ-limits, etc.) and to tech-
nology (localized power deposition, activation, diffi-
c e,
e lv-
i with
t cific
t

ore
f ion
i e of
c nal
p .g.,
f tor
c for
L us,
a the
w ma
e dge.
T ich
w the
requiring higher plasma temperature and about 25
imes, depending on dilution by�-particles, bette
onfinement[33]). At the same time, our considerati
f the OPRR, which requires a high power den
uggests that for power production the D3He (or othe
advanced” fuel) fusion is impractical.

. Summary

As an approach to a fusion reactor the conv
ional tokamak plasma has insufficient performa
imited by degradation of confinement at increa
ower and by low stableβ, such a plasma can rea
t the best, only “burning” or ignition conditions. Fu
amental plasma physics limitations prevent the
entional plasma from achieving the operational po
eactor regime. In addition, technology aspects
ulties with plasma stability control and use of FLiB
tc.) the LiWall concept depends crucially on so

ng several issues. Some of them are common
he conventional plasma while others are spe
o LiWalls.

The outstanding problem is the feasibility of c
ueling. It determines the extent of the D-reg
n the outer plasma core and, thus, the degre
onfinement improvement over the conventio
lasma. In fact, core fueling is required anyway (e

or tritium fueling) even in the conventional reac
onsiderations. The second problem, specific
iWalls, is electron behavior at the Li surface. Th
ny excessive secondary electron emission from
all into the plasma would cool down the plas
lectrons, thus, preventing the high temperature e
he third problem is the helium ash pumping, wh
ould probably require a different solution at
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stage of IST and in the reactor. LiWalls and ISTs open
also an unexplored area of tokamak stability research
associated with a deep core second stability regime
and wall limited high temperature plasmas.

Despite the existence of a number of concep-
tual problems, the low recycling plasma is more ad-
vanced than the conventional one essentially in all re-
actor relevant aspects. Its comprehensive study would
open new opportunities for both plasma physics and
technology of the fusion reactor. By significantly
extending the scope of plasma regimes, the high
edge temperature plasma can also uniquely contribute
to the fundamental physics of plasma stability and
confinement.
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