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Abstract

A 1/2-D model for thermal equilibrium of a thermonuclear plasma with transport

described by an empirical global energy confinement time is described. Ignition
• i

in NET and ITER is studied for a number of energy confinement time scaling

expressions. Ignited operation of these machines at the design value of the

neutron wall load is shown to satisfy both beta and density constraints. The

value of the confinement time enhancement factor required for such operation

is found to be lower for the more recently proposed scaling expressions than

it is for the oldest ones. With such new scalings, ignition could be obtained

in H-mode in NET and ITER even with relatively flat density profiles.



1. INTRODUCTION

Considering the recent advances in the physics of hot plasmas confined in

tokamak configurations, one can confidently envisage the next step in magnetic

controlled thermonuclear fusion research and development, i.e., the realization

of an ignition machine, which could be carried out in the 1990's. So it appeared

to us that the time was appropriate to present to a wide scientific audience,

not necessarily specialized in plasma physics, the basic model used to study a

thermonuclear plasma in a tokamak as well as the previsions that can be drawn

presently for the next step.

Without going into the details of the magnetic confinement fusion physics,

that the reader can find in the literature [i], we just recall that we are

interested here in the following fusion reaction:

D + T » «He(3.56 MeV) + n(14.03 MeV) [17.59 MeV] ,

which occurs in a plasma composed of a mixture of deuterium and tritium. In a

tokamak, -the plasma components (D-T ions and electrons) as well as the alpha

particles produced by fusion reactions, are confined within an annular volume

(torus) with major radius R and minor horizontal radius a. This confinement is

obtained by means of a magnetic field, the main component of which is the toroidal

magnetic field B . An electric current I which flows through the plasma, both

generates the poloidal component of the magnetic field which is necessary for

confinement, and allows ohmic heating of the plasma.

An essential objective of the next step (NET/ITER), is to achieve a thermo-

nuclear ignited quasi-stationary state using a deuterium-tritium plasma. Such

a state is obtained when the power transferred to the plasma by the slowing down

of the 3.56 MeV alpha particles is able to compensate the power losses due to

radiation and heat conduction-convection processes. In such a regime, the plasma

is thermally self-sustained, so that no energy must be supplied externally to

sustain the combustion. The latter circumstance is very favourable for a ther-

monuclear reactor since the global efficiency of the power plant can be shown

to be in this case close to the efficiency of the electricity generator, i.e.,

of the order of 40%.

The ignition stationary state is characterized by a relationship between the

plasma density and temperature which depends on the scaling expression chosen

for the energy confinement time T_ in terms of the plasma parameters (see §2.1.4
b

below for the definition of T). Additional constraints must also be satisfied
Ci

by the plasma density and temperature, i.e.:



- The value of the seta parameter (ratio of the plasma kinetic pressure to trie

magnetic field pressure) must tie below a certain limit (Troycn beta lirait) for

tne plasma to be MHD stable.

- The plasma density must not exceed a maximum value (Murakami density limit)

above with the plasma column becomes unstable.

- At stationnary state, the density and temperature must be such that the

resultant neutron wall load has the design value.

Writing that there exists regimes satisfying the above constraints yields a

condition on the quality of the confinement which must be achieved in a given

machine. This condition is generally expressed as a required value of the

enhancement factor f with respect to the confinement time currently observed
J_i

in strong additionally heated discharges ( the so-called L-mode value ) .

In the present paper , we will first briefly describe the source and loss

mechanisms of a thermonuclar thermal equilibrium. Then we will examine the

conditions which must be satisfied for existence of acceptable ignited states

in the next-step device.

MKSA units are used throughout the paper except for the temperature which

is expressed in keV.

2. SOURCES AMD LOSSES IM A THERMONUCLEAR FLASHA

2.1. The case of a pure and homogeneous plasma

2.7.7. The alpha power source

We first simply consider a maxwellian plasma composed of a mixture of 50%

deuterium and 50% tritium, with uniform density and temperature. The number N

of D-T fusion reactions occuring per unit time within the volume v may then be

written as

Nf = VT (T) V '

where n =n =n/2 are the deuterium and tritium densities , n is the electron density

and T is the plasma temperature supposed to be the same for all particle species.

The quantity ffv is the thermonuclear reaction rate which is an integral of the

product of the reaction cross-section by the particle velocity distribution

function of the plasma. Each fusion reaction produces a 14.03 MeV neutron which

goes out of the configuration and an alpha particle with an energy E =3.56
a

MeV whose trajectory is trapped in the tokamak so that its whole kinetic energy

may be transferred by collisions to the plasma. The plasma alpha power source

P may then be written asa



P = 7 "V(T) E V .
a 4 a

2.1.2. The ohmic heating

In the tokamak configuration, a plasma electric current is required. In the

next-step physics phase where ignited regimes are searched, the current will
3/2be driven inductively. Because of the 1/T dependence of the plasma resis-

tivity, the associated ohmic heating is negligible in comparison with the alpha

power at the temperatures of interest (T ~ 10-20 keV). The ohmic heating P_(n,T)

is nevertheless included in our model.

2.7.3. The radiation losses

In a pure D-T high temperature plasma, the only meaningful radiation is emitted

by electrons accelerated by the coulomb field of the nuclei. This radiation is

denoted electron bremsstrahlung radiation. It is well described by the non-re-

lativistic Born approximation, i.e.:

Pn a 5.36*io~
37 n2 T1/2 V .

15

2.7.4. The conduction-convection losses

Particles and energy are only imperfectly confined by the magnetic field of

the tokamak configuration. The matter and heat transports experimentally observed

are much larger than they should be if they were only due to coulomb collisions.

This anomalous transport cannot at the present time be quantitatively predicted

by theory. In such circumstances, one just writes the power losses P due to

transport in the following form

P -

where W is the plasma thermal energy content and T is, by definition, the

global energy confinement time. In the case of a pure homogeneous plasma, we

simply have W = 3nkTV.

One the main objectives of tokamak experimentation is to determine the T

dependences on the different discharge parameters for plasma conditions

approaching thermonuclear conditions. The results of these studies will be

analysed further.

2.2. Profiles ana Impurities: two quantitatively important ingredients

2.2.7. Profiles

In practice, the density and temperature of a tokamak plasma are not spatially

uniform, they present radial profiles. Taking into account these profiles in



the rems F , ?_, ?_, and P discussed above leads to replace :: ana T ;;y average
O u O t

values <n> (volume-averaged density) and [T] (density weighted average temper-

ature) and to introduce profile dependent "form factors" (1/2-D model). These

effects introduce important numerical corrections, in the present paper, the

density and temperature profiles are modelized by expressions of the following

form:

2 an -> 0T
n(p) = Ti0(I-C ) " , T(p) = T0(I-P^) ,

where n0 and T0 are the density and temperature on the magnetic axis and p is

a normalized radial coordinate. The parameters a and a are larger for more

peaked profiles.

2.2.2. Impurities

Real plasmas contain impurities which are responsible for a local effective

charge 2 which is defined by the following relation

I n.Z2

eff Z n.Z. *
i i

Z values observed in large machines are generally not lower than 2. Note that,

in a thermonuclear plasma, the alpha particle population will play the rcle of

an additional impurity species. The effect of impurities on the expressions of

the above power terms is twofold:

- Dilution effect: for a given electron density, the density of the reacting

D-T nuclei is lower in the presence of impurities than half the electron density,

resulting in lower alpha power source.

- Effect on ohmic power and bremstrahlung loss: highly charged nuclei increase

plasma resistivity and the bremsstrahlung radiation loss. It can be shown that

the effect is proportional to Z in both cases.

In the present model, Z is supposed to be due to carbon and to a fraction

n /n=5% of helium ashes.a

2.3. The global energy confinement time t_
Ei

For discharges with strong additional heating, two different regimes of

confinement have been observed. The L-mode regime ("Low" confinement) is the

regime obtained with standard operation operation of the tokamak. It is char-

acterized by a strong degradation of the energy confinement time with the total

injected power P (T - 1/P. " ). The H-mode regime ("High confinement") is
COt Cj

principally obtained in tokamas operated with a divertor, when the heating power

exceeds a certain threshold value. This regime is characterized by steep density
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and temperature gradients near the plasma edge and by confinement time values

approximately twice larger than in L-mode.

A L-mode data base including data from most operating tokamaks has been

assembled and continuously updated. Statistical analysis of this data base has

resulted in successive L-mode confinement time scaling expressions: Goldston

scaling (1984) [2], Kaye-Goldston scaling (1985) [3], Neo-Kaye scaling (1986)

[4], Kaye-All and Kaye-Big scalings (1988) [5], ITER-89 power law and offset-

linear scaling (1989) [6], Riedel-Kaye-All and Riedel-Kaye-JET-like scalings

(1990) [?]. Independently, Lackner and Gottardi [8] recently proposed a monomial

scaling expression based on theoretical considerations and fitted to the L-mode

data base. A typical example of such scalings is the ITER-89 power law expression

which reads

„0.5 0.5 T0.85 -0.1 „0.2 1.2 0.3
^ M _„. K I n B R a

P '
pO-5
tot

where n is the line averaged electron density, K. is the vertical elongation of

the plasma cross section, and M is the so-called effective atomic mass of

the plasma expressed in atomic mass units (for a mixture of 50% deuterium and

50% tritium, we will take M =2.5).ef f

A large H-mode data base is presently being assembled by the ITER team. Before

the first H-mode scaling expressions are made available, the following relation

is simply assumed:

TEHM ~ fLTELM '

where f is called the confinement time enhancement factor relative to the L-mode.

Comparison with presently available experimental data shows that the above

expression is correct with f - 2.

For regularity purposes, the confinement time T is described in the present
III

paper using the standard Goldston prescription, i.e.,

1-1/2

where T is the Neo-Alcator confinement time [9] usually observed in tokamak
ILNn

discharges with pure ohmic heating.



3. THE CONDITION FOR EXISTENCE OF AN IGNITED THERMAL EQUILIBRIUM

3.1. Equation of the ignition curve in the (<n>,[T]) plane

The thermal equilibrium equation is obtained Dy writing that at stationary

state, the alpha power source plus the ohmic power on one side, balance the losses

due to bremsstrahlung and transport processes on the other side. Thus we have

W
T]) + Pn(<n>,[T]) = PD«n>,[T])

T «n>,P +P )
Il Ot \L

where P̂  has been replaced by P + P_ in the confinement time expression. The

above expression is the equation of the ignition curve in the (<n>, [T]) plane.

In general, this equation must.be solved numerically.

3.2. The beta limit curve

If the beta parameter exceeds a critical value, the plasma equilibrium becomes

unstable due to various MHD instabilities. Here, we take

I ''
<0> < lo~8 g -E-

V

where the Troyon parameter g is found experimentally to be of the order of 3.

Such a constraint excludes the operating points situated above a beta limit curve

in the (<n>,[T]) plane.

3.3. The density limit

When the density is increased, the plasma column may shrink due to strong

radiation in the outer layers and be destroyed by a MHD instability. As a typical

value of this density limit, we take the Murakami expression

" < S HT- with CM = 3xl°2°cyl

where q^ is the cylindrical safety factor.

3.4. The neutron flux constraint

Each tokamak project is designed to work with a prescribed value of the average

neutron wall load F . Such a constraint gives an additional relation betweenn
<n> and [T]. For NET/ITER, we have P =1 MW/m2, corresponding to a total fusion

power of 1060 MW for NET and 985 MW for ITER. The main machine parameters con-

sidered for the two projects are listed in Table I (triangularity is not accounted

for in our model).
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4. IGMITION IN NET SND ITER

In the case of NET with the ITER-89 power law scaling expression, the ignition

curves have been drawn in Fig. l for increasing values of the enhancement factor

f. . The curves are V shaped and move down the (<n>,[T]) plane when the confinement

is improved. The Troyon beta limit curve is first reached (but at the peint of

contact, the total fusion power Pf _ has the unpracticable value of 6850 MW

corresponding to a 6.4 MW/m2 neutron flux), then the density limit curve and

finally the design neutron wall load curve (F =1 MW/m2) are reached.

For the same machine with the Riedel-Kaye-All scaling expression, we see in

Fig. 2 that the ignition curves are O shaped. For f =1'(L-mode), the high tern-
LJ

perature branch of the ignition curve does not exist. This branch appears for

a critical value of f at a density and temperature satisfying both the beta
L

and density constraint. Operation at the design power is obtained for fT=l.27.

In Fig. 3, the value of f required for ignited operation in NET with F =1

MW/m2 is plotted as a function of the density peaking factor nD/<n> = l-i-a for

different scaling expressions. We see that peaked profiles are favourable and

that, with the latest scalings (ITER-89P, Riedel-Kaye-All, Lackner-Gottardi),

ignition is within reach of H-mode operation (fr -2) even for flat density
Li

profiles. A similar graph is presented in Fig. 4 for ITER. In this machine/

ignition becomes marginally accessible in H-mode with flat density profiles

(except for the very optimistic Lackner-Gottardi scaling).

Finally, the value of f required for ignition with F =1 MW/m2 has been plotted

in Fig. 5 as a function of time for the scaling expressions derived from sta-

tistical analysis of the entire L-mqde data base. Goldston and Kaye-Goldstor.

scalings were derived with only small and medium size machines. Inclusion of

larger machines, initial TFTR results for Neo-Kaye, TFTR, DIII-D, JT-60, and

JET for Kaye-All, resulted' in more pessimistic laws. Recent addition of data

and improvement of the statistical analysis (ITER-89 power law and Riedel-

Kaye-All scalings) give more favourable results for extrapolation to the next

step.

5. CONCLUSION

Considering the most recent scaling expressions, ignition in NET/ITER with

the design value of the fusion power (P ~ 1000 MW) appears to be feasible

with moderate values of the L-mode enhancement factor (f -. 1.5) if relatively

clean plasmas (Z = 1.7 with 5% He) with approximately paraboloic density and

temperature profiles can be achieved in these machines. With flat density pro-

files, ignition is still within reach of H-mode operation with f - 2 (although

marginally for the ITER parameters considered here).
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TABLES

TABLE I. Parameters of the NET and ITER projects.

NET

ITER

R ( m )

6.30

6

a ( m )

2.05

2.15

K

2.2

2

B t ( T )

6

4.85

I p ( M A )

25

22

Réf.

[10]

[U]
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FIGURES CAPTIOKS

Fig. 1. NET with ITER-89 power law/Neo-Alcator scaling expression. Igr.i-ion

curves for f =1.34, 1.46, 1.50, zeff
=1-7 (Carbon, 5% He), Meff=2-5, C^=Ir

«T=l, g=3, CM=3*10
2°.

Fig. 2. NET with Riedel-Kaye-All/Neo-Alcator scaling expression. Ignition curves

for f =1.27, 1.28, 1.32, Z _ =1-7 (Carbon, 5% He), M =2.5, a =1, O17,=!,LJ sri 6ZX ri —
g=3, CM=3*10 .

Fig. 3. NET, value of the confinement time enhancement factor required for

ignition with a 1 MW/m2 average neutron wall load, as a function of the

density peaking parameter, Z =1.7 (Carbon, 5% He), M =2.5, a =1.

Fig. 4. ITER, value of the confinement time enhancement factor required for

ign tion with a 1 MW/m2 average neutron wall load, as a function of the

density peaking parameter, zeff
=1-7 (Carbon, 5% He), M =2.5, a =1.

Fig. 5. Confinement time enhancement factor required for ignition in NET and

ITER with r =1 MW/m2 as a function of time for Goldstcm (G), Kaye-Goldstonn
(KG), Neo-Kaye (NK), Kaye-All (KA), ITER-89 power law (IT89P), and Rie-

del-Kaye-All (RKA) scaling expressions, Z =1.7 (Carbon, 5% He), M =2.5,
SiX Si j.
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