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" ABSTRACT
The sensitivity to the transport model of the plasma B at
ignitioni and the additional heating power needed to reach ignition
are calculated using a steady state 1-D transport code. Three
empirical transport modeis with differing temperature behaviour
are used apd althoﬁgh the additional heating power is found to be
strongly dependent upon the transport model, the B at ignition is

found to be only weakly dependent upon the model.

Impurity radiation is found to mainly change the temperature
profile and only has a small effect on the plasma B. The profile
changes mean that a larger concentration of impﬁrities can be
tolefated at ignition than given by previous fixed profile cal-

culations.
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1 INTRODUCTION

To attain ignition in a tokamak two main conditions have to
be satisfied. The first is that the plasma is MHD stable both on
the approach to and during ignition, this places a restriction on
the plasma 8. The second is that sufficient heating power is
available so that the ignited state can he reached. These both
depend crucially on the transport properties of the plasma and the
impurities, which are not sufficiently well understood for any
precise calculation of the ignition parameters to be made. Never-
theless, several theoretical and empirical scaling laws have been
proposed and in this paper we extrapolate these to the reactor
rggiﬁe. Not surprisingly we find that different scaling laws give
rise to differing power requirements for ignition and critical
B's at ignition. However the range of B values at ignition is
gquite narrow of thé order of 5-8% for the JET pafameters whereas
the power requiréments vary enormously (8-24 MW for pure plasmas).
Interestinély increasing the concentration of impurities also
results in a much larger change in the power needed for ignition
than in the average B at ignition, which is not significantly
affected by impurity radiation. This is because the main effect of
impurity radiation is to alter the shape of. the electron temperature
profile, which becomes flatter in the outer region and more peaked

in the centre.

Three different empirical scalings of the thermal conductivity

that we consider are first the simple scaling used in the INTOR

(1]

studies

Yo = 5 x lOlg/n (m . s_l) (11)



second the form proposed by Coppi and Mazzucato[ZJ

_ 19 _3/5
Xe = 6.4 x 10772 ZotE B¢/(an T.) (1:2)

and the third form proposed by Ohkawa[3} and several other authors[41

1.4 x 1020Te%/an (1.3)

]

Xe
The above three forms have different temperature scalings and
bracket the range of temperature behaviour seen in present devices.

(A1l units in eq(l.1-1.3 are SI apart from T which is in keV.)

To determine the ignition curve and the optimum route to
ignition for a particular model of the thermal transport a steady
state 1-D transport code was used. The main advantage of such a
code is that the thermally unstable low temperature side of the
ignition curve can be readily determined. Since both the alpha
particle heating and the impurity radiation are strong functions
of temperature an adaptive non-uniform spatial grid technique is
used so that reasonable numerical accuracy is achieved with an
economy of grid points. |

The structure of the paper is as follows. In section 2 the
basic steady state transport equations are given, together with a

brief description of the algorithm which is used for their solution.

Secti&n 3 contains a discussion of the numerical results.
First the ignition curves for a pure plasma are given for the three
scaling laws. Then the effect of impurities on the temperature
profiles and the ignition curves is discussed and this is followed
by a calculation of the power requirements of the different scaling

laws.



2 THE PLASMA TRANSPORT MODEL AND NUMERICAL ALGORITHM

The problem we are concerned with is the steady state solution

of the plasma transport equations. We are principally interested

in the electron and ion power balance equations,

dr : 3m
1d _e 3 dn e nk _ e e _
T a;[rQﬂe ar * 2 TeDa;)] t B, Y P T T, (T,-T;) - Sg, + 5, =0
(2.1)
- / dT 2 3m .
14 [ o+ .3 dn e nk . _ g
rar|” G“i ar ¥ 2 TP drI]+ Py tm 1 Te Ty) + 8y =0
(2.2)

where the forms for electron thermal conductivity x are given in

egs(1.1-1.3) and the forms assumed for the remainder of the terms

are listed below.

First, in the electron power balance éq(2.1) for the con-

vective loss we take the same diffusion coefficient as in the

Intor studies[1], R

D = 0.25 x, (2.3)

Tn the thermonuclear ‘regime the ohmic contribution to the power

balance is negligible, but we include it for completeness,
- 2
E, T, = nyJ% (2.4)

Fpr the neoclassical parallel resistivity | we take the recent

[5]

expression of Hirshman et al 5

For bremsstrahlung we use the expression of Glasstone and

Lovberg[G]



e _ -37 2k o =3 '
Spr = 4.8 x 10 Zeff n Te Wm {2,5])
For the o particle heating of the electrons
= = 2 =
S FaFae n eT(l eT)<ov>kEa {2:85)
: . . . . [7] _ _
with €p given by Field and Minardi 1 Eq = nT/(nT+nD) = 0.5, for

<ov> we take the Brunelli fit[B], Ea = 3.52 x 10%® keV. Since we
are studying the steady state we need not include the effects of
a finite slowing down time on the heating. Fa.is the fraction

of trapped a particles, we take Fa=l everywhere.

For the ions we use the neoclassical expression for the

thermal conductivity given by Duechs et al[g]‘

A ‘ % Z
_ 0.68 eff 2 r eff 5 ; 2
i T TF 036 c T, Ple (E;) o (leet)  (2.7)

Pip and p; are the ion gyroradii in the poloidal and toroidal

fields respectively.

BT(RO mi)% 1

- —_— = ==
Vi Zeff Ro Be rkT, . (2.8)
i 1
. P o " _ 17 3/2

with the ion-ion collision time Ty = 6.6 x 10 Ti /nlogh,
S; is the a-particle heating to the ions

i_- 2 =

Sa = Fafai n eT(l ET) <Gv>kEa (2.9)

The density profile can be calculated self-consistently,

although for parametric studies it is convenient to take the form,



n(r) = no(14a tanhY(a)) (2.190)

By varying the parameters a and y the density profiles of present
experiments could be easily simulated. For most of the runs the
parameter a was set equal to 2, and although y was varied in the

range 3-5 it had little effect on the ignition curves.

Similarly we can calculate the current density, but since
the ohmic heating is unimportant we assume an MHD stable current
density profile to be frozen into the plasma. Thus we take the
current profile to be |
j(r) = 35(1-r?/a?)’ (2.11)
andfthen a /qO = v+tl. The corresponding poloidal magnetic field
ié given by

.
By(r) = 5—— { —(l-r’/az)v+l} (2.12)

where I is the total plasma current. We choose qo=l, and q is

given by the machine parameters, so Vv is uniquely determined.

For the additional heating terms, P;., 5 in egs(2.1) and

(2.2) we shall assume that neutral injection is used and then Pi

and Pe have the form

Pe = SKeso, %_= S(l—Ke) €q (2.13)

where S is the source rate is the number of particles deposited

(10

per unit volume per sec, and for a pencil beam has the form

a

I < -
- o) [ [_ 1 dr [ 1 dr ]\
S = Zrrrrising | P|” sind J )\] ki ©XP!~ Sind J == ]I (2.14)

o -
and k., is the fraction of the fast ion energy going to the electrons.
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For the impurities the coronal equilibrium average ion model

nj . ; ;
developed by Post et al[ ] 1s used. The impurity density profile
will be taken proportional to the plasma density that is the con-

centration of impurity f = nz/n is a constant across the profile.

This is of course a very simple model but it has received
considerable support from sPectroséopic measurements on present

experiments.

To solve the equations we non-dimensionalise them, by
introducing suitable characteristic lengths and times and then
reduce them to a set of first order ordinary differential

equations. The boundary conditions used, in the physical variables,

are, dT, dT
dr _— dr r=0 e
and at r=a, Ti = Te = TL (2.16)

where the limiter value TL was usually taken as low as 10 eV to be
well below the peak in the impurity radiation curves for oxygen and

iron.
The differential equations are differenced using the trapezoidal

rule and the resulting set of non-linear algébraic equations is
solved by using the Newton-Raphson method. An adaptivé method due
to Lentini and Pereya b2] is used in which an error tolerénce is
specified and the algorithm solves the equations to this tolerance,
introducing additional grid points in regions with large gradients
automatically, this results in the formation of a non-uniform

spatial grid. B B _
The accuracy requested was usually 1% and to achieve this

the code needed about 40 grid points. Roughly half of these were
distributed in the end region between r/a = 0.8 and 1. The strong
variation of the radiation as a function of electron temperature
at low values of T, was the reason for the heavy concentration of

points in the edge region.



3 RESULTS

A typical solution of egs (2.1 - 2.2) is given in Fig.l
where the ion and electron radial temperature profiles are shown
along with the radial power balance. It is clear from this part-
jicular case and inspection of other cases that in the ignition
region the dominant terms in eqs(2.1 - 2.2) are the electron thermal
loss, the alpha-particle Qeating, radiation and thermal equilib-

ration terms. For the forms of X given by egs(l.1 - 1,3) we find,

after putting the equations in non-dimensional form{ that the peak
temperatures are functions of na, f (the impurity concentration)
and P (the total injection power) only. Thus although all of the
terms used in the numerical calculation are for the JET pdrameter
set (R=2.96nh a=1.6m, B=3.4T, I=4.8 MA) the ignition curves etc.
Ti so that approximate results

3 ' . pral )
are given in terms of na, £; P; Te’

may be obtained for any device.

The ignition curve for the INTOR scaling law eg(l.1) and a
pure plasma is shown in Fig.2. This 1-D ignition curve has the
same basic shape as the 0-D ignition curves[13'14], it also
has many similar properties. First at high electron temperatures,
Qe above 15keV, the ion temperature is greater than the electron
temperature. The reactor potential of this hot ion mode of operation

(T, > T,) has been discussed previously by Cordey[15] [16]

and Clarke
usiﬁg a 0-D treatment. It is found to be a common feature of all
of the scaling laws of egs(l.1 - 1.3), that at high teméeratures
and low densities T; > Teo- The physical reason for this, is that
at low densities and high electron temperatures, the electron-ion
equipartition term is much smaller than the electron thermal

transport and radiation terms, and so the electron and ions become

uncoupled.



Another property that the 1-D and 0-D ignition curves have

[17] have

_in common is their thermal stability. Kolesnichenko et al
shown for the simpler case of T, = T, = T, and with different
thermal transport, that provided the 1-D ignition curves are

plotted in na, T space, the thermal stability properties are the
Same as those of the O-D ignition curves. Namely that the left

hand side of the ignition curve is thermallY.unstable, with a growth
rate proportional to aﬁa' and the right hand side is thermal stable.
This theory can be trfiially extended to include line radiation, the

thermal transport of eqs(1.1-1.3), and unequal temperatures.

A more useful parameter than Te' from an MHD stability point

of view, is the average plasma B defined as
_ ra - a
— 2
B = 2u0 J (n(Ti+Te) + Pa)rdr v J B¢ rdr (3.1)
o o
where P, is the a particle pressure.
Another definition of average B which is frequently quoted in stability

analysis is the centrally weighted average Bﬁ defined as

a L a .
B* = 2u [Jonz(Ti + Te)zrdr] g IOBQ ey (3.2)

In Fig.3 the ignition curves for the three different scalings are
shown in ﬁa, B* space. The minimum B* for ignition ranges from 5%
for the Coppi—Mazzucato[z] scaling to 8% for the more pessimistic

temperature scaling given by eq(l.3).

We next look at the effect of impurity radiatioﬁ on the
ignition curves. For our impurity model (nZ = n) the bulk of the
radiation is still from the low temperature edge region and the
main consequence, as can be seen from Fig.4, is a flattening of

the temperature profile in the outer region and an increased central
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temperature -to profide the extra alpha particle heating to sustain
thé additional radiative loss. The change in the ignition curve
is shown in Fig.5. On the low temperature side of the ignition
curve the increased radiation is accommodated by an increased
central ion temperature %i, whereas on the high temperature side,
%i is reduced. This is simply because the peak of the a particle
proauction rate lies between the low and high temperature portions
of the ignition curve around 100 keV. The thermal stability pro-
pefties of the ignition curve with impurities, i.e. unstable (stable)
on the low (high) temperature side, of course remain the same, as
mentioned earlier.

The change in the average pérameters g and B* with impurity
concentration are given in Fig.6 for iron and Fig.7 for oxygen.
For an iron impurity concentration of 0.25% (see Fig.6) we see
that there is only a sma;l increase in B (~ 20%) and B* (v 50%) .
This is an improvement over the fixed tempefature arefile
calculations of Jensen et al[14] in which a concentration of 0.25%
of iron leads to a doubling of the temperature and hence é. For
- oxygen there is less change in the temperature profiles than for
iron, because the majority of the radiation is bremmstrahlung, and

so the increase in B with impurity concentration given in Fig.7,
[14]

is similar to the fixed profile results The results in Flgs.5-7
are for the INTOR transport model, eq(l.1), calculations for the
other scalings also show that the general effect of impurities is
to change the shape of the temperature profiles rather than the
average temperature or B needed for ignition.

Turning now to the power needed to reach ignition. The
additional heating is assumed to be neutral injection, and to
simulate the conditions in JET as closely as possible, the fast

neutrals are assumed to be 160 keV deuterons injected at right

9



angles to the field lines. The contours of constant power

for the INTOR scaling are shown in plan view Fig.8(a) and isometric
projection S(b). The interesting point here is that there is an
optimum route in na, B* Space to ignition. This 'ignition pass'

is bounded on the high density side by radiation losses and on

the low density side by electron thermal transport losses. The
contour diagram has the same basic shape for all of the scaling
laws, the only major difference is the power level required to

get through the pass. These are compared in Fig.9, where the
power to reach a particular ion temperature for a route through

the ignition pass is given. As expected the favourable temperature
behaviour of scaling law (1,2) (Coppi-Mazzucato) leads to a very

low value of the minimum value of the power needed[14] for ignition
(v 8MW), whereas the unfavourable temperature scaling eq(l.3)-gives

significantly higher (v 26 MW).

The wuncertainty on the power requirements for ignition is
compounded when one takes into account the uncertainty on the
impurity eonceﬁtration.' This is shown in Fig.10 where the same
path through the ignition pass is shown for various concentrations
of oxygen and iron impurity, from which it can be seen that
impurity concentrations of the order ofO 1% of iron and 2% oxygen,
(which are tjolcal of the present experiments) substantially increase

the power that is needed to reach ignition.

4 CONCLUSION

The sensitivity of tokamak ignition conditions to the thermal
transport model and the concentration of impurities has been invest-
igated. The main conclusions are that the plasma B at ignition is
fairly insensitive to the transport model and impurity radiation,

provided the concentration of impurity is not greater than those of

10



present experiments} that is up to 0.25% of iron and 2% of oxygen.
Increasing the impurity concentration leads to a marked change in
the tempefature profiles, flattening them in the outer region and
increasing the central values, whilst the average temperatures,

B and B* are only slightly increased. These profile changes mean
that greater impurity concentrations can be tolerated at ignition

for-a given average B than has been predicted by 0-D calculations.

It is found that there is an optimum heating route to ignition
in na, T space, the 'ignition pass! on which the required additional
heating power is a minimum. This minimum power level is however
found to be both strongly dependent on the transport model and the

concentration of impurities.
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Fig.1 Electron and ion temperature profiles and radial power flow for a typical case.’
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Fig.2 The ignition curve for a pure plasma and the INTOR scaling equation (1.1) in Tia, 'i‘e space.
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Fig.3 The ignition curves for the three scaling laws in Tia, §* space (the factor (a/1.6) (B/ 3.4)* is included
in f* so that the results can be scaled to machines other than JET, a is the minor radius in metres, B is the

toroidal field in tesla). Curve A is the INTOR scaling law eq.(1.1), curve B is the scaling suggested by
Coppi and Mazzucato eq.(1.2) and C is the unfavourable temperature scaling law eq.(1.3).
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Fig.4 Comparison of the electron temperature profiles at ignition for an iron impurity concentration f of
0-25% and no impurity.
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Fig.5 A comparison of the ignition curves in Ta, 'i"space for a pure plasma and an impure plasma.
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Fig.7 Band B* at ignition versus f the concentration of oxygen impurity for INTOR scaling.
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Fig.9 Injection powef in MW versus i‘i for the three thermal transport scalings, Curve A iseq.(1.1),
B iseq.(1.2), Ciseq.(1.3). The route to ignition is through the ignition pass.
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Fig.10 Injection power in MW versus 'i‘i for different impurity concentrations on the route through the
ignition pass. The thermal transport is INTOR. '
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