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Contamination and radiation losses in post-EL M tokamak plasma
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Abstract. In large tokamaks operating in the ELMynkbde after each ELM the diverto
emits eroded ionized material into SOL and then the impurities may deteriorate the
confinement. The repetitive diffusion of carbon impurity into the core and its accumulation
during tokamak discharge is simulated with a newly developeliconsistent twe-

dimensional plasma equilibrium code.

In the Hmode anticipated for the future tokamak ITERgh power repetitive bursts of edge
localized modes (ELMs) that may accompany the tokamak discharge will be probably a
serious problem. Ae divertor armour is mde of carbon fibre composites (CFC) in the most
loaded part at the separatrix strike position (SSP) and of tungsten cover in the other parts.
The ELM heat depositiof in the range aboud.5- 3 MJ/nt is expected [1]This causes
intense vaporization atehsurface, then contamination of the scraffdayer (SOL) and

later the confinement region.

Recent computer simulations of SOL contamination by carbon impurity was carried
out with the code FOREV whicimodels propagation in SOL afumped during ELMnhot
deuteriurdtritium plasma and its impact on the target [2]. Evaporation and ionization of
target atoms, radiatiamansport in the ionized erosion specaes its backward propagation
into SOL was simulatedcor Q= 1 MJ/n?, carbon fills SOL of thickness af few cm for
several ms with the densityup to 16° m™, thus replacing the DT plasmaistcooled down
to a few eV by radiation losses.

The purpose of this study is to simulate numerically the consequent carbon
contamination of confined plasma assuimiee quiescentThe magnetized rich impurity
diffuses across the separatrix. For the SOL carbon tempefatutes eV, the gyreradius of
carbon ions Cll in the magnetic fieB~5T is of p ~ 10 m and their collision frequency
v~3x10°s ™. The difftsion coefficient D =p% ~3x10?m?%s and the carbon influx
jc=tnD/d~3x10" m? thus follows for the SOL thicknes3x10?m and the carbon
presence time =3 ms. This is one order less than the carbon amount in SOL, so that carbon
manly returns alam the field lines in the divertor where, as we assume, it is completely
absorbed until next ELM. Accurate simulation of the whole diffusion is generally very

complicated. Below several simplifications are used in order to estimate the core impurity
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densityand consequent radiation losses for plasma tore of poloidalszossn typical of
future tokamak designs. Main ion species deuterium governed by fixed neutral beam fuelling
is assumed. Temperatuiiéw) common for main and impurity ions and electronsaas
function of poloidal magnetic fluxv is fixed in time being typical for the-fode.The
plasma is described in frame of the PfirStthllter theory [3] for arbitrary aspect ra#o
however thethermoforce contributions are not taken into account #red diffusion
coefficients for main and the impurity species are multiplied by the factéf® afid 332
respectively, to account for banana orbits and anomalous effects. This establishes the main
no(t,w) and impurityn,(t,w) densities in time. The radation losses are calculated based on
the data [4] for optically thin plasma. The bulk impurity density is assumed small
(Ziny << Zgn, wWith Z; the ion charge states) therefore impurity influences on plasma currents
and the beam are neglected.
. For the simlation, newly developed
plasma two-dimensional plasmanagnetic field
6 equilibrium code TOKE (“Tokamak
Equilibrium”) is applied. Figl demonstrates on

the poloidal plane(r,z) of the tokamak

Z
160 MW . : -
Tm 0.1 MeV cylindrical frame, the coils for external poloidal
D beam field, the neutral bem and the magnetic flux
" frame implemented in the cod@&o calculate
control these meshes filled with the plasma, for given
position

pressure p(w) and covariant toroidal field
plasma boundary

[ 3 .
o 1 2 w(r,z) was developed. It uses the Green function

Fig.1 TOKE poloidal crossection.; - for the GradShafranov equation. Plasma
the coils for external poloidal magne _
field, x - the xpoint. The arrow shov currents and the coil currents are calculated and

the beam penetration depth. then new magnetic flux frame generated

updating the plasma configuration until sufficient convergence. At each time step the

componentBs(w), an iterative algorithm for

pressure profile, the ion influxes and thexnenagnetic frame are calculatecheTcode
controls the currents in the coils keeping required shape of separatrix. Due to this feedback

the plasma boundary keeps at the separatrix with semes,. Numerical radial coordinate
X is proportional tow as w/w, = X/X, with X the number of mesh layer&fter each ELM,

ny(W,) becomes large for a few ms until given impurity infjuxLow plasma paramet@ris
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assumedf}(<<1). In this case radial convective velocity Bf can be neglected and the

species densitgesatisfy the equations:

Sen)= e, 22 E(z’g‘ Tl s )

sren)= g v, 2 B K rm) - )i @

Z, my , B2 [Z, ox Z, 0x

The coefficientsD; = fic%(41o)), with fo= 15A% f,=3A%2 the longitudinal conductivity
o= 2¢’ny/(Mveo). The speed of light, electron massy, elementary chaee, safety factor
g, andvg is Spitzer’s electron collision frequency. The impurity ion masg,j@andvy, the
frequency of impurity ion collisions with main atoms. The rai®,./(MVeo) is of order of

(my/m)
obtained based on the data [5]. The geometric faGpendA'y are given by the following

Y2 which yields enhanced impurity dif§ivity.. The termS represents the fuelling

integrals around the magnetic surface:

G, :frk'z\/gdy, A :fr"‘zB§|B|_2(gzz/\/§)dy (3)
The poloidal coordinatg varies from 0 to the number of radial lay&tqIn Fig.1 we have
X =16 andY=32.) Given nomegative integers < X andy <Y, Vg, is the width alongy
andvg the area of numerical cell with the diagonay)-(x+1y+1).

For the configuration ofFig. 1, stationary layer densitiesy(x+1/2) at integer
x=0.X-1 are obtained with a finitdifference form of Eq.(1) for the beam inflow of
Jw=107s . Fig.2 presentsT(a) and the obtained profile ofy in terms of minor radius
a=(gm*? with s(x) the poloidal crossection area. The deuterium radiation power of
25MW is obtained. Impurity behaviour and radiation losses are simulated solving
numerically Eq.(2) only once for single ELM witg = 3x10"" m™

Fig. 3 demonstrates corresponding eviolutof carbon content and carbon radiation
loss power. It follows from Fig3 that forfg \ < 100Hz the plasma cleaning by next ELM
is inefficient. The posELM impurity quickly penetrates into the corm; in the pedestal
becomes low due to the back difon, and the next ELM carries away almost pure plasma.

Since at fixedng(a) and T(a) Eq.(2) is a linear equation in regardrig andn, is a
factor in the local radiation sink, the following results for multiple ELMs are obtained
composing them of thatf Fig.3 for linearly increasing ELM onset times. The deposition

energy Q relates with the whole ELMs enerdy=3T(X)Ng.w as E= QS;, with Ngy



32nd EPS 2005; I.S.Landman et al. : Contamination and radiation losses in post-ELM tokamak plasma

40of4

number of main species ions the ELM dumps into SOL @nelffective divertor area. We

assume for distinctness half of plasma outflow into SOL via ELMs (ELMs do not

influence substantially the impurity diffusion outflow from the core).
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Fig. 2 Stationary profiles ofy(a) and Ta)
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Fig.3 Carbon density and radiation after

as functions of minor radius a single ELM of § = 3x10 m?

and

Typical values of S5=20m7°
T(X) = 4 keV yield Neuy = 102 at Q= 1 MJ/nf,

and thenfg y, = 0.5Hz follows atJ,, = 10%s™.
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The whole particle number idlo= 2x10?% so
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that 5% of plasma is dumped at each ELM.

Fig. 4 shows evolution of radiation losses and
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Fig. 4 Multi-ELM regime:
jc=3x10"" m?and £ y= 0.5Hz
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impurity density in the core for this regime. The
radiation losses of 7BIW are of factor2 less

than the neutral beam power. The condition
Zono > 3Z3n; at x =0 is fulfilled, however at its margin. We concluded from these results
that the maximal tolerable ELM siZg, for fg,y = 0.5Hz is about MJI/nf. Unfortunately,

the dependencg-(Q) is ot yet available therefore the dependerigée ) also. Several

rather uncertain implications have been mentioned, for instance the plasma fraction dumped

out in ELM burst. In future those parameters of ELMyridde are going to be clarified.
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