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Upgrade (FTU) is presented. The model is based on the 0-D description of the plasma transport in the 
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and tungsten limiter plates are also presented. The comparison with the experimental data shows good 

agreement with the results of the model. 

Permanent address: 
Institute of Plasma Physics and Laser Microfusion, P.O.Box 49,00-908 Warsaw, POLAND. 

<?' 

1 



1. INTRODUCTION 

Tokamak operations are characterized by a strong interrelation between the plasma 

dynamics inside the last closed magnetic surface (LCMS) and that in the scrape-off layer (SOL) 

[1,2,3]. To be specific, the heat and particle flux to the SOL determine the temperature and 

density in that region and, in turn, the impurity flux from the limiter plate to the plasma inside 

the LCMS. The impurity concentration, determined by such a flux, will influence the power 

balance inside the LCMS via the change in the ohmic power (due to the change in Zeff) and the 

change in the radiated power. Thus, the heat flux to the SOL, which is equal to the difference 

between ohmic and radiated power, will accordingly change, producing a modification of the 

impurity production. Therefore, SOL and bulk plasma dynamics are strongly linked and any 

realistic description of the tokamak dynamics should be made on the basis of a self-consistent 

model[4]. Unfortunately such a description is very complicated since a variety of different 

physical processes are simultaneously responsible '/or the plasma evolution in a tokamak. The 

impurity contamination of the main plasma can occur both via direct fuelling (impurity neutrals 

penetrating into the LCMS) and via radial diffusion of the impurity ions produced at the plate. 

Thus, the SOL description may require a 2-D analysis for each impurity charge state. 

Furthermore, the impurity density in the core is not only determined by the impurity flux from 

the SOL, but also from the transport processes inside the LCMS, which are, in general, 

anomalous. 

As a first step to such investigations, a simple model has been prepared which is able to 

describe, at least qualitatively, the impurity behaviour in FTU. The model uses a 1-D 

description for the SOL dynamics. The impurity distribution along field lines is the result of the 

balance among the effect of electric field, drag with the main ions and the impurity-neutrals 

ionization. The density at the plate density is determined by the local balance between the flux 

of impurity neutrals-emitted, by the plate due to the sputtering process, and the flux of impurity 

ions. Inside the LCMS a 0-D model is considered, with the central plasma temperature and 

density being given in terms of a fit of the FTU experimental data. 
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In a companion paper[5], it is shown that the 1-D model for the impurity dynamics in the 

SOL is in good agreement with 2-D numerical simulations. A preliminar version of the model 

has been presented in Ref.[6]. The aim of the present paper is to validate the model against the 

experimental results of FTU. "*•» 

The outline of the paper is the following: in sections 2 the physical model of the core 

plasma is presented and the SOL model is discussed in section 3. Results of the calculations for 

the FTU tokamak are reported in section 4 and the comparison with the experimental 

measurements is shown. Summary and conclusions are given in section 5, where predictions 

for the high Z plate materials are also presented. 
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2. CORE PLASMA MODEL 

In order to describe plasma in the tokamak centre a simple 0-D model is applied. 

According to the model, the steady-state profiles of the plasma parameters in the tokamak are 

specified as follows: 

T(r) =T0[l-(r/a)*]aT + Ta (D 

n;(r) =n i0[l-(r/aP]an + nia (2) 

Mr)=j^o[l-(r/a)2]3aT/2 0 ) 

where T is the core plasma temperature (TC=T;=T), n. is the background-plasma ion density, j$ 

is the plasma current density, Ta (nja) is the plasma temperature (density) at the last closed 

magnetic surface and a is the radius of the LCMS. The central temperature T0 and the edge 

density nja are determined from the FTU scaling laws [7,8] 

o / -10 1 9 ^ .35 /T„ -\0.15 0.15 

• To = 4 - 0 3 x l ° 3 ( ^ ) ( # ) &*) W 
n ia=2.11x 10-10<n;>l-45 (5) 

where the density is expressed in nr3, the current in Ampere and the temperature in keV. The 

exponents in the expressions of the plasma profiles are given by ar=qc-l and On=0.5aT, where 

qc is the safety factor at the LCMS. 

Only one impurity charge state is considered in the model. The profile of the impurity 

density has the following form 

._nz(r) = nza(ni(r)/nja)
az _____ _____ (6) 

According to Eq.(6), in the absence of sources inside the LCMS for both main ions and 

impurities, the impurity and main-ion densities in the bulk are the result of an outward diffusion 

and an inward convection, with the ratio between convection and diffusion being ocz times 

larger for impurities than the analogous ratio for the main plasma. Thus, the value of az 
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depends on the impurity transport in the tokamak plasma. The choice ccz=0.5 will be made in 

the following, in order to obtain an almost flat radial profile of the effective charge Zcff as 

observed in the FTU tokamak from the Bremsstrahlung emission, at least for sawtoothing 

discharges. 

The average impurity charge Z is calculated according to corona equilibrium [9], thus, Z 

is a function of die radial position via the electron temperature Z(r) = Z(Te(r)). 

The electron density is obtained from the quasi-neutrality condition 

ne(r) = ni(r) + Z(r)nz(r) (7) ,. 

Using the assumptions listed above it is possible to evaluated the ohmic power P0hm» 

a 
Pohm=4TC2RT(jrdrr|jJ (8) 

where Rj is the toroidal radius, Tî Zeff /Te[eV]3/2 is the Spitzer resistivity and Zefp=(ni+Z2nz)/ne 

is die effective charge, the power radiated by Bremsstrahlung Ptn-cm 

a 
PbreJMW] = 6.8 x IO"37 RT[m] J ne[m-3 J* Zeff Te[eV] W rdr (9) J" 

and line radiation Pi;n in the core 

a 
Plin = 47r2RT fnen2Lz(Te)rdr ^ (10) 

_with die cooling rate LzCTe) calculated from corona equilibrium [9]. 
SOL The power flowing to the SOL, P- , which is the basic parameter for the SOL plasma 

•calculations, can be found from the energy balance equation 

"inn — "ohm " "brem " Min • (*•*•) 
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Thus, P. can be calculated from the above expressions for given plasma parameters <n;>, 

Ip and qc, once Ta and n â are evaluated. The parameters Ta and^za are obtained from the SOL 

model presented in the next section. 
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3. SOL PLASMA MODELLING 

•f 

In this section the equations which determine the edge temperature Ta and the edge 

impurity density nza are derived. Since the plasma parameters in the SOL are strongly non

uniform, a ID description of the impurity transport is employed [5,6]. The background plasma 

dynamics is described by the simple SOL model [10]. It is assumed that electrons and ions have 

the same temperature and there are no temperature gradients. In the poloidal limiter 

configuration of the FTU tpkamak temperature gradients are indeed expected to be small. Note 

that the assumption of equal electron and ion temperature is satisfied in high-density discharges. 

At low plasma density, differences between electron and ion temperature are expected [11], but 

for simplicity, they are neglected in our description. Thus, the temperature in the SOL is the 

same for all the species and equal to the temperature at the LCMS Ta. 

3.1 Edge temperature T a 

The power flowing to the limiter plate is given by the difference between input power 
SOT 

P. and the power radiated in the SOL, pSOL Thus, from the energy balance equation at the 

limiter we have 

(8erep + 8ir5p)Ta = p f ° L - p ^ L (12) 

where r e p , T-ip are the electron and ion particle fluxes at the plate. The energy transfer 

coefficients 8e and 8, are calculated from the sheath-layer model [12]. In our description it is 

assumed that they are constant, 8e = 4.5 and 8, = 2.5. The total energy flux to the plate 

accounts for the flux amplification due to the impurity production at the plate and can be written 

in the form 

(8erep + 8irip)Ta= [4.5nep»ip •• 2.5(njpvip + n2pvzp)] S|| Ta (13) 
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where S|| is the effective area of the limiter plate S|| = VSOL/Lc, VS0L is.the SOL volume, Lc is 

the connection length and n2p (vzp) is the impurity density (velocity) at the plate. In the above 

equation the ion density at the plate n;p is equal to the half of its value at the LCMS n;p=0.5nia. 

It should be stressed that the electron density is calculated according to the quasi-neutrality 

condition and usually nep?i 0.5nea. The usual Bohm condition Vjp=Cs is assumed for the main-

ion velocity with Cs=(2Ta/mi) . with m i being the main-ion mass. The impurity-ion flux at the 

plate rZp=nzpVzp, is determined by the stationarity condition r 0 p = r z p , where r 0 p is the 

impurity-atoms flux from the plate, which is due to the effect of sputtering processes of main 

ion and impurities: 

ToP=YHrip + YzrZp (14) 

with YH» Yz being the sputtering and self-sputtering yields, respectively, averaged over the 

radial direction. Note that Y H and Yz depend on the edge temperature Ta through the 

dependence on the incident particle energy. Thus, for main ions the incidence energy is given 

by Ej=4T, meanwhile, for impurities we have Ez=[(MzP)2(mz/mi)+3Zp]T, with M2P being the 

impurity Mach number at the plate, mz being the impurity mass and Zp being the average charge 

at the plate. The resulting expression of the impurity-ion flux is rzp=ripYH/(l-Yz). 

The impurity-ion radiation is proportional to the impurity edge density and the SOL 

volume: 

PSL = neanzaLzCra)VSOL % ( 1 5 ) 

On combining Eqs. (1 l)-(15)f an equation for the SOL temperature Ta is obtained for a given 

value of the impurity edge density n^. 
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3.2 Edge impurity density n z a 

In order to close the model it is necessary to determine the impurity density at die LCMS, 

nza- Note first that, on assuming v2P=M2PCs, the expression for r z p obtained above determines 

the expression of nzp 

„ _ Y H "ip n<?s 

^"TCMfcP ( 16 ) 

In the model, the impurity Mach number at the plate is assumed as a given quantity, which, in 

die following, will be taken MzP=(mi/mz)
1/2. 

The impurity density at the LCMS is determined by two different processes: direct 

fuelling and impurity-ion transport in the SOL. 

In order to estimate the contribution of direct fuelling the fraction f of neutrals ionized in 

the SOL needs to be evaluated. In Ref.[5] such a fraction is calculated for a model target 

geometry corresponding to an inner wall configuration with constant incidence angle. Since the 

poloidal limiter configuration of FTU cannot be described by such a simple model, in the 

following we will estimate the quantity fas f=l-exp(-XnA0)> where "K0= v0/(ne<o'v>i0n) is the 

impurity-atoms ionization length, X,, is the density e-folding length, v0 is the impurity neutrals 

thermal velocity (with neutral energy E0=2 eV) and <av>;on is the impurity-atom ionization 

rate coefficient. After having determined the fraction of neutrals ionized in the SOL, it is 

possible to determine the expression of the average neutral flux across the LCMS, given by 

r ^ r o p d - f ) ^ * (is) 

where Snm, SLCMS are the limiter and the LCMS area, respectively. Inside the LCMS the 
neutral flux can be approximated by r „ = r o exp(yA0), with y=r-a. Thus, following 

Ref.[13], from the continuity equation of impurity we have 

= ro **' (19) J3nz -w 
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where D is the perpendicular diffusion coefficient, yielding 

»?-(M> 
MZPCSXQ Siim n 

D SLCMS z p (20) 

where the condition r0p=rzp has been used. 

As to the second process, namely the transport of impurity ions in the SOL from the plate 

to the LCMS, the ID impurity transport model described in Ref. [5,6] is applied. According to 

that description, the impurity density at the LCMS can be written in the form: 

n
i n d _ f HZE 

nza - 1 R 
(21) 

with R being the impurity retention factor [5], defined as 

R-is Jdx ^ = — JdM } ~ esCM) { 1 + 
*zp 7C-2 o 1+M2 

A 

(22) 

2MzPa2 — 
An 

dy exp(-y/An) JdM'j—e[-g(M')+h(M')] } 

0 

where 

a i = Z 

Xcoll n-2 vm; 

a3= : 
Lc 

^o(y)(7t-2) 
1+M2 1+M2 

g(M)= ailnC^—-) + a 2 [2 ln( i~-)+l-M2] 

h(M)= a 3 {2[-M+2 arctg(M)] -71+2} 

(23) 

In the above expressions M is the plasma Mach number, Xco\\ is the mean-free path for 

Coulomb collisions between main ions and impurity ions, A is the distance between the LCMS 
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and the wall and An is the impurity ions flux e-folding length, which is considered as a free 

parameter in the model. In the following An=2X„ will be assumed. 
•t 

Thus, the plasma density at the LCMS can be written as 

nza = n J + n£d sArnzp (24) 

where we have defined the screening factor AT-

Equation (24) determines the last unknown of the problem, namely n^. Unfortunately, an 

explicit solution for nza and Ta cannot be found and a numerical analysis is needed.The process 
SOL 

of solution consists of the following steps (Fig. 1). For a given input power to the SOL p. , 

the energy balance at the limiter is solved and plasma parameters at the edge are found, namely 

"za. Ta which are needed in order to calculate the core plasma characteristics. After having 

determined the core plasma solution, the input power to the SOL according to the Eq.(ll) is 

obtained. The process is iterated until convergence is achieved. 

4. RESULTS 

The model presented above has been used to simulate plasma discharges of the FTU 

tokamak, a compact high-field tokamak with major radius RT = 0.935 m, minor radius a= 0.3 

m, toroidal field BT ^ 8T and plasma current Ip < 1.4 MA. Up to now only ohmic experiments 

have been performed with a maximum input power of 2 MW, but, even in the ohmic regime, 

high power density (1 MW/m3) and high electron density (?3x IO20 nv3) can be achieved. 

Calculations have been performed for three values of plasma current Ip=0.4, 0.6 and 1 

.MA. Experimental measurements and results of simulations as a function of the average plasma 

density in the discharge are presented below. Note that all the calculations are performed for a 

constant value of the parameter ccz = 0.5, which determines the core impurity profile. For the 

sake of simplicity it is assumed that the charge of ions at the limiter plate is-independent of the 
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plasma parameters and given by Zp=2. Note however, that the results depends weakly on both 

parameters. Such a lack of dependence is due to the presence of a self regulating mechanism. If 

the parameters Zp, ocz are increased, which is equivalent to increase the impurity concentration, 

the radiation losses also increase and, in turn, reduce the power flowing to the plate. Thus, the 

impurity production is reduced and the impurity content in the discharge tends to decrease. 

The effective charge is shown in Fig.2. It can be seen that experimental results are in 

reasonable agreement with the simulations. The effective charge is higher for the same plasma 

density, when the current increases. A critical density exists below which no solutions are 

found. The critical density increases with the plasma current and its origin can be understood as 

follows. If the edge density decreases the edge temperature increases, producing an increase of 

the impurity production. Thus, the ohmic power increases due to the change in Zcff, the core 

temperature being determined by Eq.(4). Also the radiated power, both inside the LCMS and in 

the SOL, increases, but, since the cooling rate becomes smaller at higher temperature, such an 

increase cannot compensate the increase of the ohmic power. In such a situation no equilibrium 

solutions exist. It is interesting to note that the critical density is close to the low-density 

operational limit on FTU. 

Figure 3 shows the calculated and measured values of the radiated power[14]. It can be 

seen that the power radiated in the tokamak depends weakly on the plasma density, but it 

increases with the plasma current. A similar behaviour is found for the ohmic power, except in 

a narrow range at low density, where it increases due to the increase of Zeff. Thus, the power 

flowing to the limiter depends weakly on the plasma density, as it can be seen in Fig.4, where 

calculated and experimental results are shown, with the fraction of the radiated power slightly 

increasing with plasma current. The weak dependence on density of the radiated power can be 

explained as follows. For high plasma density the impurity production rate is strongly reduced 

due to the low value of the edge temperature (Fig.5 and Fig.6), but, simultaneously, the 

radiation volume increases, due to the inverse dependence of the nickel cooling rate on the 

plasma temperature. 

The plate temperature is shown in Fig.5. It should be stressed that in the model we do not 

distinguish between electron and ion temperature in the SOL, which means that the plot 
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represents some average temperature. The temperature is limited below 30 eV, except in a 

narrow region at low density, consistendy with the experimentally observed SOL temperature 

[8]. In Fig.6 the impurity density at the plate is shown. There is a strong increase of the 

impurity plate density close to the density threshold caused by the sputtering process, when the 

self sputtering yield is close to unity. 

In Fig.7 the screening factor AT defined in Eq.(24) is shown, which is a weak function 

of the plasma current and decreases with density. For low plasma density both direct fuelling 

and impurity diffusion from the plate to the LCMS influence the screening efficiency of the 

SOL as it can be seen in Fig.8 where the fraction f of impurity ions ionized in the SOL is 

presented. At higher density, the number of impurity atoms ionized in the SOL increases and 

the impurity retention in the SOL is determined by the transport processes along field lines. In 

the poloidal limiter configuration of FTU the retention of nickel ions in the SOL is poor since 

the connection length is rather short (Lc = 3m). 
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5. CONCLUSIONS 

A simple model has been presented which is able to describe in a self-consistent way the 

impurity production in the FTU tokamak. The model is based on the 0-D description of the bulk 

plasma dynamics and on the 1-D modelling of the plasma transport in the SOL. Impurities are 

released from the limiter plate due to sputtering and self sputtering processes. 

The general behaviour of Zeff as density and plasma current are changed is qualitatively 

reproduced. Below a critical density no solutions ar found. Such a limit is due to the fact that 

the increase in the ohmic power as Zeff increases is not compensated by a simultaneous increase 

of the radiated power. The model is also able to reproduce the experimentally observed weak 

dependence on the plasma density of the radiative losses in the FTU tokamak. Such an effect is 

due the fact that the reduction of impurity production as density increases is compensated by an 

increase of the radiation volume, due to the temperature decrease. 

The model has been also used to investigate the problem of the influence of the plate 

material on the plasma parameters in the SOL. Calculations have been performed using FTU 

parameters for nickel, molybdenum and tungsten plate materials for a constant plasma current Ip 

= 0.6 MA. The radiation losses decrease for higher Z materials and become strong functions of 

the plasma density, as shown in Fig.9. Reduction of the radiative power for the higher Z 

materials case is connected with the fact that the increase in the cooling rate as the temperature 

decreases is smaller than the decrease of impurity density due to lower impurity production 

rate. Thus, for higher Z materials the power flowing to the plate is larger and increases with the 

plasma density. It is important to note that, in the case of nickel limiter plate, at high density 

when Zeff = 1 a substantial fraction of input power can be radiated. A preliminary comparison 

— with the experimental results of FTU with molybdenum and tungsten plate material show a 

qualitative agreement[ 15]. 
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FIGURE CAPTIONS 
-r-

Fig.l Iteration scheme. 

Fig.2 Effective charge in the FTU tokamak with poloidal inconel limiter as a function of the 

average plasma density. 

Fig.3 Radiated power in the FTU tokamak for the inconel poloidal limiter configuration as a 

function of the plasma density. 

Fig.4 Power flowing to the limiter plate versus plasma density. 

Fig.5 Plasma temperature at the inconel limiter plate in the FTU tokamak as a function of the 

plasma density. 

Fig.6 Impurity density at the plate in the FTU tokamak as a function of the plasma density. 

Fig.7 Screening factor Ax in the FTU tokamak as a function of the plasma density. 

Fig.S Fraction of the impurity atoms ionized in the SOL for nickel, molybdenum and tungsten 

limiter plates as a function of the average plasma density for plasma current Ip = 0.6 MA. 

Fig.9 Radiative power for nickel, molybdenum and tungsten limiter plates as a function of the 

average plasma density for plasma current Ip = 0.6 MA. 
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Fig.3 Self sputtering yields for nickel target plates versus plasma density. 

Fig.4 Ohmic power in the FTU tokamak for the inconel poloidal limiter configuration as a 

function of the plasma density. 

Fig.7 Fraction of the radiated power in the FTU tokamak for the inconel poloidal limiter 

configuration as a function of the plasma density. 

Fig. 12 Effective charge in the FTU tokamak with nickel, molybdenum and tungsten limiter 

plates as a function of the average plasma density for plasma current Ip = 0.6 MA. 

Fig. 13 Self sputtering yields for nickel, molybdenum and tungsten limiter plates as a function 

of the average plasma density for plasma current Ip = 0.6 MA. 

Fig. 15 Power flowing to the target for nickel, molybdenum and tungsten limiter plates as a 

function of the average plasma density for plasma current Ip = 0.6 MA. 

Fig. 16 Plasma temperature in the SOL for nickel, molybdenum and tungsten limiter plates as a 

function of the plasma density. 

Fig. 17 Impurity density at the plate for nickel, molybdenum and tungsten limiter plates as a 

function of the plasma density. 

Fig. 18 Inverse of the retention factor Ax"1 in the FTU tokamak for nickel, molybdenum and 

tungsten limiter plates as a function of the plasma density. 
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