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SUMMARY 

A simple l-D model analytical model has been developed to determine the SOL 
characteristics from the parameters of the main plasma. The solutions are compared with 
FTU experimental data. The solutions fit quite well the experimental data and their 
trend. Moreover the model suggests the presence afa critical density related to the non 
isothermal power flux and the corresponding maximum power which can be safely 
removed by volumetric sinks (e.g. radiative losses). Differences between a limiter-like 
configuration and a divertor-like configuration are described. 

RIASSUNTO 

Le caratteristiche della zona di bordo del plasma sono dedotte dai parametri del plasma 
principale utilizzando un modello analitico ad una dimensione. Le soluzioni trovate sono 
state applicate alle scariche effettuate su FTU. Le soluzioni riproducono abbastanza 
fedelmente gli andamenti ed i valori dei risultati sperimentali. Dal modello inoltre si 
deduce la presenza di una densità critica, funzione di vari parametri del plasma, e la 
massima frazione di potenza che può essere dissipata nel volume dello SOL senza 
produrre condizioni operative critiche. Vengono inoltre descritte le differenze dei 
parametri per una configurazione tipo limiter ed una configurazione tipo divertore. 
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CHARACTERISTICS OF THE FTU SCRAPE-OFF LAYER (SOL) 
DETERMINED BY A SIMPLE I D MODEL 

1 - INTRODUCTION 

The scrape off layer (SOL) region, i.e., the region outside the last closed 
magnetic surface (LCMS) is characterized by the competition between the 
transport across the magnetic surfaces and the transport along magnetic 
field lines. The knowledge of the plasma characteristics in each point of the 
SOL requires the solution of 2-D plasma transport equations which can be 
done only using large, time consuming, codes. 

In spite of the complexity of the SOL, simplified 1-D analytical models are 
currently, and usefully, used to analyze the SOL parameters. Although these 
models cannot be considered suitable to describe thoroughly the SOL they 
are useful to understand experiments and to give informations on the limits 
and scaling of different operating scenarios. These models give results which 
approximate quite well, even quantitatively, the experimental results when 
one parameter dominates with respect to the others. These models usually 
make assumptions related to the quantities which have to be analyzed. In 
limiter machines, for example, the conventional 1-D model emphasised the 
radial transport in order to provide a self consistent link between central 
and SOL plasma. This "simple SOL" model treats the parallel (to the 
magnetic field) losses by the "sheath" model which concentrates energy and 
particle balance at the sheath near the material surface and disregards all 
volumetric losses along the field lines. 

In the divertor configuration, where a large fraction of the SOL plasma is 
disconnected from the main plasma, the 1-D model along field lines which 
is routinely used assumes average values in the radial direction. This model 
shows that the gradients in plasma temperature and density along field 
lines are gentle over a large fraction of the whole SOL restricting large 
variations in a region of the order of 3-S ionization mean free path lengths 
from the divertor plates. In high density, high collisional regimes, where the 
fluid formalism is conceptually valid, the ionization zone is concentrated 
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near the target surface and the radial profile of plasma parameters in the 
SOL layer is hardly modified all along the field lines. In this respect, in a 
high density scenario, the i-D model along fieid lines can be applied even to 
limiter configuration considering, if that is the case, different radial flux 
tubes. 

This note considers the average behaviour of a high density limiter SOL. The 
1-D model with along field lines has been considered and the solutions have 
been applied to the experimental data of the FTU machine. The note is 
structured as follows. In section 2 the model considered is reported together 
with the main assumptions used and the parameters involved. The 
solutions are compared with FTU experimental results in section 3. In 
section 4 the model of section 2 is elaborated and the dependence of a 
critical plasma density on different plasma parameters is found. Concluding 
remarks are given in section S. 

2 - MODEL OF THE SOL 

The topography of ihe magnetic surfaces outside the LCMS is schematically 
shown in figure 1-a. All magnetic field lines and related flux tubes end on 
material surfaces (limiter) and are characterized by a connection length 
(2Ln). For limiters intercepting all magnetic field lines there is a common 
connection length 2 LH (= 2 JI Ro for a poloidal limiter, = 2 JI Ro q(a) for a 
toroidal limiter) and the SOL can be treated as a single flux tube. For 
limiters covering only a fraction of the magnetic surface (rail limiter, other 
large obstacles) there are flux tubes with different connection length and the 
transport between flux tubes on the same magnetic surface should be taken 
into account. It is beyond the aim of this note to enter into a 2-D 
formulation and in the following the SOL has been considered as a whole. 
For a uniform source of plasma energy and plasma particles the stagnation 
point is situated in the middle of the flux tubes. The corresponding 
simplified concept of the SOL section along a magnetic field line is shown in 
figure 1-b. Ag is the characteristic energy thickness of the SOL determined by 
the competition of the transport along and across the magnetic field lines. 
In the following it has been considered a characteristic thickness AE of the 
power flow described in [1,2] given by: 

t *±L,i ^ , / 2 



LCMS 

b) 

Limiter 

Stagnation point 

Fig. 1 - a) Topography of the SOL. b) simplified concept of the SOL 

where %x is the cross field heat transport coefficient (thermal diffusity), 6 T o t 

is the heat transmission factor at the plate and c s p is the ion sound velocity 
at the plate. 
The cross section of the SOL (A„) perpendicular to the magnetic field lines is 
obtained from the relation: 

VSOL = \ AE = 2 A„ L„ (2) 

which gives: 

A A E A = - E 
11 2L. 

(3) 
ii 
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where Ap is the area of the LCMS. 

A radial average value of the plasma parameters has been assumed within 
the SOL. With this assumption the plasma density n(x), the flow velocity 
v(x) and the plasma temperature T(x) are given by the solutions of the three 
coupled equations derived from conservation of mass, momentum and 
energy (note that it is always assumed Te = Tj = T and nc = n, =n). 

Introducing the flow Mach's number the three equations can be expressed in 
the form: 

£ [ 2 n T ( l + * 2 ) ] = S p (5) 

^ { q c + [ 5 + ^ 2 ] T n ^ C ( ) V T } = Sc (6) 

with the boundary conditions; 

i) Stagnation point: x=0, T(0) = T0, *f(0)=0 
ii) Sheath: x= L„,T(L|,) = T_, M(Ln) = 1 (Bohm's criterion) 

Detailed boundary conditions for the energy transport law will be 
considered in the following sub-sections 2-1 and 2-2. 

In the equations (4),(5), and (6) x is the direction along field lines; 'M. =v/cs 

is the flow Mach number, cs is the ion sound velocity expressed in the form 
cs = CQVT̂  including in cn the variation due to different approximations; Sn, 
S, Se are respectively the particle, momentum, and energy source terms. 

Equation (S) accounts for the contribution to the momentum due to the 
temperature (internal energy) and to fluid flow (convection). 

The first term inside the brackets of eq. (6) 

q ^ - K C L U - . T 5 ' 2 dI=-?!0 jL ( T
7 / 2 ) (7) 

Me dx ° dx 7 dx 

represents the energy conducted by electrons while the second term is the 
energy convected by ions and electrons. 
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In this analysis the limiter (divertor) plates are considered as perfect sinks 
for energy and particles, i.e., the effects of localized variations in density 
and corresponding energy source terms near the piate due to recycling and 
impurity accumulation have been neglected. This assumption has been 
done taking into account that, in high density machines, the volume 
interested by the recycling near the surface is a small fraction of tha SOL 
and its contribution to the global energy balance can be disregarded [3]. 

It is therefore simply assumed Sn= constant. Sp= 0, while for Sc two different 
cases have been considered, namely: a) power distributed uniformly all 
along the SOL (limiter-like configuration) and b) power peaked near the 
stagnation point (divertor-like configuration). 

The variation of the Mach's number along field lines can be deduced 
combining equations (4) and (5). Using the boundary conditions i) the 
value of M{\) is given by: 

*f(x) = a(x)±Va2(x)-l (8) 

showing a subsonic and a supersonic solution. The supersonic branch of the 
solution is not attainable in this model unless to consider a discontinuous 
jump from the subsonic branch (such a transition could be treated 
introducing localized sources [4,5]). 

The parameter a(x) in the relation (8) is given by: 

, , n o T o c o 
a(x) = —f= (9) 

2>/TSnx 
or, using the boundary condition ii), can be expressed as: 

n0T0LH LH <sj\ 
n_ A/T(X)T X V T(x) 

a(x) = . = — V ^ (10) 
2xnp A /T(x)Tp 

Although a(x) tends to infinity at the stagnation point (x=0) the boundary 
condition <M(0) =0 is satisfied as easily shown rearranging the subsonic 
solution of equation (8) as: 

af(x)= (8-a) 
a(x)Wa2(x)-l 

The power is transported to the limiter (or divertor) plates through 
convection and conduction along field lines. The latter process generates a 
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temperature gradient along field lines and a non-isothermal flow. The main 
consequence is that , both in the subsonic and supersonic branch the 
existence of the solutions in equation (8) sets a lower limit for the 
parameter a(x) to be satisfied along the field lines. The effect of this 
parameter in density limit and fraction of the power which can be 
dissipated by volumetric sinks will be discussed in section 4. 

In the following we have conservatively calculated the temperature gradient 
from squations (6) and (7) neglecting both convection and heat flux limit of 
conduction. These two processes, if included, would decrease the 
temperature gradient. 

With these assumptions the temperature can be expressed as: 

T(x)7 / 2 = c2 + c, x -
4K„ (11) 

with a conducted power given by: 

q(x) = -K 0 T 5 ' 2 4 1 : 
u dx 

2K„ 
c, -

Sgx 

1 2 K „ 
(12) 

where C\ and Ci are determined from the boundary conditions. 

The equations (11) and (12) have been solved for the two forementioned 
scenarios of power transport between the main plasma and the SOL, i.e. 

2'1 Case A: Limiter4ike configuration 

The power from the main plasma diffuses uniformly all over the SOL and 
the boundary conditions for equation (6) at the stagnation point are T(0) = 

, dT 
T n and z— 

U dx 
x=0 

= 0 . Equations (11) and (12) have the solutions: 

T(x)' 
7/2 = T7/2 _ 

4K„ 
(13) 

and 

q(x) = S £ x (14) 
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where 
P 

S - SOL 
E A P * E 

h (15) 

is the source term including both the volumetric source P S O L ^ P ^ E ant* t n e 

volumetric sink S£ (mainly impurity radiation). 

Considering that only a fraction F of the power entering into the SOL reaches 
the limiter (or divertor) plates we have: 

l F P * m FPSOLLn q(L ) = ! — S O i = — ; > U L " = S r L 
Ml "' 2 A A L E » 

il p e 

and equation (13) can be written as: 

7/2 T7/2 7 FPSOL 2 
T ( x ) " =T. 

0 4 K „ A 0 A
P

A E 
(16) 

2-2 Case B: Divertor-like configuration 

2-D simulations have found that the power from the main plasma is peaked 
near the stagnation point [6]. In this case the boundary conditions at the 
stagnation point are: T(0) = T0 and 

q ( 0 ) s l P S a . P S O L L H 
2 A„ \ * E 

(17) 

the factor two v. eq. (17) has been introduced to take into account that 
P«?OL fl°ws a ' o ng t w o directions from the stagnation point. The source term 

* 
includes only volumetric sink Sg. This scenario can be used also in a single 

null divertor configuration considering L as the length of the divertor 

chamber along the field lines. Equations (11) and (12) have the solutions : 

T(x) 7 / 2 = T 0
7 / 2 - 7 * 

2 K, 
0 

PSOLLII h x 

. V E ' 2 
(18) 

and 
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P L 
q ( x ) = 4 ^ - s l x (19) 

considering, as in case A, that only a fraction F of reaches the plates, the 
temperature can be expressed as: 

T(x)7/2 = T 0
7 / 2 -2 iL^QLrL i i + iFillxl (20) 

0 ^ O V E L " 2 J 

In both cases the boundary condition at the sheath, given by: 

JTot „ -Tot 
q<V = 5w V T P = 6 W

 n p V o V T p ( 2 1 ) 

can expressed as a fraction F of the power entered into the SOL 

V » ii 
q(L..)= **; (22) 

A p ^ 

the volumetric energy sinks in the SOL region are expressed by: 

s ! = ( F - l ) - § O k (23) 
AP*E 

The temperature of the plate can be expressed as: 

Case A: 

_7/2 _7/2 7 FPSOLLn 
TP =T0 -4K0 A ^ <24> 

Case B: 

P ° 4 K 0 Ap^E 

Combining equations (1),(5),(21),(22),(24) (or (25)), the temperature T0 can 
be determined self-consistently as a function of the density at the 
stagnation point n0, of the power P S QL entering into the SOL and of the 
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fraction of power lost in volumetric sinks, and ihe magnetic configuration of 
the plasma column. The following equations in T0 are obtained: 

Case A: 

f 2FR SQL\Ln 
M4 

A „ A -Tot 
l A

P
n o c W * ± 5 w co) 

_ T 7 / 2 
" !0 ~ 

7<FPSOLL„) 

2 *</i no To x±c 
(26) 

Case B: 

/ 2FR 
SOL\LII 

VAP 
n o c T o \ x i 5 I 0 t c 

'OJ 

X 1 4 _ T 7 / 2 _ 7 F ( 1 + F ) ( P S O L V 2 

2 VS! no To *±e 
(27) 

Poth equations are of the same form which can be summarized as follows: 

For x | = constant: 

T 2 5 / 2 - A T Q 3 - B = 0 (28) 

for a Bohm like anomalous diffusion x , " D , = aT„ : 

49/2 * 19 * r j y u - k TQ^-B =0 (29) 

Previous equations ailow a self consistent determination of the different SOL 
parameters (TQ, Tp, Ar<) as a function of the main discharge parameters. 

3 - COMPARISON WITH THE FTU EXPERIMENTAL RESULTS 

FTU is a medium .'ize, high field machine (By up to 8 T) which has operated 
with a main polo.dal limiter composed by two separate sections centred on 
the mid plane covering the poloidal section for 160° in the inner part and 
80° in the outer one [7]. The FTU SOL is therefore characterized by a 
complex structure with flux tubes having different connection lengths. The 
discharge analyzed have a line average density between 3.4* 101 9 to 2x l0 2 0 , 
an input power between 750 kW and 1 MW, and a bulk radiated power of 
the order of 70% of the input one. 
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The salient features of the experimental results can be so summarized as 
follows [8,9]: 
a) the edge temperature shows large poloidal asymmetries varying between 

12 eV and 40 eV at all densities 
b) both the edge density and the temperature increase with increasing 

connection length 
c) a Bohm like anomalous perpendicular particle diffusion coefficient as 

been deduced (Dx = 2 De0hm) 
d) the perpendicular heat transport coefficient Xj. is always between 5 to 10 

times D x 

e) the edge temperature increases with decreasing heat transport. 

According to the FTU experimental data [8,9] it has been assumed an 
anomalous diffusion. In figure 2 are reponed the values of the temperature 
T 0 at the stagnation point (far from the plate) and the temperature ai the 
plate Tp as a function of volumetric energy sinks (1-F). The divertor-like 
configuration allows a larger temperatuie gradient with respect to the limi-
ter-like conciguration. This behaviour is strongly limited by the maximum 
allowable power which could be dissipated as volumetric sink as discussed 
in section 4. Figures 3, 4 and 5 show the edge temperatures To, Tp and AE 

calculated from eqs (1),(21) and (29) as a function of the edge density n0 

for three different values of the power FPsOL reaching the limiter surface: 
200, 300 and 500 kW and with the following parameters: A p =ll m2; L» = 3 m 
(= Jt Ro) and X_L = 0.094*To nearest to the minimum value suggested by c) 
and d). The figures show that in the FTU operating range a temperature 

Fig. 2 - Edge temperatures in a limiter- Fig. 3 • Edge temperature and charac-
Like (Cast A) and divertor-like (Case B) teristic energy thickness as a function of 
scenario with typical FTU parameters edge density for FPsOL - 200 kW ncr is 

the critical density 
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FTU300kW FTUSOOkW 

At (cm) 

1019 

Edge density (m~3) 

1019 

Edge density (in~3) 

5 I O " 

Fig. 4 - Edge temperature and charac
teristic energy thickness as a function of 
edge density for FPsOL- 300 kW. ncr is the 
critical densit 

Fig. 5 - Edge temperature and charac
teristic energy thickness as a function of 
edge density for FPsOL= 200 kW. The 
critical density is not reached in this 
range of density 

0.7 

6 1019 
Edge density (m~3) 

O.OOS 
7 9 11 13 15 

Connection length L|(m) 

Fig. 6 • Behaviour of the energy thickness Fig 7 - Variation of the characteristic 
AE as a funtion of edge density and power energy thickness as a function of 

onto the limiter connection length for two values of FPsOi. 

gradient is present only at very high edge density , near to the critical 
density (see Section 4). The trend of the energy thickness AE with respeci to 
the edge density and to the power reaching the limiter is summarized in 
figure 6. The energy thickness AE has a minimum shifting towards higher 
edge density with increasing power, its value increases with the power onto 
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T0(*V) 
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n.= 2 1019 m-3 
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35 
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\ l«=3m 

\ 

x̂  
) 0.1 0.2 

a 

1 

0.3 

Fig. 8 - Variation of the edge temperature Fig. 9 - Variation of the edge temperature 
TQ as a function of connection length for To as a function of heat transport 
three values of FPsOL 

the limiter. The energy thickness is also related to the connection length as 
shown in figure 7. The effects of the connection length on the edge 
temperatureare are shown in figure 8 where is reported the edge 
temperature as a function of the connection length for three different values 
of the power onto the plate. The trend is similar to the experimental one 
(point b)) while a quantitative agreement between the calculated value and 
the measured ones should require a power onto the limiter in the range of 
100 kW. Figure 9 shows the trend of the edge temperature with respect to 
the heat transport which agrees with that one suggested by experimental 
results (point e)). 

4 - CRITICAL DENSITY AND MAXIMUM RADIATIVE FRACTION 
IN THE SOL 

The disruptive density limit is often attributed to an unbalance between the 
input and the radiated power. If all the power conducted from the central 
region is radiated by the peripheral plasma the temperature profile 
collapses, the current profile shrinks leading to a major disruption when the 
q=2 surface is reached. In this respect the density limit is an upper bound 
for the edge density, which together with the plasma purity determines the 
amount of radiated power at the edge of the main plasma and the possible 
radiative collapse. Besides this global energy balance the presence of a 
critical density related to localized particles and energy balance in the SOL 
has been considered by several authors (e.g. [4, 5, 6, 10]). The role of 
localized energy losses can be illustrated considering that momentum 
conservation (eq.(5)) requires that: 
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n o T o 
n p = 2T " 

(30) 

and strong variations of plasma temperature along the field lines leads to 
an increase in the density with the formation of a "bubble" of cold, dense 
plasma [10]. In a divertor configuration the localization of such a "bubble" 
near the divertor plate can be beneficial in power exhausting (high recycling 
regime) but could produce a neutral "blowthrough" condition in the main 
chamber, resulting in a disruption [11]. 

In a limiter configuration this "bubble" can affect the transport processes at 
the main plasma periphery producing an unstable situation. The condition 
np < no (i.e. Trj/Tp < 2) , necessary to avoid a radial inward particle flux, has 
been considered to explain the density limit in FTU discharges [12]. 

Quite recently, the edge density limit has been related to the existence of 
veal, subsonic solutions of the three coupled equations (4),(5),(6) when 
localized source terms are present near the divertor plate[10]. Even for the 
"ideal" SOL described in Section 2 the existence of real solutions requires 
that the condition: 

a(x) = 
.»/T7V'\T X y T ( x ) 2 x n A/T(X)T 

P V P 

(10-a) 

must be satisfied all along the field lines. According to this condition a 
critical density could appear even in clean machine depending by the 
entity of conduction with respect to the convection and by the plasma 
characteristics. 

For the limiter-like configuration, combining eqs (10) and (16), we have: 

.21 - 1/7 
a(x) = — x 

L n f f T 0 V / 2 

T 
^ p ; 

/ rTQ \7/2 

T~ 
LV P ; 

-1 (31) 

and for the divertor-like configuration, combining eqs. (10) and (20), we 
have: 

a(x) = 
L„ rrr^7/2 

T~ 
v P ; V P ) 

-1 
1 +F 

( 1 -F ) x - 1/7 
(32) 
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The effects of the power lost by volumetric sinks in the SOL (eq (23)) are 
implicitly considered in the TQ/TQ ratio which is function of PsOL> F> ano< n0 
(eqs.(24) and (29)). 

In figure 10 are reported the T Q / T P ratios as a function of the power lost in 
the SOL for the FTU operating scenario considered in figure 2 and the 
figures 11 and 12 show the corresponding values of the a(x) parameter for 
different value of TQ/T P . The existence of ieal solutions requires for the 

4.0 

V T p 

3.0 

2.0 

1.0 

r / 
/ 
/ 

Case8;' 

/ 
/ 

/ 
/ 

s 
s 

Ca*eA/ 

i — i — i — 
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a(x) 
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\ , . 6 0 ^ \ 1 Ì 3 « ^ \ X 1 0 7 6 6 

0.2 0.4 0.6 0.8 
1-F 

1.0 0.70 0.80 0.90 1.00 
x/L 

Fig. 10 • TolTp ratios as a function the Fig. 11 • Trend of the a(x) parameter along 
power lost in the SOL. The parameters are the SOL in the limiter-like configuration 
those of figure 2. The dots correspond to (eq. (31)) 
the maximum power which can be 
dissipated in the SOL keeping real plasma 
solutions 

1.10 

a(x) 

1.05 
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0.95 
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\ \xV-7119 

\ 2.0303 • \ * k 

\ 2.4527^ / 

/ 
3.1304vvx / 

'0 0.80 0.90 1.( 
x/L 

)0 

Fig. 12 • Trend of the a(x) parameter along the SOL in the divertor-like configuration 
(eq. (32)) 
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limiter-like configuration that that TQ/T P < 1.6 whil- this ratio increase to 
about 2 in the divertor like configuration. Correspondingly for the limiter 
like configuration (Case A) in the SOL can be lost up to 75% of the entering 
power, while for the divertor configuration (Case B) this limit is reduced to 
50% of the power entering in the SOL. Although these results need an 
extensive analysis of experimental data it is worthy to notice that the 
presence of an upper level of radiated energy in a divertor has been already 
calculated [13] . The authors estimate that it was difficult to make the 
fractional power radiated exceed 50% for typical divertor parameters. 

5 - CONCLUDING REMARKS 

The model considered in this note is quite similar to the countless other 
ones which can be found in the literature and could be considered like a 
"student exercise". 

The characteristics parameters of the SOL have been calculated 
selfconsistently as a function of some measurable quantities like edge 
density and temperature, power onto the limiter. 

It is useful to note that, in spite of its simplicity, the solutions of the model 
fit quite well the trend of the experimental data. 

The edge temperature TQ obtained from the model solutions is always 
higher than the experimental one. A quantitative fit can be obtained only 
considering a power onto the limiter less than the 30% of the input power 
calculated from bolometric measurements. 

It is worthy to notice that the measured power onto the limiter was always a 
small fraction of the power deduced from bulk measurements and that the 
energy balance was obtained taking into account the measured e-folding 
energy length in the real FTU SOL plasma [5]. 
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