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Abstract 

Poloidal asymmetries in the FTU scrape off layer (SOL) can be as high as factor 2 for density, electron temperature and 
their e-folding decay lengths. The insertion of an additional limiter demonstrates a strong correlation with the corresponding 
variation of the magnetic connection length. This and the data analysis with the 2D multifluid SOL code EPIT indicate that 
transport is affected by the change of the local SOL temperature. The SOL plasma appears to be not affected changing the 
first wall material from inconel to silicon. 
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1. Introduction 

Understanding the behavior of the tokamak scrape off 
layer (SOL) plasma is crucial for the divertor physics in a 
fusion reactor. However information on the SOL quanti- 
ties, on their link with the bulk plasma and on the local 
transport properties are still not very abundant. Here we 
study the dependence on the poloidal angle 0 of the FTU 
SOL quantities and their variation with the bulk plasma, 
comparing the experimental results with the predictions of 
a 2D multifluid code. The interest of the work lies on the 
FTU SOL characteristics some of which are reactor rele- 
vant already in Ohmic regime: densities at the last closed 
magnetic surface (LCMS) nec= 1" 102° m 3, power 
fluxes into the SOL = 0.1 M W / m  2, and onto the limiter 
surface = 5 M W / m  2 are often observed. 

In Section 2 the poloidal asymmetries are described and 
interpreted; in Section 3 the link of the SOL with the bulk 
plasma and the effect of the limiter material are discussed; 
in Section 4 conclusions are given. 

2. Poloidal asymmetries 

Strong poloidal asymmetries were first observed on 
Alcator C [l ]. Their cause in FTU was previously proposed 
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to be the poloidal variation of the magnetic connection 
length L c [2]. This variation is inevitable in a poloidal 
limiter tokamak when the LCMS shape does not match 
exactly the limiter, and it is further exalted if the limiter is 
not poloidally continuous as in FTU. Indeed a field line 
close to LCMS may run several toroidal turns before 
hitting the limiter. To support with more accuracy this 
hypothesis the variation of L~ was controlled indepen- 
dently of the plasma parameters with an additional limiter 
and the SOL was sampled on a finer spatial scale with a 
reciprocating Langmuir probe built on purpose. The head 
probe carries 33 electrodes and extends over A0 = 75 ° 
across the outer equatorial plane. The study was carried 
out comparing radial and poloidal profiles of the SOL 
quantities for shots identical except for the presence of the 
second limiter, and then analyzing the causes of the differ- 
ences. With this method the SOL plasma is changed 
without affecting the bulk, then the study of the energy and 
particles transport as a function of the local SOL parame- 
ters becomes easier. 

The experimental results are summarized in Fig. l a - f  
where the following quantities are plotted versus 0. (a): 
2 • L~, i.e. the total magnetic line length; (b), (c): n~L and 
T~L, density and temperature at LCMS; (d) h~/~ = 
(~n~c) l /2 /ne t :  the relative density fluctuation level at 
LCMS; (e), (f): A,,, AT.: ne and T~ e-folding decay lengths. 
The connection lengths are evaluated tracking the mag- 
netic field lines connected to each probe until a material 
obstacle is struck, then averaging over a radial depth of 1.5 
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Fig. 1. Plot versus the poloidal angle 0 of: (a) 2. L~, total connection length, (b) density at the LCMS; (c) electron temperature at LCMS; 
(d) relative fluctuation level averaged within the SOL; (e) A, • ('rrRo/Lc)1/2, reduced density e-folding decay length; (f) A r • (zrRo/Lc)v2, 
reduced temperature e-folding decay length. Open symbols: additional limiter inserted, full symbols: additional limiter extracted. Shot 
parameters: fie --" 0.8.1020 m 3 lp = 0.7 MA, B r = 5.8 T. 

cm outside LCMS. The A are corrected for the flux 
expansion along 0 and divided by the ratio (Lc/zrRo)  j/2, 
where R 0 is the tokamak major radius, in order to be free 
from.first  order geometrical effects, see Ref. [3]. These 
reduced A are linked directly to the transport in the SOL 
and should remain constant unless the transport coeffi- 
cients vary. Two consecutive shots with the additional 
limiter extracted (full symbols) or inserted (open symbols) 
are compared; for both, line averaged density is fie = 0.8 • 
102o m 3, plasma current Ip = 0.7 MA and toroidal mag- 

netic field B x = - 5 . 8  T. 
The insertion of the second limiter causes for 0 < 18 ° a 

sudden reduction of L c, which otherwise would be a quite 
regular function of the poloidal angle, Fig. I a, and causes 
significant differences only in this SOL region under its 
shadow: all the quantities react immediately to the pres- 
ence of this limiter except neL. The reason of this 0 shift 
is not understood at present, probably convective flows 
arise in the SOL to smooth out the discontinuity due to the 
additional limiter, but originating form the quite cold 

nearby plasma, Fig. l c, compensate only the decrease of 
the density. 

When the limiter is extracted both neL and TeL rise 
then saturate moving from short to long L c, A, shows a 
clear increase around the equator (0 ~ 0 °) and A T regularly 
decreases. This behavior of A,, in a region where neL and 
TeL are quite constant (0 < 18 °) and the fact that the ratio 
A n ( 0 ° ) / A , ( - 4 0  °) is close to 1.8 for both shots suggest that 
the poloidal position itself influences the particle transport. 
Simple reasons for that are not supported by the data: no 
similar 0 profiles of the electrostatic turbulence from fieL 
measurements, too small variation of the magnetic field 
( <  10%) for a Bohm type diffusion. Possible effect due to 
the magnetic topology are under investigation. 

The behavior of A n and A r with L c and their different 
reaction to the presence of the second limiter indicate that 
the SOL conditions act oppositely on the particles and heat 
transport. The 0 shift of the response of neL to the limiter 
insertion suggests that the main parameter is the electron 
temperature: particle transport increases with T e, as sup- 
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ported also by the higher fluctuation level for the shot 3 
without limiter, while heat transport decreases. The ratio 
Xe ± / D  • of the electron thermal conductivity to the per- 
pendicular particle diffusion coefficient, should vary from E 2 
10 to 1 for the data of Fig. 1, according to the usual 
relation [3] with At~A, , ,  which in turn varies from about 4 
to 1. =~ 1 

Simple balance equations in the SOL predict only 
n~c (X _~L0 5, close to experiment, while for TeL no variation 
with L~ is foreseen. Indeed, if tile radiation losses and e - i  0 
coupling are negligible, as indicated by the 2D multifluid 
EPIT code [4] for the case of Fig. 1, c, = [(T~ + Ti)/mi] 0"5 3 

is the ion sound velocity, and A' are the usual non reduced 
e-folding lengths, for energy 1/A' E = 1/A',, + 1.5/A' r, the 
particles and electron energy balance equations when also 

' E  2 -  
ionization is negligible, read respectively as: o, 

0.5 . c~ . n~t" • A'~ = crp ~ .Lc ( l a )  o 

%.c~.n~,. T~L. & =0.5 '  O ± .L~ (lb) =-j1 
where % is the electron sheath transmission factor, q b  is 
the particle outflux density and Q • is the SOL input 
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Fig. 2. Plot versus L~ of the 2D EPIT code results: (a) density at 
the LCMS; (b) electron temperature at LCMS; (c) A, and A r, 
density and temperature e-folding decay lengths normalized to 
(L~/¢rRo)  1/2. EPIT input parameters: three particle outflow: 
F~ = 4, 5, 6.10 21 s - I ,  specified in the figure, PSOL = 0.3 MW, 
X~z =2 m2/s, Xi± =0.4 m2/s, Dz = 1 m2/s. 
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Fig. 3. Plot of the density at LCMS: (a) along the poloidal 
circumference, (b) as a function of the connection length, for two 
very similar shots: fie = 0.94.1020 m -3, lp = 0.6 MA, B T = 5.7 
T, PSOL = 0.34 MW. 

power flux density, half of which is carried by electrons. 
The factor 0.5 in Eq. ( la)  accounts for the density reduc- 
tion along the flux tube. Assuming [3] A;, = ( D . .  • L c / c~ )  °'5 

one has: 

neL = 2 .  cI) l " [ L c / ( c ~  " D • )]0.5 (2) 

T~L = 0 . 2 5 / % .  Q±/Crp ± .(1 + 1.5 • A',/A'r) (3) 

Approximately neL is proportional to L °5, because c~ 
is a weak function of T~ since T i > T e due to the low e - i  
coupling, while T~c is nearly constant because the ratio 
A',/A' r is independent of L~. 

To gain more quantitative information and discriminate 
2D effects from those due to the variation of the transport 
coefficient, the SOL behavior has been simulated with 
EPIT code. The results are presented in Fig. 2a-c  where 
the following quantities are plotted versus Lc: n~c (a), T~c 
(b), A, and A r (c). The code inputs are: PSOL = 0.3 MW, 

~ = 1 m2/s ,  total particle Xe~ = 2 m- / s ,  /tVi0j_ 4 m - / s ,  D 1 
flux into the SOL F z = 4, 5, 6.  10 21 s - t ,  nickel as the 
main impurity (Z i = 28). All quantities, LCMS density, 
temperature and reduced e-folding lengths, vary with Q ,  
as experimentally observed moving along 0, see Fig. 1. 
Quantitatively the agreement is within a factor 1.2 for nec, 

while TeL rises substantially less than the experimental 
factor 2.5 + 3, and both the reduced A vary slower than 
observed. Therefore, considering that terms as ionization, 
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radiation cooling and e - i  coupling result small from the 
simulations as said above, 2D effects actually modify T~L, 
h,  and h r, but negligibly neL, in the same direction as 
experimentally observed, but are not enough to match 
quantitatively the experiment. At L~ = 10 m the h are 
rather near to the experimental values, while h~ should be 
depressed and h r raised by a factor = 2  at L ~ = 3  m. 
According to several others EPIT simulations this implies 
4 times reduction of D z  and about 10 times increase of 
Xe z ,  i.e. D ± = 0.25 m2/s  and Xe ~ = 20 m2/s .  This last 
factor, even if affected by other code input parameters, 
mainly F ± ,  would also produce the correct magnitude of 
TeL at L c = 3  m. 

The primary effect of the poloidal variation of the 
connection length on SOL asymmetries is confirmed for 
almost the whole plasma circumference by the measure- 
ments shown in Fig. 3a, b. The LCMS density sampled at 
0 = 0 °, 60 °, 110 °, 220 °, 295 ° is plotted versus either 0 or 
L~ for two similar shots with fie = 0.94" 1020 m 3, Ip = 

0.6 MA, B r = 5.7 T, PSOL = 0.34 MW: the high degree of 
correlation in Fig. 3b is evident. 

3. Link with bulk plasma 

A parametric search with EPIT has been carded out in 
the space of the code input quantities within the bound- 
aries F x = 1 -70 .  10 21 s - l ,  L c = 3-18 m, PSOL = 0.15-1 
MW, D z  =0 .25 -1  mZ/s, Xe± = 2 - 1 5  mZ/s, in order to 
isolate the most important of them for the SOL density and 
temperature. According the linear regression analysis the 
following relations hold: 

i 0 . 5  / - i - 0 . 4 5  Y/eL (3[ r °.9 "_,~ • ~ ~. (4) 

. / 3 0 . 1 2  TeL at P264' F z  °'4 "L°c "2 ~ ±  (5) 

If we compare Eqs. (4) and (5) with Eqs. (2) and (3) 
respectively, we see that 2D effects and the consideration 
of the exact equations governing the SOL are important for 
temperature at LCMS, but not for density. This fact noted 
above is now valid for the whole parameter space consid- 
ered. The milder power dependence of TeL on the ratio 
PsoL/Fz (at Q ± / @ z  ) is due to a self regulating mecha- 
nism [4]: when PSOL rises the amount of sputtered impuri- 
ties increases and with it radiation cooling, which de- 
presses Te; when instead F± rises the higher e - i  coupling 
tends to heat electrons. The L c and D± terms are in 
general due to both 2D effects and impurity dynamics: the 
increase of impurity screening with L~, observed in FTU 
[6], may imply less radiation cooling and hence higher T e. 
Experimentally, for bulk plasma quantities ranging in ~e: 
0.2 + 2 • l02° m 3, lp: 0.3 - 1.0 MA, Br: 3.8 + 7.1 T, the 
following laws hold (Fig. 4a, b): 

t/eL = 2.46. 10-9 .  ( f J f p k ) , 3 6 .  Ltd.96 (6) 

TeL = 2.09. ,~T 0"41 ' L ° ' 2 7 / / f ~  ' 2 1  (7) 

The units are MKS and fpk is the density peaking 
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Fig. 4. Linear regression analysis on the experimental data for: (a) 
neL; (b) T~L. The regression parameter is given in the label of the 
abscissa. 

factor neo/fi e. All the quantities found in Eq. (6) can be 
recognized also in Eq. (4): indeed D ±  is tightly linked to 
L c, see Section 2, and fpk, and F l to Tie and fpw The 
power dependence on ne in Eq. (6) confirms previous 
results [2] when L c was not included in the analysis. From 
Ref. [5] one has approximated that F ±  = D c • [ n e ( h i n ) -  
neL]/AiH, where hin is the neutral ionization mean free 
path and distances are counted from the LCMS radius 
inboard. Assuming AiH at l /he(hi l l ) ,  IF'± is at D l 
• n~(hin) at D l "(fe/fpk) 2, then inserting it into Eq. (4) it 
appears that the usual assumption F l at he 2 gives a too 
high dependence on fe and that the almost linear depen- 
dence of neL on L c can be explained if approximately 
D ± at L c, in agreement with the results of Section 2 but 
over a variation of an order of magnitude of fie" 

On the other hand, in the scaling of TeL the exponent of 
L c is near to that resulting from EPIT calculations. The 
lack of bulk plasma quantities mainly of fe  and PSOL is 
not surprising if we consider that in the FTU data base the 
ratio of the energy to particle flux is almost constant and 
therefore when A n = h r the only dependence left to tem- 
perature is to decrease as its e-folding length is increased, 
according to Eq. (3). 

Substituting silicon to inconel as first wall material has 
allowed to increase the ratio Q=/qg± [7], which accord- 
ing to Eq. (6) should raise TeL, leaving unaltered neL. 
However within the experimental errors no difference is 
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B T = 5.8 T, L c -- 4.4 m, but different first wall material, circles: 
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found either for n~ or T~ in the SOL, as it happens for the 
bulk plasma quantities except the radiated power [7,8]. Fig. 
5 compares n e and T e profiles in the SOL for two shots 
with fie = 0 . 9 . 1 0  20 m -3, Ip = 0.7 MA, Br = 5.8 T, L c = 
4.4 m, same fuelling rate, i.e. same qb ±,  but PSOL = 0.3 
MW, for the shot with inconel (circles) and = 0.5 MW for 
that with silicon (bars). EPIT code predicts for the shot 
with Si an increase of the SOL electron temperature of 
about 8 -9  eV which is not observed. The reason for this 
discrepancy is still an open question. 

4. C o n c l u s i o n s  

Poloidal asymmetries can be as high as a factor 2 for 
density, temperature and their reduced e-folding lengths in 
the FTU SOL plasma. Correlation with the poloidal varia- 
tion of the magnetic connection length is evident, but the 
outer equatorial region still shows an enhanced transport. 
2D effects and impurity dynamics correctly considered in 
the EPIT code can explain the type of variation but not its 
magnitude for TeL and A, unless the transport coefficients 
D±  and Xe ±,  are allowed to vary. Experimentally these 
react in the opposite way to SOL changes and appear to 
depend more on temperature than on density. Simulations 
suggest that if TeL goes from 10 to 30 eV, D± should 
increase from about 0.25 to 1 m2/s  and Xel should 
decrease from 20 to 2 m2/s.  

EPIT predictions agree satisfactorily with the experi- 
mental scaling law for the SOL density, while for the 
temperature the discrepancy is explained by the fact that in 
the experiment particle and energy fluxes are not indepen- 
dent parameters. However even when the two fluxes are 
decoupled changing the first wall material from Ni to Si, 
no significant difference is observed in the SOL plasma, as 
it is for the bulk. This can be due to the coupling between 
SOL and main plasma not considered by the code, but it is 
still an unresolved problem. 
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