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Abstract

Radial profiles of electron density n temperature

e.mid”

were investigated under radiative and detached divertor condltlons in L-mode discharges. Since the ratio of T,

and ion temperature T; .

4 in the scrape-off layer (SOL)

i, mld/ e,mid

about 3, the ion pressure is dominant at the midplane, and plays an important role in the pressure balance between the

midplane and the divertor targets. Effect of the connection length on the decay lengths of ne mia and T,
determined in two SOL regions. At the same time, A; was compared to Ar, and A,

emigs Az, and A, , was
, Az and A increase w1th the

connection length. During the X-point MARFE, Ay, A, and A increase substantlally w1th a reduction in T, mig> Timia and

n
near the X-point.
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e.mig at the plasma edge and in the first SOL, due to the penetration of the maximum radiation region into the main plasma

1. Introduction

The radiated power is enhanced in high density dis-
charges when a MARFE appears in the vicinity of the
divertor X-point. This causes a reduction of the peak heat
flux to the target and the plasma momentum detachment
along the magnetic field line [1]. The concept of the
plasma detachment is of great practical importance to the
design of the ITER divertor. It is reported that the charac-
teristic length of the radial profile (e-folding length) at the
upstream SOL increases dramatically with a decrease in
the edge clectron temperature associated with the growth
of the ‘X-point MARFE’ [2,3]. Under radiative and de-
tached divertor conditions, the heat and particle transpert
in the SOL is modified by the location and size of the
intense radiation region [4]. The first objective of this
paper is to experimentally determine the temperature and
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density profiles with the radial resolution of a millimeter in
order to understand the mechanism for the SOL plasma
broadening. In this paper, I, and B, dependencies of the
profiles are emphasized.

Ions carry the plasma momentum along the field line to
the target, where it can be lost due to charge exchange or
elastic collision with recycled neutrals in the X-point and
divertor region. However, there have been few experimen-
tal results of the ion diffusion process and pressure balance
between the midplane SOL and divertor plasmas [5,6]. The
second objective is to investigate the pressure balance
along the field line and the radial transport of the ions.

2. SOL profile measurement

Experiments were performed in high density L-mode
discharges with pyg; =4 MW. Line-averaged density 7,
was increased on a shot-to-shot basis, using feedback
control of deuterium gas puffing to keep 7. at a constant
level during the probe measurement. Profiles were mea-
sured in high safety-factor discharges (qoq = 7.2-7.7, I, =
1.2 MA, B,=3.5-4 T), and two combinations of 1, and
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Fig. 1. Profiles of T, .4 Toup> Timig and the outer 7, g, as
measured with a reciprocating Langmuir probe, Thomson scatter-
ing (TS) system, CXRS and target Langmuir probe array, mapped
on the midplane radius, represented by closed circles, open circles,
crossed-squares, open squares. 7, =3.4X 10" m~ 3 where a

MAREFE appears over the X-point.

B, (1,/B,=12MA/2.1 Tand 1.8 MA /3.5 T) are chosen
for the low-g,q discharges (g.q = 4.3-4.7).

Electron temperature, T, ..,, and density, n,..,, pro-
files are measured with a fast reciprocating Langmuir
probe system [7] installed at the midplane with a spatial
resolution of 1-2 mm. The double probe method is used to
derive T, .4 and n, ;. Values of T, ., and n_ ., at the
separatrix are compared to those obtained by the Thomson
scattering (TS) system, 7, and n,,,, viewing the upper
edge of the plasma vertically. T, .4 and n 4 are in a
good agreement with 7, . and n,,,, respectively within
the relatively large error bars of the TS measurement at the
edge region (30-50%).

Fifteen dome-type Langmuir probes mounted at the
divertor target measure the electron temperature, T, 4, , and
density, n, g, with a spatial resolution of 2.5-5 cm at the
target [8]. Separation of adjacent magnetic flux surfaces at
the target is about 3—4 times larger than that at the outer
midplane.

The ion temperature profiles in the edge plasma (at
about 1 m above the midplane), T, ;, are measured with
charge exchange recombination spectroscopy system
(CXRS), using a carbon charge exchange line of C®
(n=28-7) at 529.2 nm. A best spatial resolution of 6—7
mm is obtained since the scope (32 fiber array) views are
perpendicular to the neutral beam line on the poloidal
cross-section.

Fig. 1 shows the profiles of T_ .4, T; iy and the outer
T.qy at high density (7,=3.4x10" m™’), where a
MARFE appears outside the X-point for the ion VB drift
direction towards the target [9]. All profiles are mapped to
the midplane using the equilibrium calculation. The accu-
racy of the magnetic separatrix position is about 5 mm.
T, 4iv is lower than T, ... particularly with increasing 7,,
and 7 ig» Lo and 7,4, = 130, 42 and 8 eV are ob-
served at the separatrix, respectively. A maximum density

of n, 4, =4x10" m~3 is observed at the second diver-
tor probe outside the separatrix. On the other hand, n,
at the first divertor probe outside the separatrix is 1 X 10'?
m~?, which indicates that the plasma detachment occurs
first close to the divertor separatrix. A width of the region
corresponds to a size of 10 mm in the midplane radius.

3. Plasma pressure balance along the field line

In the plasma edge and SOL region, T, is higher
than 7, ;4 as shown in Fig. 1. Fig. 2 represents the ratio of
Timig 10 T, g at 2—4 mm outside the separatrix for the
medium and high density discharges with different ¢.
The maximum density, at which the X-point MARFE
appears, is limited by the gas puff rate not due to the high
density disruption. The ratio ranges between 2.5 and 3.8,
while both T; .y and T, ., are reduced from 300 to 65 eV
and from 80 to 22 eV with increasing 7, respectively.
Paralle] ion energy confinement time (i.e. ion transit time),
Tour I8 given by 3n,T, L. /24|, where gj is the parallel ion
heat flux density, L, connection length, and »n,=n, is
assumed. Under the above condition of the SOL plasma,
ions are thermally decoupled from electrons: Tpim. ranges
between 0.1 and 0.5 ms, which is shorter than the elec-
tron—ion thermalization time, 7,75, of 1-10 ms. Thus, it is
expected that T; ., is higher than T, ., due to the low
parallel thermal conductivity of ion by a factor of
(m;/m)"/? ~ 60 for deuterium plasma. The measured
value of T /T, wa~ 3 at the separatrix is consistent
with T o/ Temia = (my/m )% ~ 2.5, which is predicted
by the SOL /divertor two-point model assuming cross-field
heat conductivity and the power into the SOL, Pg, . are
the same for the ion and electron [6].

As a result, ion pressure is generally dominant com-
pared to electron pressure in the SOL and edge plasmas.
Fig. 3 shows the ratio of the static and dynamic pressure at

4 at 2-4 mm outside separatrix
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Fig. 2. Ratio of T, ;4 to T, ;, at the separatrix at medium and
high densities: Closed circles, open circles and squares correspond
to the discharge with 1, /B, /qe; =12 MA/3.5-4 T/7.2-7.7,
1.2MA /2.1 T/4.3, and 1.8 MA /3.5 T /4.7, respectively. One or
two data at the high density for each ¢, are measured during the
X-point MARFE.
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Fig. 3. The ratio of the static and dynamic total pressure at the
inner (squares) and outer (circles) divertor targets to total plasma
pressure ( Piq = Pimia T Pomia) at the midplane separatrix. Here,
total divertor plasma pressure is given by 2X(1’|,dn + Peaiv) =4
X Pegive assuming T, 4, =T, 4, and Mach number M =1. The
value of | corresponds to the total pressure balanced between the
midplane and the divertor.

the inner and outer divertor separatrix to the total plasma
pressure (p; . + Pomia) at the midplane separatrix as a
function of line-averaged electron density normalized by
the ‘Greenwald density’ (n%" = Ip/n'az, where a is a
midplane minor radius). Here, the former is given by
20p; iy + Peaiv) = 4Pegiv» Where Ty, =T, 4, and Mach
number M =1 at the target are assumed. The assumption
of T, 4, =T.4, is feasible at the high density, since 7,
near the divertor target is decreased by the factor of 5-50
compared with that at midplane. The ratio of 1 corresponds
to total plasma pressure balanced between at the inner and
outer divertor targets, and that at midplane. The result
shows that the total plasma pressure balance is maintained
along open field lines at 7, lower than the occurrence of
an X-point MARFE. When the X-point MARFE occurs,
however, the plasma pressure at the outer divertor is
reduced by an order of magnitude. On the other hand, the
plasma pressure at the inner target stays at a constant level,
and finally decreases at still higher 7_. The reduction in
the plasma pressure is indicated by a reduction in the ion
saturation current (ion flux), since T, 4, is relatively con-
stant (7-13 eV). The relatively high T, 4, for the detached
plasma is presumably caused by the probe measurement of
the high energy electron tail rather than the Maxwellian
distribution of the bulk electrons [6,10].

4. SOL profiles at high density

The time evolution of the n, ., profile is shown in
Fig. 4 at i, = 1.9, 2.8 and 4.3 X 10" m™?, which corre-
spond to low and high recycling divertor conditions, and
during the X-point MARFE, respectively. Two (i.e. first
and second) SOL regions with different characteristic
lengths are observed both in the n_ ;4 and T, ., profiles.

4.1 n, 4 and T, ., profiles in first SOL

The first SOL, where large fractions of the heat and
particle fluxes are carried to the divertor along the field
line, extends up to 10—15 mm outside the separatrix. The
profile has a small e-folding length provided that the
attached divertor condition is maintained; local e-folding
lengths of n,,4 and T, 4 are A, =14-17 mm, and
Az, =22-25 mm for I, = 1.8 MA, B = 3.5 T (the safety
factor, Goge Of 4.7). The values are approx1mately the same
with increasing 7, or local density at the magnetic separa-
trix n Fig. 5 shows the local A, and n as a

e.sep* e.sep
function of Te\ep Both A, and A are increased with
q.- A Tegression analysis for T, sep = 45 €V suggests that
A, X gHTE,,. where «=085+012 and =023+
0. 15 and Ay o g5 T, sep, where «=05+0.1 and B=
~03+0.2 and Ay, is by a factor of 1.5-2 larger than
A, . The decay Iengths increase strongly with the connec-
t10n length. Here, the g-dependencies of A, and A; with
varying [, are weaker than those with varymg B,. The
values of «a and B for A, are close to those obtained in
ASDEX [2].

When the X-point MARFE appears, n, .,
increase and then decreases as 7, ., decreases in Fig. 5(b).
At the same time, both A, and A, are increased substan-
tially. At the occurrence of the X- -point MARFE, the
fraction of the radiation power in the outboard divertor
increases up to 75-80% of power flow to the outer
divertor fan, and Te\ep at the midplane is between 40 and
45 eV. The critical T, is the same for the discharges
with different connection lengths. This is because the
radiation region near the X-point enters into closed mag-
netic flux surface, causing the reduction of T, ., at the
upstream edge plasma as 7, is increased further. Note that
the maximum .. given near the MARFE onset in-

creases with I rather than the connection length. The

does not
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Fig. 4. Density profiles at the midplane: under the attached
divertor conditions (open and closed circles) and during the
X-point MARFE (squares), which correspond to 7, = 1.9, 2.8 and
4.3x10" m™?, respectively. /, = 1.8 MA, B, =3.5 T with pyg,
=4 MW L-mode. First and second SOL regions having different
e-folding lengths are observed.
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Fig. 5. (a) the local e-folding length of n, i, in the first SOL and
(b) n.p as a function of T, ., circles, triangles and squares

correspond to the discharges with I, /B, / q . =1.2 MA/3.5-4
T/7.2-77, 1.2 MA/2.1 T/4.3, and 1.8 MA /3.5 T /4.7, respec-
tively.

particle and energy confinement of the edge plasma is
improved at high density with increasing 1,

The edge pedestal of n,,, T,,,, and TI mia Profiles,
measured with the Thomson scattering system and CXRS
system, moves inward from r/a = (.98 to 0.90 during the
X-point MARFE; ie. n,, T.,, and T; .4, in particular,
inside the separatrix is reduced significantly. At the same
time, n,,, profile becomes peaked. The results indicate
that the MARFE extends into the confined plasma, result-
ing in an increase in the radiation power not only near the
divertor X-point region but also at the main plasma edge,
and in the degradation of the edge confinement.

4.2. Electron and ion profiles in second SOL

The second SOL region exists in the region from
10-15 mm to 80-100 mm at the midplane as shown in
Fig. 4. Local decay length in the second SOL is deduced
by fitting an exponential function to the profile in the
second SOL region. Although n, .4 and T, ., are by a
factor of 2—3 smaller than those at the separatrix, Fig. 6
shows that A, (30-60 mm) and A7 (60-130 mm) in the
second SOL are by a factor of 2-3 larger than those in the
flrst SOL. This increase is associated with a reduction in

T sep (i.e. an increase in 7.). The decay length of T; ;,
profile can be fitted by an exponent1a1 function over the
entire radial region extending 50-60 mm outside the sepa-
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Fig. 6. e-folding lengths in the second SOL. A, (triangles), A,
(closed circles), and A; (squares) as a functlon of 7, . where
1,/B =18 MA/3.5 T. Here, A; is fitted by an exponemldl
functlon between the separatrix and 50-60 mm outside. Open
circles represent Ay at the first SOL.

ratrix, which includes the first and second SOLs of the
electron temperature profiles. The T, ., profile at the first
SOL may not be resolved by the large spatial resolution of
67 mm. The e-folding length of T; .4, Ay, is by a factor
of 2.5-3 larger than Ar at the first SOL. Thus, the ratio,

T, mia/ To mig- is 3.5—4.5 at the outer flux surfaces, which is
larger than 3 at the separatrix. AT is increased with g
strongly compared to that of T, ., in the first SOL;
)\TqueffT where =0.8+0.2 and B=—-03+£0.2

1,sep?
for T, . >45 eV. The results are consistent with the

e.5ep —
prediction of the SOL two-point model, i.e. Ap/Ap =
(m,/m.)"/® ~ 2.5, due to the low parallel thermal conduc-
tivity of ion. A good correlation between A;, A; and A,
is found in the second SOL; Ay ~2A, and A~ 164, .
This suggests that radial convection may contrlbute to the
cross-field heat transport in this region.

During the X-point MARFE, »n,, ., and T, 4 in the

second SOL stay at relatively constant levels: n. ., of

(2-4)x 10" m™? and T,,,4 of 10-15 eV, while n,
® 1000 T
a ( P mig P 1mid
e 4xPs,div
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Fig. 7. Electron and total (electron plus ion) pressures at the
midplane, and total (static and dynamic) pressure at the outer
divertor are shown by open circles, closed circles and squares,
respectively. Profiles are measured simultaneously during the
X-point MARFE at 7, = 4.3x 10" m~*.
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and T, .4 in the first SOL are decreased. Thus, all the
decay lengths in the SOL increase substantially. Not only
the broadening of the decay length but also the transport of
the plasma momentum is modified in the divertor. Fig. 7
shows that the total (static and dynamic) plasma pressure
in the second SOL at the outer target is larger than
Pimia T Pe.mia- This suggests that the plasma gains momen-
tum in the second SOL, while the divertor plasma detach-
ment proceeds at the first SOL. The particle recycling is
enhanced at the outboard target, and the decay length of
the SOL profile increases significantly. Under the radiative
divertor condition, ionization mean-free-path of a thermal
neutral of energy 50 eV is estimated to be 20 cm at the
relatively high density divertor plasma of n, =2 % 10"
m~* and T, = 10 eV. It is possible to cause re-ionization
of a part of thermal neutrals within the broad SOL region.
Enhancement of the convection loss, flow reversal or
probe measurement of high energy electrons may be other
candidates.

5. Conclusjon

The radial profiles of n, 4, T, g and T,y in the
SOL were investigated for the different /, and B, in the
high density L-mode discharges. T .4 is by a factor of 3
higher than T, ;. and the T, ., profile extended to the
outer flux surfaces; A is by a factor of 2.5-3 larger than
Az, at the first SOL. Since ion pressure is dominant in the
edge plasma and SOL, ions play a crucial role in the

pressure balance in the SOL and divertor. The decay
lengths of n. .4, T, g and T, . profiles, increase with
the connection length. Since a MARFE enters closed mag-
netic flux surfaces near the X-point, those profiles be-
comes significantly flat in the SOL, when n 4. T, g and
T, i are reduced in the plasma edge (inside the separatrix

and the first SOL).
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