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Abstract

Impurity transport has been modeled using a 1-D transport code for the main plasma and a 2-D fluid code
(UEDGE) for the divertor and scrape-off layer plasmas in the JT-60U high 8, mode plasma with highly en-
hanced radiation by injecting seed impurity argon. The density profile of the seed impurity argon estimated

from the soft x-ray profile was more peaked by a factor of 2 than the electron density profile. On the other

hand, the density measurement of the fully ionized intrinsic impurity carbon indicated a flat carbon den-

sity profile. The radiation profile evaluated from these impurity density profiles was more peaked than the

measurement in the main plasma. The divertor radiation calculated by the UEDGE code with the boundary

condition of the argon density consistent with the 1-D transport analysis was localized around the strike points

compared with the measurement.
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1. Introduction

Reduction of heat load localized onto the divertor
plates is a critical issue in magnetic confined fusion de-
vices to mitigate damage of the divertor plates. High
radiation loss in the divertor and scrape-oft layer (SOL)
plasmas enhanced by injecting seed impurity is most
effective for expansion of the heat load onto the wide
area. In JT-60U, the high radiation loss operation has
been developed with the seed impurity neon or argon
[1], and the radiation loss power has reached to over
80 % of the net heating power in high density plasmas.
In order to extrapolate these results to ITER and DEMO
reactor, understanding of the impurity transport is im-
portant. The impurity transport has been analyzed us-
ing a 1-D transport code for the main plasma [2] and a
2-D fluid code [3] or a Monte-Carlo code [4] for the
divertor and SOL plasmas. In these analyses, impu-
rity density and/or transport coefficients were evaluated.
However, detailed comparison of the radiation profile
between modeling and experiment was not performed.
In this paper, the impurity density was estimated using
a 1-D transport code for the main plasma and the 2-D
fluid code UEDGE [5] for the divertor and SOL plas-
mas in the high 8, mode plasma with highly enhanced

radiation by injecting seed impurity argon. The radia-
tion profile was calculated based on the estimated impu-
rity densities for both seed impurity argon and intrinsic
impurity carbon and it was compared with the measure-
ment.

2. Experiments

JT-60U is a large tokamak device with a major radius
of 3.4 m. The typical plasma configuration is shown in
Fig. 1 together with sight lines of the diagnostics re-
lated to this study. The W-shaped divertor was adopted,
where the inner and outer inclined divertor plates and
the dome in the private flux region form a W-shaped
surface. The divertor pumping was performed from
both inner and outer private flux regions. The soft x-
ray emission intensities were measured with 10 sight
lines in the main plasma. The radiation loss was mea-
sured with 20 sight lines using bolometer arrays. 8 lines
(ch 1-8) were arranged for the main plasma side and 12
lines (ch 9-20) were arranged for the divertor region.

The seed impurity of argon was injected into high
density high 8, mode plasmas with an internal trans-
port barrier (ITB) at the plasma current of /, = 1.0

Corresponding author’s e-mail: takenaga.hidenobu@jaea.go.jp
* Present: Japan Atomic Energy Agency

35

© 2006 by The Japan Society of Plasma
Science and Nuclear Fusion Research



Modeling of Impurity Transport in High Density Plasma with Highly Enhanced Radiation Loss on JT-60U

2.0

olometer
: 12 ch)

Soft X-ray
(10ch)

/A Bolometer
[ (main : 8 ch)

-4-1.0

120

2.1 3.5 4.7
Fig. 1 Typical plasma configuration and diagnostic ar-
rangements related to this study.
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Fig. 2 Typical wave-forms in high density and high radi-
ation loss plasma with argon injection. (a) Solid
and dotted lines show line averaged electron den-
sity (7,) and Greenwald density (ng,), respec-
tively. (b) Solid and dotted lines show injected
powers from positive and negative ion based neu-
tral beams (P-NB and N-NB). (c) Solid line shows
stored energy (W,,). Dotted and dashed lines
show Ar and D, puffing rates, respectively. (d)
D, emission intensity from the divertor region. (e)
Solid and dashed lines show total radiation loss
power and radiation loss power from the main
plasma, respectively.

MA and the toroidal magnetic field of By = 3.6 T as
shown in Fig. 2 [6]. Argon was puffed from ¢ = 4.5
s and penetrated into the plasma with a time delay of
0.2 — 0.3 s. The neutral beam (NB) heating power of
Pyg = 20 — 30 MW was injected from positive and
negative ion based NBs (P-NB and N-NB). The line av-
eraged electron density (7.) increased and reached to
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Fig. 3 (a) Electron density and (b) electron temperature

profiles before (t=4.7 s : open circles) and after
(t=6.95 s : closed circles) the argon penetration.
Radiation profiles for (c) main plasma region and
(d) divertor region before (t=4.7 s : open circles)
and after (=6.95 s : closed circles) the argon pen-
etration.

the Greenwald density (ngw), which is empirical scaled
density for high density disruptive limit, around ¢ = 7.5
s. The stored energy (Wy,) was almost kept at con-
stant value and confinement degradation at high den-
sity was suppressed by high-field-side pellet injection,
argon injection and small D, gas-puffing until n = 1
mode appeared at + = 7.1 s. The confinement degra-
dation is observed in many machines when the density
is increased by large D, gas-puffing. The edge local-
ized mode (ELM) observed in the D, emission inten-
sity (Ip,) became small during = 6.5 — 7 s. The ra-
diation losses (P,,q) in both main and divertor plasmas
6.95 s,
the total radiation loss power reached up to 90 % of the

were enhanced after argon injection. At ¢ =

heating power at 71, /ngw = 0.92 with high confinement
enhancement factor of 0.96 over the IPB9S (y,2) ELMy
H-mode scaling.

A peaking of the electron density (n,) profile with
the ITB and a flattening of the electron temperature (7,)
profile were observed as shown in Figs. 3(a) and 3(b).
The profile of the soft x-ray intensity was also peaked
in the main plasma. The radiation had a hollow pro-
file before the argon penetration in the main plasma as
shown in Fig. 3(c). After the argon penetration, the cen-
tral radiation was increased. The divertor radiation was
enhanced in the wide region as shown in Fig. 3(d).
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3. Methods of analyses

In the main plasma, the profile of the total argon den-
sity (n4,) summed over all ionization states was esti-
mated using a 1-D impurity transport code, where the
diffusivity (D) and the convection velocity (v) were de-
termined by fitting the calculated soft x-ray profile to
the measurement [2]. The argon radiation coefficient in
the soft x-ray range was taken from the ADAS database
[7] considering the JT-60U diagnostic setup (the en-
ergy range of 2.7 — 20 keV). The absolute value of ny4,
was determined by the radiation loss in the central re-
gion. The radiation loss from argon was evaluated using
the radiative cooling rate calculated in Ref. [8] (AD-
PAK). The intrinsic impurity carbon density (n¢) was
estimated using the 1-D transport code based on the C®*
density measured with charge exchange recombination
spectroscopy (CXRS). The radiation loss from carbon
was also evaluated using ADPAK. In these analyses, the
measured parameters of the background plasma such as
n, and T, were used.

The impurity transport was modeled using the 2-D
fluid code UEDGE [5] in the divertor and SOL plas-
mas. Since detailed background plasma parameters
were not measured in the divertor and SOL plasmas,
these parameters were also calculated in the UEDGE
code consistently with impurity and neutral behavior.
In the UEDGE calculation, the boundary conditions at
the core-edge (96 % of magnetic flux) were the bulk
ion density of 1.5 x 10" m
ing from core to edge of 14 MW divided equally be-

3 and the power escap-

tween ions and electrons. The anomalous diffusion co-
efficients were all taken to be 1.0 m?/s for the thermal
diffusivity and 0.25 m?/s for the bulk particle diffusiv-
ity. The impurity diffusivity was set to be 1.0 m?/s with-
out the convection velocity. The carbon yield rate was
set to be a Haasz yield for both physical and chemical
sputtering. The Ar'3* density at the core-edge boundary
was scanned in the range of 0.5 — 3 x 10'® m™3. Re-
cently, drift effects were included in the UEDGE code
[9]. However, the drift effects were not included in this
modeling. The impurity ionization, radiation and re-
combination rates came from ADAS rates for carbon
and impurity transport code STRAHL [10] for argon.

4. Results of analyses

4.1 Calculations of 1-D transport code and UEDGE
code

6.95 s in

the discharge shown in Fig. 2. The C®* density mea-

Impurity transport was analyzed at r =

sured with CXRS indicated a flat profile in the region
of r/a < 0.8 as shown in Fig. 4(a). In order to repro-
duce the flat density profile, D = 1.0 m?/s and v = 0
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Fig. 4 (a) Carbon density profiles. Circles show the mea-

sured C* density. Solid and dotted lines show
the calculated C* density and total carbon den-
sity, respectively. (b) Carbon radiation profile. (c)
Solid line shows total Argon density profile. Elec-
tron density profile is also shown by dashed line
for comparison. Both profiles are normalized at
r/ a=0.65. (d) Argon radiation profile.

m/s were assumed. The density profile calculated in
the 1-D transport code is also shown in Fig. 4(a). The
calculated C%* density profile was consistent with the
measured profile. Figure 4(b) shows the radiation pro-
file calculated from the n¢ profile shown in Fig. 4(a).
The radiation from carbon impurity was localized in the
edge region. The calculated ny, is shown in Fig. 4(c),
where D = 1.0 m?/s and v = D - Vn,/n, in the region
of rla > 0.65,v = 2 X D - Vn,/n, in the region of
r/fa < 0.65 were assumed to fit the calculated soft x-ray
profile to the measured one. The large inward convec-
tion velocity of about —8 m/s was assumed at r/a ~ 0.6
due to strong density ITB. In the central region, Ar'8*,
Ar'7* and Ar'®* were main contributors and their den-
sity ratios were estimated to be 40 %, 40 % and 20 %,
respectively. The ny, profile was more peaked by a fac-
tor of 2 than the n, profile. The radiation from argon
impurity was peaked in the central region as shown in
Fig. 4(d).

The total radiation loss power calculated with the
UEDGE code increased from 6.6 to 8.4 MW by in-
creasing the ratio of ny,./n, at the core-edge bound-
ary (na,/ne)core-edge from 0.14 to 0.93 %. The radia-
tion from argon increased from 0.3 to 3.2 MW and the
radiation from carbon decreased from 5.7 to 4.7 MW
with increasing (na,/ne)core-edqe- The radiation from
deuterium was almost constant (~ 0.6 MW) and had
a small contribution to the total radiation. During this
(nar/Ne)core—ecdge SCan, n, and T, at the outer strike point
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decreased from 2.6x10%° to 1.9% 10?° m~3 and from 2.7
to 1.3 eV, respectively, with increasing (114, /7¢)core-edge-
The detachment process was gradually progressed at the
outer divertor. On the other hand, the inner divertor was
detached and n, and T, at the inner strike point were
in the ranges of 1.8 — 2.8 x 10"”m=3 and 0.68 — 0.72
eV, respectively. The increase in radiation was related
to the decrease in n, and T, at the outer divertor. At
(nar/ne)core—cage = 1 %, n. at the outer strike point was
largely decreased to 7.2 x 10" m
tachment. At the same time, 7, at the outer strike point

3 indicating the de-

was decreased to 1 eV. The total radiation largely in-
creased to 9.7 MW, where the radiations from both car-
bon and argon were increased to 5.1 MW and 4 MW,
respectively. The ratio of the radiation from argon to
the total radiation reached to 40 %

4.2 Comparison of radiation profile between mea-

surement and calculation

Figure 5 shows comparison of the radiation profile
between measurement and calculation (a) in the main
plasma region and (b) in the divertor region. Here, the
calculated results of 1-D transport code with argon and
carbon were used for the main plasma and the UEDGE
calculation result with (1n4,/n¢)core—edge = 0.75 % was
used for the SOL plasmas in Fig. 5(a). In Fig. 5(b),
the UEDGE calculation results with (n4,/7¢)core-edge =
0.14, 0.75 and 1% were used together with the 1-D
transport results with carbon and argon. Absolute 74,
was determined by adjusting the calculated radiation
summed over the 1-D transport and UEDGE results to
the measurement at the center bolometer chords (ch 8).
In the line integral of the calculated radiation, size of
the sight line was considered. The value of ny, was es-
timated to be about 1.6 % of n, in the central region and
0.7 % of n, in the edge region. The calculated radia-
tion loss was more peaked than the measurement in the
main plasma region as shown in Fig. 5(a). When possi-
ble misalignment of the sight lines was considered (half
channel), the variation of the radiation loss was rela-
tively large in the edge region (ch 4). However, the cal-
culated radiation profile was still peaked. It is necessary
to evaluate combination of D and v for satisfying both
soft x-ray and radiation profiles in future work. Fur-
thermore, the edge channels (ch 1-3) were much smaller
than the measurement. The radiation in the SOL plasma
could be larger than the present modeling. In the high
triangularity configuration, the large radiation at edge
channels viewing the SOL plasma was often observed
[11]. Since effect of secondary sepratrix is stronger in
this configuration near upper inside corner, this effect
on the radiation should be also investigated in future
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Fig. 5 Comparison between calculated radiation profile
and measured one in (a) the main plasma re-
gion and (b) the divertor region. Circles show
the measurements. (a) Solid line shows the cal-
culated radiation profile summed over the radia-
tions from 1-D transport code results with both
carbon and argon and from UEDGE result with
(Mar /' N.) sore-ca00 = 0-75 %. Dotted line shows the cal-
culated radiation profile summed over the radia-
tions from 1-D transport code result with carbon
and UEDGE result with (n,,/n,).pe.000 =0.75 %.
(b) Dashed, solid and dotted lines show the radi-
ation profile calculated using UEDGE results with
(n, /n,) =1%, 0.75% and 0.14 %, respec-
tively.

core-edge

work.

The divertor radiation had peaks at both strike points
(ch 11 for inner and ch 19 for outer divertor) as well
as the measurement. The peak at the inner strike point
was almost constant even when (14, /1e)core—edge WS in-
creased. The peak at the outer strike point was largely
enhanced with (1n4,/n¢)core—cage = 1% and was larger
than the peak at the inner strike point. The calculated ra-
diation with (n4,/n¢)core—edge = 0.75 %, which was con-
sistent with (124, /7¢)core—edge Calculated using 1-D trans-
port code, was consistent with the measurement at the
inner strike point within the ambiguity (+ 15 %) of the
measurement. At the outer strike point, the effect of
misalignment of the sight lines was large due to strong
localization of the radiation in front of the outer diver-
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tor plate. Therefore, when possible misalignment (half
channel) was considered, the radiation loss at the outer
strike point increased to the same value as the measure-
ment. On the other hand, the radiation in the divertor
region (ch 9&10 for inner and ch 17&18 for outer diver-
tor) was smaller than the measurement, indicating that
the calculated radiation was localized around the strike
points compared with the measurement.

5. Summary

Impurity transport was modeled using a 1-D trans-
port code for the main plasma and the 2-D fluid code
UEDGE for the divertor and SOL plasmas in the high
B, ELMy H-mode plasma with argon injection on JT-
60U. The calculated radiation profile was more peaked
than the measurement in the main plasma, and the cal-
culated radiation was much smaller than the measure-
ment in the edge region. The expanded radiation zone
into the wide SOL plasma should be investigated in fu-
ture work. The radiation calculated with the UEDGE
code was localized around the strike points compared
with the measurement. The systematic parameter scan
such as diffusivity and recycling coefficient is necessary
to reproduce the measured radiation profile as well as
the considering the drift effects.
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