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必要条件
- 炉壁の耐久性
- 燃料粒子，不純物粒子輸送制御

プラズマ対向壁への粒子・熱負荷制御 　　　
- 　非接触プラズマの理解と制御

境界プラズマ

セパラトリクス　炉心
プラズマ

　Ｘ点

ダイバータ板

ダイバータコイル

磁気ダイバータ

熱・粒子流

高性能炉心プラズマの定常維持・制御に対する
周辺プラズマの役割

炉心プラズマの定常維持・制御の基
盤を与える

課題



具体的な設計を行うと問題が顕在化
‒ 過酷な熱・粒子負荷

 

Shinji Sakurai and JT-60SA design team, Proc. of Int. Sympo. on EcoTopia Science 2007, ISETS07 (2007) 

部分非接触プラズマの
定常維持を前提とした
設計

JT-60SAでのダイバータ板への熱負荷評価



　非接触プラズマとは
（１）ダイバータ部あるいはSOL領域からの強い放射損失
（２）ダイバータ板近くのプラズマ温度の著しい低下
（３）ダイバータ領域における中性ガス密度の増大
（４）ダイバータ板へのプラズマ粒子束及び熱流束の著しい低下
（５）ダイバータ領域において磁力線に沿ったプラズマ圧力の低下
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　 非接触プラズマの構造
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ダイバータ領域の中性ガ
ス圧の増加
→放射冷却による
　電子温度の低下　
→低温高密度プラズマ
　の生成
→体積再結合の発生
→プラズマの消失
→ダイバータ板への
　熱負荷の減少



　非接触プラズマにおける課題
（１）原子･分子過程
         電子ーイオン再結合、分子活性化再結合（水素、炭化水素）
（2）非接触プラズマ計測　
　　　プローブ計測の異常性　（門先生)
（３）非接触プラズマのエネルギーバランスの理解
　　　中性ガス温度の影響、輻射輸送の影響
（４）非接触プラズマの動的応答
　　　ELM様熱負荷への応答、接触-非接触-再接触遷移過程
（５）非接触プラズマ中の径方向輸送
　　　非拡散的輸送現象（Plasma Blobs)　　(田中先生）
（６）非接触プラズマの安定性
　　　熱的不安定性、2次元効果（部分非接触）
（７）金属壁での非接触プラズマ生成
　　　適切な不純物ガスの選定ーコアプラズマとの共存　
（８）非接触プラズマの制御手法の確立
　　　Puff&Pump, エルゴディック磁場（磁気島）（増崎先生）
（９）先進ダイバータ配位への適用性 ーダイバータ幾何学構造への依存性
　　　Super-X, Snow flake, Isolated divertor　etc. 
　　　

NAGDIS
MAP-II
TPD

Gamma10
LHD
JT-60U(SA)



　非接触プラズマにおける課題
（１）原子･分子過程
         電子ーイオン再結合、分子活性化再結合（水素、炭化水素）
（2）非接触プラズマ計測　
　　　プローブ計測の異常性　（門先生)
（３）非接触プラズマのエネルギーバランスの理解
　　　中性ガス温度の影響、輻射輸送の影響
（４）非接触プラズマの動的応答
　　　ELM様熱負荷への応答、接触-非接触-再接触遷移過程
（５）非接触プラズマ中の径方向輸送
　　　非拡散的輸送現象（Plasma Blobs)　　(田中先生）
（６）非接触プラズマの安定性
　　　熱的不安定性、2次元効果（部分非接触）
（７）金属壁での非接触プラズマ生成
　　　適切な不純物ガスの選定ーコアプラズマとの共存　
（８）非接触プラズマの制御手法の確立
　　　Puff&Pump, エルゴディック磁場（磁気島）（増崎先生）
（９）先進ダイバータ配位への適用性 ーダイバータ幾何学構造への依存性
　　　Super-X, Snow flake, Isolated divertor　etc. 
　　　

NAGDIS
MAP-II
TPD

Gamma10
LHD
JT-60U(SA)



非接触プラズマの生成と電子-イオン再結合過程
.
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分子活性化再結合過程

       H2(v) + e　 →　 H- + H
     　 H- + A+ → A + H
       　　 (荷電交換再結合)
       H2(v) + A+ → (AH)+ + H
  　(AH)+ + e → A + H
        　　(解離性再結合)

振動励起水素分子を起点とした一
種の化学反応-�大きな反応確率

分子活性化再結合  MAR：Molecular Activated Recomination
.

0 1 2 3 4 5

10-15

10-16

10-17

10-18

R
at

e 
C

oe
ff

ic
ie

nt
 [m

3 /
s]

10-19

Te [eV]

MAR

EIR

Ionization

5x1019m-3

5x1018m-3

反
応
速
度
係
数

[m
3 /s

]

電子-イオ
ン再結合

分子活性
化再結合

電離

電子温度 [eV]
粒子バランス
∂ne
∂t  +∇⋅Γ = <σv>ionnenn - <σv>EIRne2

- <σv>MARnenH2

水素分子密度も重要！



分子活性化再結合過程の実験的検証

水素ガス
導入

ヘリウム
ガス導入

イオン粒子束の減少
３体再結合線の消失 N.Ohno et al.,

PRL 
81(1998)818

テキスト



　炭化水素分子活性化再結合の実証　
ダイバータ領域の中性ガス圧の
増加
→放射冷却による
　電子温度の低下　
→低温高密度プラズマ
　の生成
→体積再結合の発生

→プラズマの消失
→ダイバータ板への
　熱負荷の減少

CH4+H+(or He+) →  
CH4+ + H (or He)

CH4+ + e → CH3 + H

MAP-IIでの
実験的検証
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NAGDIS, Nagoya Univ.

非接触プラズマ中のエネルギーバランス
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drops around X=0.9m. Ti is almost constant. 
Electron and ion energy loss rates are shown 
in Fig. 6(b). Electrons mainly lose their energy 
by ionization process near the plasma source 
because T, is relatively high enough for the 
ionization process. Above X-0.35m, the 
ionization energy loss becomes small due to 
a decrease in T, and the energy loss with the 
charge exchange and elastic collision becomes 
dominant. It should be noted that the energy 
loss rate of electron by energy exchange with 
ions -K(T,-T~) has the same value as that of 
ions by charge exchange and elastic collisions. 
This is the reason why the ion temperature is 
almost constant. These results indicate that the 
electron energy is effectively lost by the 
charge exchange and elastic collision 
processes due.to a strong coupling between 
electrons and ions in such a high density 
plasma. In fact, the energy balance is 

Axial Positlon: X ( m ) 

FIG. 6 .  Axial profiles of :(a) Te, T,. n. and plasma 
pressure ; (b) ionization and charge exchange 
energy losses, energy transition by temperature 
relaxation process and plasma energy flux in Fig. 4 

estimated from Fig. 6(b): ionization energy 
loss - 22.8% of total energy input and charge 
exchange energy loss - 73.6%. Please pay 
attention that electrons have the energy more 
than 80% of plasma energy at X=Om. 

In a lower density case as shown in Fig. 
7, corresponding to Fig. 5, the axial profile of 
T, does not change so much because the energy 
loss due to ionization process is small and the 
temperature relaxations mentioned above is 
also weak, so there is no way to lose the 
electron energy. Therefore, Ti is found to be 
rapidly decreasing to a value around the 
ambient neutral gas temperature To - 0.03eV, 
because the ions can not gain the energy from 

to charge exchange collision is 
not SO effective for plasma Cooling, and no 
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FIG. 7. Axial profiles of :(a) the electrons. In this case, the energy loss due T, B~~ and plasma 
pressure ; (b) ionization and charge exchange energy 
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非接触プラズマと
ELM の相互作用
（トカマク実験）

•Two negative peaks 
( negative ELM) appears 
in Dα   emission. 

 

A. Loarte et al.
Nuclear Fusion 38(1998)331.
 



ELM熱負荷模擬実験
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高周波加熱によりELM熱負荷を模擬



非接触プラズマへの熱パルス印加実験

Time evolution 
of Balmer series 
spectra  at P ~ 
9mtorr

 
Negative spikes 
appear
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衝突輻射モデルによるNegative Spikeの解析
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1st Negative Spikeの詳細観測  

- Ion flux to the target 
plate is substantially 
increased near the 1st 
negative spike.
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- Floating potential remains　almost 
constant at 1st negative spike.
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Plasma and Fusion Research: Rapid Communications Volume 4, 000 (2009)
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Fig. 1 Schematic illustration of the linear plasma divertor simulator NAGDIS-II. (a) attached and (b) detached
plasma conditions.

Okazaki PFR2012

Plasma and Fusion Research: Rapid Communications Volume 4, 000 (2009)
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Fig. 2 Experimental results of triple probe measurement at the r = 15 mm. Time evolutions of the moving average
deviations (a) P, (b) Te, ne, (c) Vf , Vs and (d) fluctuation level of ne and (e) time evolution of the moving
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　磁力線を横切る対流的プラズマ輸送？
 　　→ Plasma Blob輸送

径方向拡散によるプラズマ輸送のみでは説明
が困難

プラズマの塊(Blobs)が最外殻磁気面付
近で生成され， 磁力線を横切って第一壁
に向かって飛行する現象

M. V. Umansky et al. Phys. Plasma  5, 3373(1998).

第一壁近傍に比較的プラズマ密度が高く平坦
化した領域(2nd SOL)が存在する
→　第一壁でのリサイクリングの増加→　不
純物発生の増加 2nd SOL
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熱的不安定性-X点MARFE
非接触プラズマは不安定→容易にＸ点MARFEに移行

  X点MARFEによるコアプラズマ閉じ
込め特性の劣化
　ダイバータ配位およびダイバータ排
気量制御による非接触プラズマの定
常維持・制御の実証が必要（高性能
炉心プラズマとの両立性）N. Asakura et al. PSI18
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非接触プラズマの熱的不安定性(1次元解析）
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represented as a long ribbon running along the field lines from some stagnation point to the 

divertor target plate.  The width of the ribbon, ǻ, may be determined by perpendicular transport 

considerations (in which case it may be different for energy and particles) or be fixed. Heat (Q A ) 

and particle (ī A ) fluxes flow into the SOL from the core plasma, delimited in the equations by 

the Heaviside function H A  , which is unity for 0� ȟ � L A .  The Braginski fluid equations are the 

ion particle continuity equation, with ionization source and recombination sink 
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plasma. Particularly, it is shown that cross-field heat and
particle transport in a divertor region can prevent the de-
tachment front from moving upstream. Such cross-field
transport in a divertor region could occur in a PDD plasma.

2. Model
We performed time-dependent simulations of move-

ment of detachment fronts in a PDD plasma by using the
“multi-layer” (ML) 1D model [22]. Figure 1 is a schematic
picture of this model. The basic idea is to put two flux
tubes adjacent to each other. In order to reproduce a par-
tially detached state observed in experiments (for exam-
ple [23]), the inner flux tube, adjacent to the core plasma,
should be detached from the divertor plate, while the outer
one should be attached. In Fig. 1 ∆AD and ∆DD are widths
of the attached and detached tubes, respectively. A plasma
fluid of each layer is described by the 1D transport equa-
tions (for example see [20,22]). Particle and heat transport
across each layer are approximated as source or loss terms
in the 1D transport equations. The source/loss terms in the
particle, momentum and energy equations of each tube, S ,
M and Q, are given as follows, respectively;

S = S ⊥SOL + S ⊥div

+ nnn〈σv〉ion − n2(〈σv〉rr + 〈σv〉3b), (1)
M = −mnv {nn〈σv〉cx + n(〈σv〉rr + 〈σv〉3b)} , (2)

Q = Q⊥SOL + Q⊥div −
(
1
2

mv2 +
3
2

T
)

nnn〈σv〉cx

−
(

1
2

mv2 + 3T
)

n2(〈σv〉rr + 〈σv〉3b)

− Iionnnn〈σv〉ion − n2ξimpL(T ). (3)

Here, n, v, T and 〈σv〉 are the plasma density, velocity and
temperature and the rate coefficient of an atomic process,
respectively. In the transport equations, it is assumed that
n = ne = ni, v = ve = vi and T = Te = Ti, where the sub-
scripts e and i represent electrons and ions, respectively.
The neutral density is represented by nn. Here, S ⊥SOL and
Q⊥SOL are the cross-field particle and energy source terms,
respectively, which might be outward, in the SOL region
(from the core to the SOL), respectively, while S ⊥div and
Q⊥div are the cross-field particle and energy source terms
in the divortor region. The constant Iion (= 30 eV) is the
electron loss energy due to excitation and ionization. The
coronal equilibrium model is used for the impurity radia-
tion loss, where ξimp is the impurity fraction, and L(T ) is
the impurity cooling rate dependent on impurity species.
In this work carbon is the only impurity species and we
set ξimp = 4.5% which is a typical value of many tokamak
experiments (for example, see [24]).

The cross-field source terms in the SOL region, S ⊥SOL

and Q⊥SOL, are important contributor to occurence of the
plasma detachment [20, 21]. Hutchinson showed that
Q⊥SOL can stabilize the detachment front of the paral-
lel heat flux moving upstream [14]. In the “onion skin”
model [25] the cross-field source terms are taken into ac-

Fig. 1 The schematic picture of the multi-layer 1D model.

count only in the SOL region. On the other hand, effects
of the cross-field source terms in the divertor region, S ⊥div

and Q⊥div, on stability of the detachment front had not been
studied so far. Recently, we showed that Q⊥div can de-
crease the speed of the detachment front upstream, but in
our previous work Q⊥div is given an assumed value uni-
formly in the divertor region [22].

We extended our previous simulation study; we an-
alyzed the attached and detached tubes simultaneously,
where S ⊥div and Q⊥div are modeled as follows;

S ⊥div ≈
Γ⊥div

∆div
≈ −

D⊥div
(
n(det) − n(att)

)

∆DD∆Γ
, (4)

Q⊥div ≈
q⊥div

∆div
≈ −
χ⊥divn̄

(
T (det) − T (att)

)

∆DD∆q
. (5)

Here, the superscripts “det” and “att” represent the de-
tached and attached tubes, respectively. The particle and
heat diffusion coefficients are represented by D⊥div and
χ⊥div, respectively. The characteristic lengths of the den-
sity and temperature gradients along the radial direction
are ∆Γ and ∆q, respectively. In Eq. (4) n̄ is the average den-
sity along the cross-field direction. In the present analyses
it is assumed that ∆Γ = ∆q = ∆SOL/2 where ∆SOL is the
width of SOL.

For the neutral density nn, we use the simple 1D dif-
fusion model described in [26];

nn = nn,d exp
(
− ζ
λn,d

)
, (6)

λn,d =
vn

n
√
〈σv〉cx〈σv〉ion sin θ

, (7)

where nn,d and λn,d are the neutral density and its decay
length at a reference point, ζ is the effective length mea-
sured from the reference point (given in [26]), and θ is the
angle at which a magnetic field line intersects the target.
The neutral velocity vn is corresponding to 2εFC/3 where
εFC (= 3.5 eV) is the Franck-Condon energy. In numerical
implementation the value of nn at the discrete mesh point
j + 1, nn, j+1, is expressed in the form

nn, j+1 = nn, j exp
(
− ζ
λn, j

)
, (8)
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where nn, j and λn, j are the values of nn and λn at the mesh
point j, respectively. At the divertor target we adopt the
following condition:

nn,divvn = ηtrap(nv)div sin θ + nn,div,auxvn, (9)

where ηtrap is the recycling rate, (nv)div is the plasma parti-
cle flux at divertor target, and nn,div,aux is the auxiliary in-
jected neutrals, e.g. gas puffing, near the divertor plate.
Input parameters relevant to the neutrals are ηtrap, θ and
nn,div,aux.

3. Numerical Results
In our analysis, ITER-like plasma parameters were

used. The power and particle inputs from the core to the
SOL are 80 MW and 1.5× 1023 s−1, respectively. The sur-
face area ASOL is ∼ 640 m2 and the SOL width ∆SOL is
∼ 4.7× 10−2 m; therefore, the cross-field energy and par-
ticle source terms in the SOL region, Q⊥SOL and S ⊥SOL,
are estimated to be 2.67 MWm−3 and 5.0× 1021 m−3s−1,
respectively. The ratio of the detached tube width to the
SOL width is ∆DD/∆SOL = 1/3. The distance from the
stagnation point (z = 0) to the divertor target (z = L) is
L = 100 m, and the X point is set at z = 80 m. As for in-
put parameters relevant to the neutral particles, ηtrap = 0.8
and θ = 2◦. The auxiliary neutral densities in the de-
tached and attached tubes at the divertor plate is n(det)

n,div,aux =

4.1× 1019 m−3 and n(att)
n,div,aux = 3.5× 1019 m−3, respectively.

3.1 Effect of the cross-field energy transport
As a first step, we examined effects of Q⊥div on be-

haviors of detachment fronts of several plasma parameters
in a PDD plasma. Here we set S ⊥div = 0 to elucidate the
Q⊥div effects. Snapshots of variations of n and T in time in
the attached and detached tubes are shown in Figs. 2 (a)-
(d), where χ⊥ = 1.0 m2s−1. For comparison the n and
T variations in time in the detached tube in the case of
Q⊥div = 0 are shown in Figs. 2 (e)-(f). Further, the position
of the detachment front, Xdet, in a steady state in the case
of Q⊥div = 0 as a function of the auxiliary neutral density
at the divertor plate, nn,div,aux, is shown in Fig. 3. In the at-
tached tube the spatial profiles of n and T are not so varied
from the respective initial profiles (Figs. 2 (a) and (b)). In
the case of Q⊥div = 0, the detachment fronts in n and T
move upstream and then reach the X point (x = 80 m). On
the other hand, as shown in Figs. 2 (c) and (d), the non-zero
Q⊥div, expressed in Eq. (5), prevents the detachment fronts
from moving upstream. This results are consistent with our
previous analysis in which we analyzed only the detached
tube [22]. Thus, the cross-field heat transport in the diver-
tor region has been found to affect the thermal stability of
the detachment fronts.

3.2 Effect of the cross-field particle trans-
port

As a next step, we examined the S ⊥div effects on be-
haviors of the detachment front in a PDD plasma by intro-

Fig. 2 Snapshots of the spatial profiles of n and T in the attached
((a) and (b)) and detached ((c) and (d)) tubes in the case
of S ⊥div = 0 and the non-zero Q⊥div expressed in Eq. (5).
The n and T profiles in the case of S⊥div = Q⊥div = 0
are also shown ((e) and (f)). The detachment fronts that
move upstream in the detached tube are simulated. The
time of each curve is at t = 0 (red), 1.2 (green), 2.4 (blue),
3.7 (pink), 4.9 (turquoise) and 6.2 (yellow) s.

Fig. 3 The correlation between the auxiliary neutral density at
the divertor plate, nn,div,aux, and the position of the detach-
ment front, Xdet, in a steady state in the case of Q⊥div = 0.

ducing the non-zero S ⊥div, as well as the non-zero Q⊥div,
into the ML1D model. Simulation results are shown in
Fig. 4. Figures 4 (a) and (b) are the case of S ⊥div = 0
which are identical to Figs. 2 (c) and (d), respectively. Fig-
ures 4 (c)-(f) are the case of the non-zero S ⊥div expressed in
Eq. (4). In Figs. 4 (c) and (d) D⊥ = 0.5 m2s−1; in Figs. 4 (e)
and (f) D⊥ = 1.0 m2s−1. The simulation results show that
the cross-field particle transport, as well as the cross-field
heat transport, prevent the detachment fronts from moving
upstream, i.e. can affect the thermal stability of the detach-
ment fronts.

This finding would be more surprising than the effect
of the cross-field heat transport. This can be explained
by the spacial profile of S ⊥div in the detached tube that
is shown in Fig. 5. Figures 5 (a) and (b) correspond to
Figs. 4 (c)-(d) and (e)-(f), respectively. As shown in Fig. 5,
S ⊥div < 0 around the detachment fronts, which means that
there is an outward particle flux from the detached tube to
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Fig. 4 Snapshots of the spatial profiles of n and T in the cases of
the zero S ⊥div ((a) and (b)) and the non-zero S⊥div ((c)-(f))
in the detached tube. The time step of each curve is the
same as Fig. 2.

Fig. 5 Snapshots of the spacial profile of the cross field particle
source term S⊥div in the divertor region of the detached
tube with the cross-field particle diffusion coefficients of
D⊥ = 0.5 m2s−1 (a) and D⊥ = 1.0 m2s−1 (b). The time
step of each curve is the same as Figs. 2 and 4.

the attached one, opposite to the schematic picture shown
in Fig. 1. The origin of such an outward particle flux is
the peaking of the plasma density found in Fig. 4. Such a
density peaking is formed by increase in the plasma den-
sity due to the ionizations and decrease in the plasma den-
sity due to the recombinations. Such an outward particle
flux causes decrease in n around the detachment front in
the detached tube, leading to decrease in the plasma mo-
mentum and energy due to the recombination reactions be-
cause Mrec ∝ n2 and Qrec ∝ n2. Here, Mrec and Qrec are
the plasma momentum and energy loss rates due to the re-
combinations, respectively. Hence, the movements of the
detachment fronts toward upstream are hampered.

4. Summary and Discussion
We reported recent results of our one-dimensional

time dependent analysis of the detachment fronts in a PDD
plasma. We employed the ML1D model to describe a
PDD plasma one-dimensionally. We found that the cross-
field particle and heat transport in the divertor region can
prevent the detachment fronts from moving upstream, i.e.
such cross-field transport can hamper thermal instability
of a PDD plasma. It is also found that the position of
the detachment front in a steady state is thermally unsta-
ble against the neutral density at the divertor plate.

Finally, we make qualitative comparison of the sim-
ulation results reported here with experimental observa-
tions. In many tokamak experiments divertor detachment
accompanies a high radiation peak which stagnates near
the X point (for example [27]). On the other hand, as
shown in Figs. 2 (e) and (f) and Fig. 4, the detachment front
(accompanying the radiation peak) can move upstream and
beyond the X point in the simulation cases of the zero
cross-field transport. Such a situation contradicts the ex-
perimental observations. Our simulation results indicate
that in interpreting such experimental observations of di-
vertor detachment, it is important to model the cross-field
transport in the divertor region.
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where nn, j and λn, j are the values of nn and λn at the mesh
point j, respectively. At the divertor target we adopt the
following condition:

nn,divvn = ηtrap(nv)div sin θ + nn,div,auxvn, (9)

where ηtrap is the recycling rate, (nv)div is the plasma parti-
cle flux at divertor target, and nn,div,aux is the auxiliary in-
jected neutrals, e.g. gas puffing, near the divertor plate.
Input parameters relevant to the neutrals are ηtrap, θ and
nn,div,aux.

3. Numerical Results
In our analysis, ITER-like plasma parameters were

used. The power and particle inputs from the core to the
SOL are 80 MW and 1.5× 1023 s−1, respectively. The sur-
face area ASOL is ∼ 640 m2 and the SOL width ∆SOL is
∼ 4.7× 10−2 m; therefore, the cross-field energy and par-
ticle source terms in the SOL region, Q⊥SOL and S ⊥SOL,
are estimated to be 2.67 MWm−3 and 5.0× 1021 m−3s−1,
respectively. The ratio of the detached tube width to the
SOL width is ∆DD/∆SOL = 1/3. The distance from the
stagnation point (z = 0) to the divertor target (z = L) is
L = 100 m, and the X point is set at z = 80 m. As for in-
put parameters relevant to the neutral particles, ηtrap = 0.8
and θ = 2◦. The auxiliary neutral densities in the de-
tached and attached tubes at the divertor plate is n(det)

n,div,aux =

4.1× 1019 m−3 and n(att)
n,div,aux = 3.5× 1019 m−3, respectively.

3.1 Effect of the cross-field energy transport
As a first step, we examined effects of Q⊥div on be-

haviors of detachment fronts of several plasma parameters
in a PDD plasma. Here we set S ⊥div = 0 to elucidate the
Q⊥div effects. Snapshots of variations of n and T in time in
the attached and detached tubes are shown in Figs. 2 (a)-
(d), where χ⊥ = 1.0 m2s−1. For comparison the n and
T variations in time in the detached tube in the case of
Q⊥div = 0 are shown in Figs. 2 (e)-(f). Further, the position
of the detachment front, Xdet, in a steady state in the case
of Q⊥div = 0 as a function of the auxiliary neutral density
at the divertor plate, nn,div,aux, is shown in Fig. 3. In the at-
tached tube the spatial profiles of n and T are not so varied
from the respective initial profiles (Figs. 2 (a) and (b)). In
the case of Q⊥div = 0, the detachment fronts in n and T
move upstream and then reach the X point (x = 80 m). On
the other hand, as shown in Figs. 2 (c) and (d), the non-zero
Q⊥div, expressed in Eq. (5), prevents the detachment fronts
from moving upstream. This results are consistent with our
previous analysis in which we analyzed only the detached
tube [22]. Thus, the cross-field heat transport in the diver-
tor region has been found to affect the thermal stability of
the detachment fronts.

3.2 Effect of the cross-field particle trans-
port

As a next step, we examined the S ⊥div effects on be-
haviors of the detachment front in a PDD plasma by intro-

Fig. 2 Snapshots of the spatial profiles of n and T in the attached
((a) and (b)) and detached ((c) and (d)) tubes in the case
of S ⊥div = 0 and the non-zero Q⊥div expressed in Eq. (5).
The n and T profiles in the case of S⊥div = Q⊥div = 0
are also shown ((e) and (f)). The detachment fronts that
move upstream in the detached tube are simulated. The
time of each curve is at t = 0 (red), 1.2 (green), 2.4 (blue),
3.7 (pink), 4.9 (turquoise) and 6.2 (yellow) s.

Fig. 3 The correlation between the auxiliary neutral density at
the divertor plate, nn,div,aux, and the position of the detach-
ment front, Xdet, in a steady state in the case of Q⊥div = 0.

ducing the non-zero S ⊥div, as well as the non-zero Q⊥div,
into the ML1D model. Simulation results are shown in
Fig. 4. Figures 4 (a) and (b) are the case of S ⊥div = 0
which are identical to Figs. 2 (c) and (d), respectively. Fig-
ures 4 (c)-(f) are the case of the non-zero S ⊥div expressed in
Eq. (4). In Figs. 4 (c) and (d) D⊥ = 0.5 m2s−1; in Figs. 4 (e)
and (f) D⊥ = 1.0 m2s−1. The simulation results show that
the cross-field particle transport, as well as the cross-field
heat transport, prevent the detachment fronts from moving
upstream, i.e. can affect the thermal stability of the detach-
ment fronts.

This finding would be more surprising than the effect
of the cross-field heat transport. This can be explained
by the spacial profile of S ⊥div in the detached tube that
is shown in Fig. 5. Figures 5 (a) and (b) correspond to
Figs. 4 (c)-(d) and (e)-(f), respectively. As shown in Fig. 5,
S ⊥div < 0 around the detachment fronts, which means that
there is an outward particle flux from the detached tube to
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Fig. 4 Snapshots of the spatial profiles of n and T in the cases of
the zero S ⊥div ((a) and (b)) and the non-zero S⊥div ((c)-(f))
in the detached tube. The time step of each curve is the
same as Fig. 2.

Fig. 5 Snapshots of the spacial profile of the cross field particle
source term S⊥div in the divertor region of the detached
tube with the cross-field particle diffusion coefficients of
D⊥ = 0.5 m2s−1 (a) and D⊥ = 1.0 m2s−1 (b). The time
step of each curve is the same as Figs. 2 and 4.

the attached one, opposite to the schematic picture shown
in Fig. 1. The origin of such an outward particle flux is
the peaking of the plasma density found in Fig. 4. Such a
density peaking is formed by increase in the plasma den-
sity due to the ionizations and decrease in the plasma den-
sity due to the recombinations. Such an outward particle
flux causes decrease in n around the detachment front in
the detached tube, leading to decrease in the plasma mo-
mentum and energy due to the recombination reactions be-
cause Mrec ∝ n2 and Qrec ∝ n2. Here, Mrec and Qrec are
the plasma momentum and energy loss rates due to the re-
combinations, respectively. Hence, the movements of the
detachment fronts toward upstream are hampered.

4. Summary and Discussion
We reported recent results of our one-dimensional

time dependent analysis of the detachment fronts in a PDD
plasma. We employed the ML1D model to describe a
PDD plasma one-dimensionally. We found that the cross-
field particle and heat transport in the divertor region can
prevent the detachment fronts from moving upstream, i.e.
such cross-field transport can hamper thermal instability
of a PDD plasma. It is also found that the position of
the detachment front in a steady state is thermally unsta-
ble against the neutral density at the divertor plate.

Finally, we make qualitative comparison of the sim-
ulation results reported here with experimental observa-
tions. In many tokamak experiments divertor detachment
accompanies a high radiation peak which stagnates near
the X point (for example [27]). On the other hand, as
shown in Figs. 2 (e) and (f) and Fig. 4, the detachment front
(accompanying the radiation peak) can move upstream and
beyond the X point in the simulation cases of the zero
cross-field transport. Such a situation contradicts the ex-
perimental observations. Our simulation results indicate
that in interpreting such experimental observations of di-
vertor detachment, it is important to model the cross-field
transport in the divertor region.
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　非接触プラズマにおける課題
（１）原子･分子過程
         電子ーイオン再結合、分子活性化再結合（水素、炭化水素）
（2）非接触プラズマ計測　
　　　プローブ計測の異常性　（門先生)
（３）非接触プラズマのエネルギーバランスの理解
　　　中性ガス温度の影響、輻射輸送の影響
（４）非接触プラズマの動的応答
　　　ELM様熱負荷への応答、接触-非接触-再接触遷移過程
（５）非接触プラズマ中の径方向輸送
　　　非拡散的輸送現象（Plasma Blobs)　　(田中先生）
（６）非接触プラズマの安定性
　　　熱的不安定性、2次元効果（部分非接触）
（７）金属壁での非接触プラズマ生成
　　　適切な不純物ガスの選定ーコアプラズマとの共存　
（８）非接触プラズマの制御手法の確立
　　　Puff&Pump, エルゴディック磁場（磁気島）（増崎先生）
（９）先進ダイバータ配位への適用性 ーダイバータ幾何学構造への依存性
　　　Super-X, Snow flake, Isolated divertor　etc. 
　　　

NAGDIS
MAP-II
TPD

Gamma10
LHD
JT-60U(SA)



1(M
J)

2.1䠊䝛䜸䞁䜢⏝䛔䛯ᨺᑕᦆኻቑ኱䛸ᨺᑕᦆኻ๭ྜ

䝛䜸䞁䝟䝣䛻䜘䜛ᨺᑕᦆኻቑ኱

0
0.2
0.4
0.6
0.8

S
to

re
d 

en
er

gy
 䝛䜸 䜛ᨺᑕᦆኻቑ኱

0.7

Ne
ᨺᑕᦆኻ๭ྜPrad/PNBI䛾ᐦᗘ౫Ꮡᛶ

2

4

6

ar
 (1

019
m

-3
)

0S

0.4

0.5

0.6

d/P
N

B
I

4

M
W

)

0

2

n e,
ba

0.1

0.2

0.3P
ra

d

Prad,max

3 )

0

2

P
ra

d (M

0
1 2 3 4 5 6 7

n
e,bar

 before Ne puffing (1019m-3)

P
rad

 before Ne puffing

Peterson et al., PFR 1 (2006) 045.

0.3

0.6

n e,
 d

iv
 (1

019
m

-3

• పᐦᗘ: ᨺᑕᦆኻ๭ྜ䛿60䠂⛬ᗘ䛻ཬ䜆
పᐦᗘ䛷䛿୙⣧≀䝇䜽䝸䞊䝙䞁䜾ຠᯝ䛜ᑠ䛥䛔䛯䜑䛻
䜘䜚῝䛟୙⣧≀䛜౵ධ䛧䚸䛭䛾⤖ᯝ䚸ᨺᑕ㡿ᇦ䛜኱䛝䛟

ᨺ 䛜ቑ ⪃

10

20

e,
 d

iv
 (e

V
)

0 䛺䜚䚸ᨺᑕ㔞䛜ቑ䛘䜛䛸⪃䛘䜙䜜䜛䚹

• 㧗ᐦᗘ: ᨺᑕᦆኻ๭ྜ䛿30䠂⛬ᗘ
Ỉ⣲䛾䜏䛾ᨺ㟁䛻䛚䛡䜛ᨺᑕᔂቯ᫬䛾ᨺᑕᦆኻ䛸ᴫ

0
3.4 3.6 3.8 4 4.2 4.4 4.6

T e

time (s)

䛽➼䛧䛔䚹

௚䛾୙⣧≀䜺䝇✀䛷᫬㛫ኚ໬䚸
ᨺᑕ๭ྜ䛿䛹䛖䛛䠛



2.2䠊䜰䝹䝂䞁䛻䜘䜛ᨺᑕᦆኻ≉ᛶ

• 䜺䝇䝟䝣䜢ษ䛳䛯ᚋ䜒㧗ᨺᑕ≧

Ar seeding

0 8
1 8

) • 䜺䝇䝟䝣䜢ษ䛳䛯ᚋ䜒㧗ᨺᑕ≧
ែ䛜⥆䛟䚹

• 䜺䝇䝟䝣䛻䜘䜛୰ᚰ⥺ᖹᆒ㟁0.4
0.6
0.8

4

6

W
p (

M
J)

(1
019

 m
-3

Ꮚᐦᗘ䛾ቑ኱䚸⵳✚䜶䝛䝹
䜼䞊䛾ῶᑡ䛿䚸10䠂⛬ᗘ䚹

• 㧗ᐦᗘ㡿ᇦ䛷䛾ᨺᑕᦆኻ๭ྜ
0

0.2
0

2W

n e
 

Ar

W
)

P 㧗ᐦᗘ㡿ᇦ䛷䛾ᨺᑕᦆኻ๭ྜ
䛿30䠂⛬ᗘ䚹

• 䛔䛪䜜䜒䚸䜾䝻䞊䝞䝹䛻䛿䝛䜸
䞁䛸䜋䜌ྠᵝ䛺≉ᛶ䜢♧䛩

5

10

, P
N

BI
 (M

W PNBI

Prad
䞁䛸䜋䜌ྠᵝ䛺≉ᛶ䜢♧䛩䚹

4 4.50

Time (s)

P
ra

d rad

Time (s)



NAGDIS, Nagoya Univ.

3䠊ඹ㬆ᦤື☢ሙ䜢⏝䛔䛯⇕⢏Ꮚ㈇Ⲵ㍍ῶ㐠㌿

LHD䛻䛚䛡䜛ᨺᑕ㡿ᇦ䛾Ᏻᐃ໬

ඹ㬆ᦤື☢ሙ䛻䜘䜚 / 1/1䛾☢Ẽᓥ䜢

XͲpoint

ඹ㬆ᦤື☢ሙ䛻䜘䜚䚸n/m=1/1䛾☢Ẽᓥ䜢
᭱እẆ☢Ẽ㠃እഃ䛻⏕ᡂ

࿘㎶䛾෭༷ຠᯝ䛸䚸ᨺᑕ㡿ᇦ䛾X䝫䜲䞁䝖䜈䛾ᒁᅾ

䛆➨14䝃䜲䜽䝹䜎䛷ᡂᯝ䛇

•ᨺᑕ㡿ᇦ䛾Ᏻᐃಖᣢ
•ᨺᑕᦆኻ䛾ቑ኱䠄2ಸ⛬ᗘ䠅
•ཷ⇕ᯈ䜈䛾⇕䞉⢏Ꮚ㈇Ⲵῶᑡ䠄1/3~1/10䠅
•㛢䛨㎸䜑䛾ຎ໬䛺䛧
•⬟ືⓗไᚚ᪉ἲ䛾☜❧䠄ᐦᗘ䚸ᦤື☢ሙᙉᗘ䠅

≀⌮ⓗᥥീ䛾⌮ゎ
• 䝅䝭䝳䝺䞊䝅䝵䞁䛸䛾ẚ㍑

⬟ືⓗไᚚ᪉ἲ䛾☜❧䠄ᐦᗘ䚸ᦤື☢ሙᙉᗘ䠅

• 䝅䝭䝳䝺䞊䝅䝵䞁䛸䛾ẚ㍑
•☢ሙ㓄఩䝇䜻䝱䞁䛸౫Ꮡᛶ䛾⪃ᐹ
•㠀ᣑᩓⓗ㍺㏦≉ᛶ

➨15䝃䜲䜽䝹

14

without island !Icoil=0 A" where the radiation intensity is
very sensitive to the density after the detachment transition
and it is very difficult to sustain the detachment phase. Such
the geometrical effect of the island width has been investi-
gated in the island divertor configuration in W7-AS, where
the larger island was found to provide a stable detachment
operation14 and the effect of coupling between core and
edge plasma through the neutral penetration inside LCFS
was discussed based on the 3D transport simulation with
EMC3-EIRENE.15

The radial location of the island is also found to be im-
portant factor to realize the sustained detachment. When the
island location is shifted radially inward by changing iota
profile, it becomes difficult to control the detachment. Figure
12 shows the radial profiles of Te during the attachment
phase as visualization of the island location together with the
LCFS which is estimated in the configurations without the
islands. For the two cases with island indicated with closed
and open circles the detachment was successfully sustained,
while for the case represented with triangles the density ramp
up simply led to radiative collapse. It seems that in order to
realize the sustained detachment the island should be located
radially outer enough, probably outside of LCFS, in which
case the island flux tubes interact with the stochastic field
lines in the edge region. The absolute Te values at the is-
lands, which are slightly less than 100 eV for the sustained

detachment case and nearly 200 eV for the radiative collapse
case, might also play an important role to affect the radiation
pattern of carbon whose radiative power loss rate coefficient,
L!Te", has strongly nonlinear dependence on Te especially
below 100 eV.

VI. DIVERTOR PARTICLE FLUX BEHAVIOR DURING
DETACHMENT

Figure 13 shows the particle flux profile at the inboard
divertor plates together with the connection length with
black line !shot number: 85946". Since the most of the
plasma is carried by the long connection length flux tubes
that usually penetrate deep into the stochastic SOL, a peak of
the particle flux is correlated with the long connection
length. The left and right sides of the figure correspond to the
private and SOL region, respectively. At the attachment
phase, the particle flux decays very quickly toward the both
sides, as shown in the figure, by an order of magnitude in
#1 cm. This quick decay is understood as being due to the
very short connection length !several meters" flux tubes ad-
jacent to the peak of the long flux tubes, which travel only
less than half torus without penetrate to the stochastic SOL.
At the detachment phase, the peak value and the flux at the
SOL side decrease almost one order of magnitude, while into
the private region there observed remarkable flux broaden-
ing, which compensates the reduction at the peak value
partly and the resulting total flux reduction summed over the
probe arrays becomes a factor of 3, as seen in Fig. 3!b". Such
flux broadening is also clearly detected at the probes in-
stalled at the outboard side private region, as shown in Fig.
14, where the time traces of ion saturation current of the
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FIG. 11. !Color online" Evolution of radiation intensity measured by the
resistive bolometer as a function of line averaged density, for different
n /m=1 /1 perturbation current, Icoil: closed circles=3400 A, open circles
=3000 A, triangles=2500 A, diamonds=1900 A, squares=1500 A, and
crosses=0 A. At the sustained detachment phase, the radiation intensity
becomes less sensitive to the density change and while the plasma is sus-
tained with residual gas puff, providing easy control of the detached plasma.
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056111-8 Kobayashi et al. Phys. Plasmas 17, 056111 !2010"

Downloaded 21 Jul 2012 to 133.6.28.22. Redistribution subject to AIP license or copyright; see http://pop.aip.org/about/rights_and_permissions

共鳴摂動磁場を用いた非接触プラズマの制御

39

tion length inside island. Since the island is embedded in the
stochastic region, the separatrix is no longer clear. The
X-point of the island is, therefore, not visible in the plot. By
strict definition, it may not be called so. In the following,
however, we may keep the term “X-point” representing the
region where a clear X-point would have existed without the
stochastization, or just poloidally opposite side to the
O-point.

III. DETACHMENT SUSTANMENT WITH N/M=1/1
ISLAND

Figure 3 shows the time traces of plasma parameters
obtained in the sustained detachment shot with the n /m
=1 /1 perturbation field !shot number: 85946". The discharge
was initiated at t=1.3 s by the neutral beam injection !NBI"
heating, and the density was ramped up by gas puff gradu-
ally. The divertor particle flux #ion saturation current, Fig.
3!b"$ measured by the Langmuir probe arrays, as a sum of all
probe tips, increases linearly with respect to the density rise
until the detachment transition without exhibiting high recy-
cling regime that is characterized with the square scaling as
observed in X-point poloidal divertor tokamaks. Also the ne
and Te at the divertor plates show rather modest change
against the density scan, which has been also reported in
Ref. 24. The absence of the high recycling regime has been
interpreted as being due to the parallel momentum loss
in the stochastic SOL as discussed in Refs. 25–27. Around

t=2.9 s with the line averaged density of about
6!1019 m−3, the divertor particle flux decreased by a factor
of 3 and the divertor heat flux #Fig. 3!d"$ estimated by the
probes dropped by a factor of 3–10, showing detachment
transition. The large scatter during detachment is due to the
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FIG. 3. !Color online" Time traces of various plasma parameters at the
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and !b" divertor particle flux at upper and inboard divertor plates, which are
separated toroidally by %160°. !c" Electron density !closed circles" and
temperature !open squares" at the inboard divertor measured by the Lang-
muir probe, !d" power flux to inboard divertor plates estimated from the
Langmuir probe, !e" radiation intensity measured by AXUVD !solid line"
and line emission of H" !broken line", !f" stored energy measured by the
diamagnetic probe, !g" net NBI heating !solid line" and gas puff rate !broken
line", and !h" ratio of H# to H$ measured by the visible spectroscopy at
different toroidal locations indicated by toroidal angle, respectively. The
detachment occurs at t%2.9 s and was sustained until the end of discharge
terminated by stop of NBI heating !No. 85946".
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coming from the sputtered iron from the first wall made of
stainless steel. At the high density operation with attached
plasma of 4.0!1019 m−3, the most of the lines are signifi-
cantly suppressed. The effect is considered due to the impu-
rity screening of the stochastic magnetic field at the high
density operation as discussed in Refs. 28–30. The reduction
in the emission from the low charge states might also be
attributed to the reduction in iron source due to the dense and
cold edge plasma which shifts the energy spectrum of charge
exchange flux to the first wall to lower energy range with
which the iron is hardly sputtered. It is important to note that
this screening effect is available during the detachment
phase, as shown in the Fig. 5, keeping the core plasma free
from impurity contamination.

In the case without the n /m=1 /1 island, it is difficult to
sustain the detached plasma and usually it leads to radiative
collapse, as shown in Fig. 6, where the time traces of line
averaged density, radiation intensity measured by AXUVD,
and the ion saturation currents are plotted. The density
reaches 6.0!1019 m−3 around t=2.6 s, and the ion satura-
tion current saturates. At t=3.9 s the ion saturation current
starts to decreases, but the density can no longer be con-
trolled by the feedback gas puff and the plasma goes to ra-
diative collapse.

Clear differences between the both cases are found in the
edge plasma parameter profiles, Te and ne, obtained with the
Thomson scattering system at the outboard midplane as plot-

ted in Fig. 7. In the case without the island !Figs. 7"a# and
7"b#$, the Te monotonically decreases at the entire edge
region as the density is raised, and finally the plasma goes to
radiative collapse at the loss of density control. In the case
with the island !Figs. 7"c# and 7"d#$, on the other hand, Te
continuously decreases with increasing density at the outer-
most region, R"4.75 m, until the detachment transition.
However, after the transition, it is stabilized around a few
eV, while keeping almost same Te at the inner region
R%4.55 m throughout the density rise. In-between the inner
and outermost regions there appears flattening of Te caused
by the magnetic island flux tubes, where Te is kept at more
than 10 eV due to the strong parallel transport even at the
detachment phase. Assuming coronal equilibrium for the car-
bon radiative power loss rate coefficient, L"Te#, which has
maximum value at 5–7 eV, the radiation intensity, Cne

2L"Te#
with C being carbon concentration, is expected to be peaked
around R=4.74 m, which corresponds to the peak of ne as
well with %1020 m−3. During the detachment phase, this Te
and ne profiles are sustained with the feedback control of gas
puff. It is noted that this flux tube around R=4.74 m that
expected to radiate strongly is far outside of LCFS with the
confinement region being untouched by the impurity radia-
tion. It looks like that the robust Te flattening inside the
island prevents the radiation region from penetrating inward.
The experimental evidence of the effects on the radiation
distribution is shown in Sec. IV.

IV. RADIATION PATTERN DURING THE DETACHMENT

As discussed with the edge Te profiles in Sec. III, the
n /m=1 /1 island can modify the radiation pattern by intro-
ducing modulation of Te distribution such as flattening inside
the island. Significant differences are observed in the radia-
tion pattern during detachment. Plotted in Fig. 8"a# are the
line integrated radiation profiles measured by the AXUVD
for without "left# and with "right# the island, respectively.
The viewing lines of the each photo diode are indicated in
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　非接触プラズマにおける課題
（１）原子･分子過程
         電子ーイオン再結合、分子活性化再結合（水素、炭化水素）
（2）非接触プラズマ計測　
　　　プローブ計測の異常性　（門先生)
（３）非接触プラズマのエネルギーバランスの理解
　　　中性ガス温度の影響、輻射輸送の影響
（４）非接触プラズマの動的応答
　　　ELM様熱負荷への応答、接触-非接触-再接触遷移過程
（５）非接触プラズマ中の径方向輸送
　　　非拡散的輸送現象（Plasma Blobs)　　(田中先生）
（６）非接触プラズマの安定性
　　　熱的不安定性、2次元効果（部分非接触）
（７）金属壁での非接触プラズマ生成
　　　適切な不純物ガスの選定ーコアプラズマとの共存　
（８）非接触プラズマの制御手法の確立
　　　Puff&Pump, エルゴディック磁場（磁気島）（増崎先生）
（９）先進ダイバータ配位への適用性 ーダイバータ幾何学構造への依存性
　　　Super-X, Snow flake, Isolated divertor　etc. 
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　先進ダイバータへの適用に関する課題
先進ダイバータでの安定な非接触プラズマの生成は可能か
　　＃熱不安定性
　　＃磁場構造（エルゴディック領域の影響）
　　＃中性ガス（温度）の影響
　　＃径方向輸送（特にblob輸送）
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NSTX snowflake experiment 

(V.A. Soukhanowski, USBPO E-News, #42, p. 3, 2010; V.A. 

Soukhanowski et al, PSI poster P1-28, Monday 24 May 2010) 

 

Heat flux reduction by a factor of ~3 

 

Easier detachment (no need in gas puff) 

 

Carbon content in the core down by a factor ~ 2 

 

Radiation from the core down by a factor ~ 2 

 

Radiation from divertor up by a factor of a few 

 

No noticeable adverse effect on core plasma density and temperature 

 

 



　非接触プラズマにおける課題
（１）原子･分子過程
         電子ーイオン再結合、分子活性化再結合（水素、炭化水素）
（2）非接触プラズマ計測　
　　　プローブ計測の異常性　（門先生)
（３）非接触プラズマのエネルギーバランスの理解
　　　中性ガス温度の影響、輻射輸送の影響
（４）非接触プラズマの動的応答
　　　ELM様熱負荷への応答、接触-非接触-再接触遷移過程
（５）非接触プラズマ中の径方向輸送
　　　非拡散的輸送現象（Plasma Blobs)　　(田中先生）
（６）非接触プラズマの安定性
　　　熱的不安定性、2次元効果（部分非接触）
（７）金属壁での非接触プラズマ生成
　　　適切な不純物ガスの選定ーコアプラズマとの共存　
（８）非接触プラズマの制御手法の確立
　　　Puff&Pump, エルゴディック磁場（磁気島）（増崎先生）
（９）先進ダイバータ配位への適用性 ーダイバータ幾何学構造への依存性
　　　Super-X, Snow flake, Isolated divertor　etc. 
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