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Abstract: The detached plasma has been successfully achieved by applying the edge 1/1 magnetic island in Large 

Helical Device (LHD). Carbon, which is uniquely the dominant intrinsic impurity in general LHD discharges, is 

considered to be the main radiating species in the island-triggered detached plasma. The vertical profile o f CIV 

measured from general discharges o f LHD is characterized by a single edge intensity peak. In detached plasmas 

triggered by the edge magnetic island formation, however, the vertical profile o f CIV shows a significant

difference. Double edge peaks o f CIV are found during the plasma detachment and the CIV radiation is also 

remarkably enhanced in the vicinity o f X-point, whereas the vertical profile o f CVI does not show any significant 

difference in both the attached and detached plasmas. In this proceeding the carbon distribution during the plasma 

detachment is presented and the results are discussed with edge magnetic field structure.

1 .Introduction
Heat load mitigation on divertor plates is one o f the 

critical issues in the next-generation magnetically 

confined fusion devices. As a solution to this 

problem, the so-called ‘detached’ divertor operation 

was first proposed as the preferred divertor scenario o f 

the next step device ⑴ . The detached plasma has 

been achieved by injection o f working gas or gaseous 

impurities into divertor region o f tokamaks. A strong 

increase in radiation loss near the X-point region is 

observed, and the radiation is mainly contributed by 

carbon in deuterium gas injection discharges in JT-60U, 

DII1-D and JET [24丨 and by neon in neon-seeding 

discharge in JT-60U.

The divertor detachment in LHD is achieved by 

impurity gas puffing as well as the tokamaks. 

Recently, magnetic island-triggered detached plasma is 

demonstrated in LHD by applying the 1/1 resonant 

magnetic perturbation (RMP) f ie ld s 【5丨. Since no 

additional impurity is introduced in the plasma, carbon 

is considered to be the main radiation species in the 

island-triggered detached plasma. The vertical 

profiles o f C III (386.2A, 3p-2s), C IV  (312.4A, 3p-2s), 

CV (40.27A, 2p -ls ) and CVI (33.73A, 2p -ls ) are 

measured by extreme ultraviolet (EUV) spectrometer 

[6\  The vertical profile o f C IV  is characterized by an 

edge intensity peak in general discharges o f LHD [7】. 

In detached plasmas triggered by the edge magnetic 

island formation, however, the vertical profile o f C IV
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shows a significant difference. Double edge peaks o f

C IV are found during the plasma detachment and the 

C IV radiation is also remarkably enhanced in the 

vicinity o f X-point, whereas the vertical profile o f CVI 

does not show any significant difference in both the 

attached and detached plasmas.

The paper presents C IV and CVI profiles observed 

from attached and detached plasma. Due to the weak 

intensity o f C III and CV, the line emissions o f C IV  and 

CVI are mainly analyzed here. The difference in 

observed profiles is discussed with edge magnetic field 

structure.

Category I I _______________________________

Connection length (m)
105 1 04 1 03 1 02 1 01

F ig .1 : Connection length structure in ergodic layer 
of LHD (a) without RMP and (b) with RMP.
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2. Magnetic structure in ergodic layer with and
without RMP

LHD is a superconducting helical type device with 

toroidal and poloidal periods number o f 2 and 10, 

respectively. Due to the mode spectrum o f magnetic 

field produced by the helical coils, magnetic island 

with different mode numbers are created, and they 

overlap each other. Therefore, a stochastic field line 

structure appears in the edge region intrinsically. The 

edge plasma consists o f stochastic region characterized 

by long connection lengths with remnant islands and 

edge surface layer characterized by a mixture o f long 

and short connection lengths, as shown in Fig. 1(a). 

Ten pairs o f RMP coils installed at the top and bottom 

o f LHD machine are used to form the 1/1 magnetic 

island. The magnetic island is formed when the RMP 

resonates at a rational surface fixed by the magnetic 

configuration. The magnetic field line structure with 

RMP is shown in Fig. 1(b). The structure is clearly 

modified when the RMP is applied, and the connection 

length at island region is dominated by the magnetic 

field lines with connection length around 1000m. 

The magnetic island width can be roughly estimated by 

the electron temperature profile measured by Thomson 

scattering system 【8, 9】. T h e  magnetic surface forms 

iso-temperature contour very well since the parallel 

velocity is much faster than the perpendicular 

diffusion. It has been reported that the island width is 

dependent on some plasma parameters in LHD. For 

example, the magnetic island is disappeared at lower 

collisionality regime due to the healing effect.
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Fig. 2: Time evolution of (a) stored energy, (b) 
electron density, (c) central electron temperature 
and (d) total radiation power in discharges without 
and with magnetic islands.

As the previous result, the vertical profile o f C IV is 

characterized by a single edge intensity peak in general 

attached discharges o f LHD. The effect o f magnetic

3. Experimental results and discussion

The vertical profiles o f CI11, CIV, CV and CVI are 

measured by a space-resolved EUV spectrometer. 

The EUV spectrometer is installed in LHD 

perpendicular to the toroidal magnetic field at a 

horizontally elongated plasma cross section. The 

emission from the upper half o f LHD plasma is 

recorded for this study. Due to the weak intensity o f 

C III and CV line emissions in the EUV range, the CIV 

and CVI line emissions are analyzed here.
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Fig. 3: Profiles of (a) CIV and (b) CVI from 
discharges without (W/O) and with (W/) magnetic 
islands.

The intensity o f C IV  profile, as shown in Fig. 3(a), in 

range o f p=0-0.8 and outside the last closed flux 

surface (LCFS) is mainly emitted from the peripheral 

regions o f X-point and top O-point, respectively. A 

sharp edge peak is formed in the C IV profile from 

typical attached plasma, i.e., without island. The CIV 

emission from X-point region is similar for the two

island on the C IV profile is then examined. The time 

evolution o f stored energy, electron density, central 

electron temperature and total radiation power from 

attached plasma without and with magnetic islands are 

shown in Fig. 2. The plasma stored energy in 

discharge with island is apparently smaller than that in 

discharge without island. The other parameters in the 

two discharges are almost identical. The CIV and 

CVI profiles at t=4.9s are plotted in Fig. 3.
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Fig. 4: (a) Temperature profile in discharge without 
and with islands and (b) connection length 
distribution at plasma edge without and with 
islands.

discharges without and with islands. The intensity at 

edge peak o f C IV  profile, however, is enhanced by a 

factor o f 2 when the RMP coils are applied to the LHD 

plasma. The CVI profiles tend to be flat in two 

discharges without and with islands, as shown in Fig. 

3(b). The intensity o f CVI with island is reduced to 

the half o f the CVI intensity without island. The 

increased C IV intensity at plasma edge and the 

decreased CVI intensity indicate that the magnetic 

island has an effect o f the impurity screening. On the 

other hand, the previous study reveals that the position 

o f C IV  edge peak corresponds to the edge boundary o f 

ergodic layer at O -po in t【7丨. And the peak position o f 

C IV is mainly determined by the combination o f the 

local temperature and the connection length at plasma 

edge. Figure 3(a) shows that the CIV has the 

identical peak position at plasma edge for discharges 

with island and without island.

0.4

Fig. 5: Time evolution of (a) stored energy, (b) 
electron density, (c) central electron temperature, (d) 
total radiation power and (e) minor radius, a99, 
from attached plasma without magnetic island and 
detached plasma induced by magnetic islands.

The temperature profile in discharge without and with 

islands and the connection length distribution at 

plasma edge without and with islands are plotted in Fig.

4. Although the temperature profiles are apparently 

different inside p = l. l,  the Te at peak position o f CIV 

for two discharges are almost identical, i.e., 27eV: 

without island and 30eV: with island. As shown in 

Fig. 4(b), the region with short connection length 

(<!0m ) is defined as the open field layer, in which the
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Fig. 6: CIV profiles from attached and detached 
plasmas.

Fig. 7: (a) Electron pressure profile at plasma edge 
and (b) connection length distribution and CIV 
profiles.

is, the double edge peaks appear and the intensity near 

X-point region is remarkably enhanced. For 

comparison, the CIV profile at t=3.8s just before the 

detachment is also plotted in Fig. 6. The C IV  profile 

at t=3.8s from detached discharge has a similar profile 

to that obtained from attached discharge, except for the 

profile near X-point region. It reveals that the double 

edge peaks only appear at the detached phase.

plasma cannot be sustained, while plasma confinement 

region can be defined inside p=1.0. The ergodic layer 

is the region between the confinement region and the 

open field layer. The connection length structure at 

island region dominated by the connection length 

around 1000m is obviously changed, when the 

magnetic island exists. In contrast, the connection 

length distribution at the peak position o f C IV shows 

the almost same structure for cases without and with 

magnetic islands, as seen in Fig. 4(b). From the 

analysis, it is found that the local temperature and 

connection length structure at C IV  location are almost 

identical, therefore, the CIV profiles from discharges 

without and with islands have the same peak position. 

The time evolution o f stored energy, electron density, 

central electron temperature, total radiation power and 

minor radius, agg, from attached plasma without 

magnetic island and detached plasma induced by 

magnetic islands are shown in Fig. 5. Here, the minor 

radius o f a99 is the radius in which 99% o f  the total 

stored energy is confined. The two discharges have 

the similar electron density and central temperature. 

However, only the discharge with RMP can enter the 

detached phase at t=4.0s as shown in Fig. 5. The total 

radiation power is enhanced and the plasma shrinks 

after the detachment, although the global plasma 

confinement is not significantly degraded as seen in 

Fig. 5(a). The C IV profiles obtained from the 

attached discharge at t=4.8s and the detached discharge 

at t=4.8s are presented in Fig. 6. The C IV profile in 

detached plasma shows a significant difference. That
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The electron pressure profile at plasma edge and the

connection length distribution are shown with CIV 

profile in Figs. 7(a) and (b). Both o f electron 

pressure profiles obtained from attached and detached 

plasmas in region o f p=0.98-l.l tend to be flat due to 

the magnetic island formation, and the electron 

pressure in detached phase is reduced. The position 

o f C IV at outer edge peak in the detached plasma is the 

same as that in the attached plasma. The radial 

position o f C IV  coincides with the position where the 

connection length starts to increase, indicating a clear 

edge boundary o f the ergodic layer. On the other 

hand, the inner peak position o f C IV coincides with the 

outer edge o f the magnetic island, at which the 

connection length rapidly increases. The electron 

pressure also turns to increase at the inner peak 

position o f CIV. Seeing the electron pressure profile 

in Fig. 7(a), it is close to zero at plasma edge (p=1.21). 

The Thomson scattering data in Fig. 7(a) are measured 

along the mid-plane at a horizontally elongated plasma 

cross section, whereas the magnetic field structure at 

the plasma edge in Fig. 7(b) is plotted at different 

poloidal position o f the top O-point. The appearance 

o f the inner edge peak o f C IV  can be explained by the 

connection length structure with magnetic island 

formation, and the inner edge peak position o f C IV  is 

the practical edge boundary o f island-detached plasma 

at O-point.

The CVI profile is also observed from attached and 

detached plasmas. The shape o f CVI profile from the 

island-detached plasma is almost kepi constant even in
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the attached plasma, i.e., a flat profile. However, the

CVI intensity from detached plasma increases three 

times compared to the attached plasma, whereas the 

intensity decreases in the attached plasma with island. 

It indicates that the impurity screening effect is almost 

disappeared when the detached plasma is formed by 

the external island.

4. Summary

The detached plasma is successfully achieved by 

applying the edge 1/1 magnetic island in LHD. 

Carbon is demonstrated to be the main radiator in the 

island-detached plasma. The vertical profile o f C IV 

characterized by en edge intensity peak in the general 

discharges o f LHD shows a significant difference in 

the detached plasma. In short, double edge peaks 

appear and the intensity near X-point region is much 

enhanced. The position o f outer edge peak o f C IV 

corresponds to the typical position o f C IV  in general 

discharges, and the inner peak position located at the 

outer edge o f magnetic island indicates the practical 

edge boundary in the detached plasma. The CVI 

profile does not show such a difference, even in the 

detached plasma. Although the magnetic island 

generally enhances the impurity screening, the 

screening effect seems to be vanished in the present 

detached plasma triggered by the island formation.

This work was partly supported by the 

JSPS-NRF-NSFC A3 Foresight Program in the field o f 

Plasma Physics (NSFC: N o.l 1261140328).

1 7 4



References

[ 1 ]  M. L. Watkins, P. H. Rebut, in 1992 International 

Conference on Plasma Physics (Proc. Conf. 

Innsbruck, 1992), Vol. 16C, Part II, European 

Physical Society, Geneva 731(1992).

[2] T. Nakano, et a l.,J . Nucl. Mater. 390-391,255, 

(2009).

[3] M. E. Fenstermacher, et al., Phys. Plasmas 4, 

1761 (1997).

[4] C. F. Maggi, et al., J. Nucl. Mater. 241-243, 414 

(1997).

Category I I _______________________________
[5] M. Kobayashi, et al., Phys. Plasmas 17, 056111

(2010).

[6] C. F. Dong, et al., Rev. Sci. Instrum. 8 1 ,033107

(2010).

[7] C. F. Dong, et al., Phys. Plasmas 18, 082511 

(2011).

[8] K. Narihara, et al., Rev. Sci. Instrum. 72,1122

0001).

[9] Y. Narushima, et al., Plasma Fusion Res.1 ,S I094 

(2007).

__________________________ Chunfeng DONG

175


