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Introduction

Heat load mitigation on divertor plates is one of critical issues in the next- 

generation magnetically confined fusion devices. A  possible solution is to increase 
the radiation loss in the plasma edge, thereby reducing the heat flux to the divertor 

plates and spreading the exhaust power over the whole direction. The radiative 

divertor condition can be produced by injection of working gas or gaseous impurities 
into divertor region in tokamaks. This scenario has been demonstrated in previous 

results, which reveal a strong increase in radiation near the X-point region. In JT-60U

[1], DIII-D [2] and JET [3], the detached plasma obtained by deuterium gas injection 

shows that the carbon is main radiating species near theX-point. Neon can contribute 

60% of the total radiation in detached plasmas in JT-60U, when it is externally 

introduced.

Detached plasma in L H D  can be produced using impurity gas puffing as well as 

the tokamaks. Recently, the detached plasma is achieved by use of externally 

supplied 1/1 magnetic island without impurity gas puffing. The connection length 

structure (Lc>10m) in the ergodic layer consisting of stochastic magnetic field lines is

shown in F i g . 1. In the general 
discharges, experimental result reveals 

that C 3" ion is located at the edge of 

ergodic layer [4], , while the previous 
results from JT-60U and DIII-D show 

that main radiator near the X-point 

region is C 3+. Therefore, it is of interest 
to compare the carbon radiation loss 

between L H D  and tokamaks. Since the 

radiation from C 3+ is much smaller than 

that from C 5f, it is also interesting to 
examine the difference in the detached 

plasma. In addition, it is important to 

study quantitatively the radiation from 
each ionization stage of carbon which is 

uniquely the dominant impurity in most 

tokamaks and LHD.
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Fig.1 Connection length (Lc>10m) 
structure in ergodic layer in L H D  at 

Rax=3.90m.

Experimental arrangement
The result presented here is mainly obtained from E U V  spectrometer [5], which 

works in wavelength range of 30- 65〇A. In order to estimate the total radiation from 

C 2+ - C 5+ ions, use of the resonance transition is highly desired, i.e., CIII (977.02A, 
2s2p-2 s2)，CIV (1548.2A，2p-2s)，C V  (40.27A，ls2 p-Is2) and CVI (33.73人，2p — Is). 
However, the wavelength range of E U V  spectrometer is incapable of detecting the
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line emission of such resonance transitions. 
Then, two V U V  monochromators are adopted 

to monitor the resonance transitions of CIII and 
CIV. It is noted that both E U V  and V U V  

spectrometers have the same line of sight. In 
order to obtain the total radiation power, the 

E U V  spectrometer and the two V U V  

monochromators have to be absolutely 
calibrated. The absolute intensity calibration of 

E U V  spectrometer is implemented using a 

newly developed method based on the 

measurement of E U V  bremsstrahlung and 

visible bremsstrahlung. The detailed 

calibration process is presented in Ref. [6 ]. In 

E U V  wavelength range, another line emission 

for CIII (386.2A， 2s3p- s2) and CIV (312.4A，
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CVI (total/2p-Is) analyzed 

from ADAS.

101 102 103
Te(eV)

104

Fig. 2 Intensity ratios of (a) CIII 

(977.02A/386.2A, 2p-2s/3p-2s) 
and (b) CIV (1548.2A/312.4A, 
2p-2s/3p-2s) analyzed from 

ADAS.

3p-2s) can be observed. The absolute intensity 

calibration on V U V  monochromators is then 

performed by means of the intensity ratio of 

V U V  to E U V  carbon lines. The ratios for CIII 
(2p-2s/3p-2s) and CIV (2p-2s/3p-2s) obtained 

from A D A S  are shown in Figs. 2 (a) and (b), 

respectively. Taking account of the electron 

temperature, the absolute intensity calibration 

factors for the two V U V  monochromators are obtained. It is then possible to measure 

the radiation of C 2+ - C 5+ ions with absolute intensity simultaneously.

In order to divide the C 3+ radiation from detached plasma into two parts of X- and O- 

points, a spatial measurement is required. A  space-resolved E U V  spectrometer [7] is 

installed in L H D  perpendicular to the toroidal magnetic field at the horizontally 

elongated plasma cross section. This E U V  spectrometer is also working in the 

wavelength range of 30- 65〇A. Due to a limited C C D  size (26.6mm), the vertical 

profile can be measured at upper half of L H D  plasma.

Experimental results and discussion
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Fig. 5 Vertical profiles of CIV 
observed before detachment 

(t=4.6 s) and during detached 
phase (t=5.6s).
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Fig. 6 Radiation power ratio of 
CIV (total/3p-2s) obtained from 

ADAS.

Spectral lines of CIII (2s2p- 2s2), CIV (2p- 
2s)，C V  (ls2p - Is2) and CVI (2p — Is) emitted 
from general L H D  discharges at magnetic axis of 

Rax=3.60m are measured using E U V  

spectrometer and V U V  monochromators. The 
total radiation power from each charge state in 

C一 - C°+ can be estimated according to the 

radiation power ratio of CIII (total/2p-2s), CIV 

(total/2p-2s), C V  (total/2p-ls) and CVI (total/2p- 

ls) analyzed with a DAS, as shown in Fig. 3.

The radiation power ratios show that the 
resonance transition can occupy a sufnciently 

large fraction to the total radiation, i.e., CIII (2p- 

2s): 50%, CIV (2p-2s): 75%, C V  (2p-ls): 4 0 %  

and CVI (2p-ls): 85%. The total radiation 

power analyzed in general discharges is 
presented in rig. 4. As seen from rig. 4，the 

radiation from C 2+ and C 3+ ions are increased 

with electron density, whereas the radiation from 

C 4+ and C 5+ ions almost keep constant with 
electron density. This different density 

dependence indicates 'impurity screening’ 
induced by the stochastic magnetic fieia layer. The radiation from C 2̂  and C 3+ ions 

are relatively small, compared to C 4' and ions. It indicates that the C 4+ and 

ions are the main radiator in general discharges of LHD. It is noted here that the exact 

value of C 2+ - C >+ radiation has to be checked later due to a considerably large 

uncertainty appeared in the absolute calibration of spectrometers.

The vertical profile of CIV (312.4A, 3p-2s) is measured by the space-resolved 
E U V  spectrometer to analyze the radiation power from detached plasma in X- and O- 

point regions separately. The detached plasma is produced by externally supplied 1/1 
magnetic island instead of conventional method with gaseous impurities. The vertical 

profiles of CIV observed before detachment (t=4.6s) and during detached phase 

(t=5.6s) are shown in Fig. 5. The CIV vertical profile at t=4.6s shows a typical 

distribution pattern in general discharges, which has a sharp peak at plasma edge.

ne (1013crrr3)

Fig. 4 Total radiation power 

from (a) C 2+ and C 3+ and (b) C 4+ 
and C 5+.
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When the discharge enters the detached phase, two edge peaks are appeared. Since 

the inner peak position is very close to the position of last close flux surface in general 

discharges, it probably indicates a practical plasma edge in the detached plasma. The 

intensity of CIV near X-point is enhanced by a factor of 5 during the detached phase. 
Radiation power of CIV at 3p-2s transition (312.4A) from X-point is estimated to be 

7.5kW. The total radiation power of ion at X-point region can be then estimated 

using the same method introduced previously. The Radiation power ratio of CIV 

(total/3p-2s) analyzed from A D A S  is shown in Fig. 6 . It is found that this ratio is 

much sensitive to the electron temperature. The edge electron temperature profile at 

plasma edge at t=5.6s measured by Thomson scattering system is shown in Fig. 7. It 

is clear that T e at p>1.0 is less than 20eV.

However, the temperature measurement at 

plasma edge relatively has a large uncertainty 

due to the too much low value. Therefore, the 

total radiation of C 3> ion is calculated at 

several different temperatures, i.e., 188kW 

(Te=30eV), 525kW (Te=25eV) and 1.23MW 
(Te=10eV). The results show a large 

difference if Te is changed among lOeV 
andSOeV. In order to study exact radiation 

power for C 3+ ions, further analysis is 

necessary.

Summary

Line emissions of CIII (2s2p- 2s2)，CIV (2p-2s)，C V  (ls2p -Is2) and CVI (2p -Is) 
are measured with absolute value using E U V  spectrometer and V U V  monochromators 

to estimate the radiation power for C 2 - C 5+ ions. The relevant atomic data for 

radiation power calculation are obtained from ADAS. The result shows that the 
radiation from C 4+ and C'ions are much bigger than that from C 2+ and C 3+ ions, 

indicating C 4+ and C 54 ions are the main radiator in general discharges of LHD. 
Different density dependence between C2i and C 5+ ions indicates the impurity 
screening. Vertical profile of CIV (3p-2s) observed in the detached plasma is 

remarkably different from that in the general discharge. Two edge peaks are appeared 

during the detachment phase instead of single edge peak before entering the 

detachment. The intensity of CIV emitted from X-point region is strongly enhanced 

by a factor of 5. The CIV radiation enhanced at the X-point is estimated to be 500kW, 
ifTe=25eV.
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Fig. 7 Electron temperature 

profile at plasma edge at t=5.6s 

measured by Thomson scattering 

system.
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