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NONTHERMAL X-RAY SPECTRA FROM THE JIPPT-IIU TOKAMAK 
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Institute of Plasma Physics, Nagoya University, Nagoya 464, Japan 

Titanium full Ka spectra have been measured using a wide-band crystal 
spectrometer in lower-hybrid current drive experiments and increase in the 
total Ka counts has been observed at electron densities below 7~10'*cm-~. 
Highly resolved titanium He-like spectra have been also measured using a 
high-resolution crystal spectrometer to obtain electron temperature with 
intensity ratio of Is/Iw and ion temperature with w line broadening. The 
results show that the intensity ratio has remarkably high values and the 
narrowing of the w line is occured at ohmic phase. The production of 
suprathermal electrons in JIPFT-IIU is described with nonthermal x-ray 
spectra. 

I. Full titanium Ka emissions 
from LHCD plasma 

The Ka x-ray line is emitted through three 
processes of direct inner-shell ionization, 
(inner-shell) excitation and dielectronic 
recombination, in addition to radiative 
recombination. The three processes are 
competitive in the region of Te<lkeV and the Ti Ka 
emission rates from each ionic species are of the 
same order of magnitude (order of at 
O.GkeV, around at IkeV). The 
intensity distributions of the full Ka lines 
usually reflect the charge state distributions of 
the impurity ions in the plasma center, when the 
plasma is under the thermalized condition like 
normal ohmic plasmas. 1) 

On the other hand, in the region of Te>lOkeV the 
lnner-shell ionization is a dominant process for 

the Ti ions and the rate drastically increases. 
At that time it becomes comparable with the total 
Ka emission rate (1-5~10-~~cm~s-~ at 1OkeV) and it 
is roughly constant in the region of 1OkeV-1MeV. 

This indicates that a small amount of the 
suprathermal electrons affect the line 
intensities. 
Typical lower-hybrid current drive (LHCD) 

experiments are carried out with the IF power of 
Pw=50-150kW and the pulse length of about 
100ms.~) The spectra were obtained using a 
wide-band Johann type crystal ~pectrometer.~) The 

crystal used is Ge(ZZO) with a bent radius of lm. 
The detector is a position-sensitive proportional 
counter with a spatial resolution less than 
20Opm. The system offers a spectral band width of 

0.21 at 2.6~ and a spectral resolving power of 

L/M-30. 
Figure 1 shows typical examples of the Ka 

spectra from the LHCD plasma. The upper spectra 
are obtained from ohmic plasma before LHCD. The 
spectra can not be observed at electron 
temperature less than O.6keV as shown in 
Fig.l(c1). On the contrary the lower spectra from 

the LHCD plasma are observed with enough 
intensities. In addition the Ka lines frcm 
partially M-shell-ionized indicated by 
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Fig.1 Ti Ka thermal and nontnermal 

emissiions. Upper traces show thermal 

emissions before LH and lower traces 

show nonthermal emissions during LH. 

(a1 ) ne=6. 5 ~ 1 0 ~ ~ c m - ~ ,  Te=O .95keV 

(a2) ne=3. 0x1 ~ ~ ~ c m - ~ ,  Te=O. 55keV 

(bl ) ne=6. 0x1 ~ I ~ c m - ~ ,  Te=0.85keV 

(b2) ne=2. 5x10~~cm-~, Te=O. 50keV 

(cl ) 11~=3.5~10~~cm-~, Te=0.55keV 

MJMBER W CIWMLS (~2.) ne=2. 5x1 ~~'cm-~, Te<O. 40keV 

2 x ~ ~ 3  However, the intensity ratio does not reflect 

- 7 ' Te=Wt5deV 1 the electron temperature, when suprathermal 

3 I t '150-1Wms I electrons exist in the plasma. Because excitation 

? I -&-- 1 rate by electron impact of the He-like resonance 

,id 4- A 4 line becomes drastically large in the energy range 

I ,  , +  , * ,  1 of more than IOkeV. A typical example is shown in 

Fig.4. The suprathermal electrons with energies 

a of more than 30keV are produced during fast wave 
OO 5 - 10 15 xloR injectlon6) and the He-like resonance line is 

n, ( 6 3  3) 

rapidly enhanced whereas the bulk electron 
Fig.2 Electron density dependence of total Ti Ka 

temperature is not changed. In that case we can 
emissions. 

determine the quantity of the suprathermal 

electrons using the additional enhancement of the 

<XI11 are dominant. Theses features are typical 
of nonthermal plasmas with high energy electron 

component. Hence, the tot.al counts of the Ka 
spectra are sensitive to efficiencies of the LHCD 

as shown in ~ig.2. In this, case the LHCD is 

growing at electron densities below 7~10~~crn-~. 

11. Intensity ratio of IJIV 

Intensity ratio Is/Iw of n83 Li-like 

dielectronic satellites to He-like resonance line 

is measured to obtain electron temperature as 

shown in Fig.3. In this calculation we use a 

following simple equation; 

Te(keV)= Co+ C1 (R-2.5)+ c2(~-2.5)'+ c~(R-2.51~ 

where C,,= 1 .=4, 

Cl= 3.8285x10-'. 

C 2- - -1.3394~10-~, 

C3= 5.2031~10-~, 

R = IZ/II 

resonance line. The equation for the calculation 

is given by Bartiromo et a ~ . ~ )  and we modified it 

as follows; 

?= 397.6(1/~~-1/~,) (O.OIS/T~)~~~XP(-~. 141/Te) 

R ~ =  ~ . ~ ~ ~ I o - ~ ( o . o I s / T ~ ) ~ ~  exp(-4.141/~~)/<au> 

Re= IZ/Iw= 1/(11/12-0.453, 

where <au> is excitation rate of the He-like 

resonance line. From this equation the increment 

in the fractional density ns of suprathermal 

electrons by the rf is estimated to be about 0.8% 

('9) of the bulk electron density. 

Fig.3 High-resolution TiXXI He-like spectrum. 



111. Narrowing of He-like resonance line 

Fig.4 Time behaviour of TiXXI He-like resonance 

line Iw in fast wave injection experiment. 

Fig.5 Fractional amount y(=ns/ne) of the 

suprathermal electrons as a function of 

electron density. 

The similar method is adopted also to the ohmic 

discharges. The results are shown in Fig.5. The 
fractional amount of the suprathermal (or runaway) 

electrons becomes less than 0.01% at the 

1 ine-averaged density of 8~10'~cm-~. Error bars 

mainly depend on evaluation of the continuum 

background level, since the intensity of the 

dielectronic satellites is relatively weak. 
It should be noticed that these values are some 

standard to describe the development of the 

runaway electrons in tokamak. Because the x-ray 

spectra obtained are an integration of the line of 

sight along the radial direction. The radial 

distribution of the runaway electrons does not 

always correspond to that of the Ti He-like ions, 

as described in section 111. 

The ion temperature has been measured 

systematically using Doppler broadening of the 

He-like resonance line vith high-resolution 

crystal spectrometer. The spectral resolution 

A/A1 is roughly more than 2x10~ and the lowest ion 

temperature which can be measured is -300eV. Raw 

data from it are shown in Fig.6. The profiles are 

fitted vith Voigt function. ICRF wave for 
additional heating is injected for a period of 

130-190ms. Broadened spectral features are 

clearly observed during ICRF heating and we notice 

that the line is shifted toward the toroidal 

direction. The toroidal rotation is related with 

plasma potential 

The ion temperature obtained is shown in Fig.7. 

It is in good agreement with one from Fast Neutral 

Analyzer in the ICRF heating phase producing high 

temperature and high density plasma 

( ~ ~ = 2 k e ~ ,  ne=lx1014). In the ohmic phase, however, 

the ion temperature from the crystal spectrometer 

always yields lower values compared vith FNA. 

Fig.6 Time-resolved TiXXI w line profiles. 
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The He-like resonance line intensity increases 

with development of the runaway electrons. and a 

large amount of the runaway electrons is 

frequently observed at the outer region of the 

plasma where the ion temperature is relatively 

low. An extreme example of it is shown in Fig.8. 
In this case the amount is reduced during ICRF 

heating because of the increase in the electron 

density. The narrowing is caused by the runaway 

electrons which are developed at the cooler region 

of the plasma 
Fig.7 Time behaviours of ion temperature. 
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