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ABSTRACT 

Measurements of the effective charge Zee in plasmas with electron cyclotron 

heating (ECH) and neutral beam injection (NBI) in the Advanced Toroidal Facility 

(ATF) have been carried out using visible bremsstrahlung. The electron temper- 

ature needed for the analysis is calculated from the measured stored energy and 

electron density. The value of Z’d varies widely depending on experimental condi- 

tions. In ECH plasmas it is between 2 and 8. In NBI plasmas, which are subject to 

radiation collapse, Z e ~  is between 3 and 5 at the time the stored energy reaches a 

maximum. However, Z e ~  is less than 2.5 in quasi-steady medium-density plasmas 

and is close to 1.2 in the highest-density plasmas, where the average electron density 

A, is of the order of 1014 cmV3. 

V 





1. INTRODUCTION 

An investigation of impurity behavior is an important aspect of studies of mag- 

netically confined plasmas. An understanding of impurity behavior is particularly 

needed during auxiliary heating with neutral beam injection (NBI) or with ion 

cyclotron heating (ICH) when plasma-material interactions can be strong, since 

density limits and confinement times may be restricted by impurity radiation from 

sputtered contaminants. Also, it is important to understand impurity behavior in 

order to control it in reactors, where dilution of the deuterium and tritium fuel could 

reduce the fusion energy output. Impurity problems may be more severe in helical 

devices than in tokamaks because plasma-wall interaction can be intense near the 

coil grooves that protrude into the vacuum chamber of a helical device, even if an 

internal separatrix exists in the magnetic configuration. However, in contrast to 

tokamaks, few investigations of impurity behavior have been performed in helical 

devices [l-31, and more extensive studies are needed. 

The effective charge Zeff is a convenient measure of impurity levels, although 

the specific composition of impurities cannot be determined from this parameter. 

A number of measurements have been exploited to evaluate Zeff in fusion studies: 

visible bremsstrahlung, plasma resistivity, soft X rays, and neutron yields. Plasma 

resistivity measurements cannot be used in helical devices such as the Advanced 

Toroidal Facility (ATF), which have no imposed toroidal current. The analysis 

of soft X-ray continua tends to be complicated because some assumptions must be 

made about the impurity composition in order to evaluate densities from the recom- 

bination radiation that dominates the spectrum. The neutron yield is very sensitive 

to the ion temperatures, so determinations of Zeff from this type of measurement 

have large uncertainties. Visible bremsstrahlung provides the best data for making 

Z,, measurements because the analysis is relatively straightforward [4,5]. 
NBI heating is used extensively in helical devices. However, the stored energy 

frequently exhibits a collapse because of falling electron temperature and a concomi- 

tant growth of impurity radiation [6,7]. In order to reduce the level of low-2 radi- 

ation and to gain better control over the plasma density, gettering with ehromium 

and with titanium was implemented in ATF. After titanium gettering, it was possi- 

ble to obtain quasi-steady NBI plasmas in the high-density regime (Ee M 1014 ~ m - ~ )  

[8], although low-density plasmas (A, 5 3 x 1013 ~ m - ~ )  still collapsed. The results 

of Ze. measurements after titanium gettering are summarized in this report, and 

the technical aspects of determining Zefi from visible bremsstralilung are discussed. 
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2. CALCULATION OF Z& AND TREATMENT OF THE 
TEMPERATURE DEPENDENCE 

The bremsstrahlung (free-free) radiation from a single ion species in a plasma 

with a Maxwellian velocity distribution is given by [9] 

where ni is the density of ions in the charge state Zi and gff is the free-free Gaunt 

factor. There is no free-bound continuum in the wavelength range used for the &.E 

measurements in ATF, Since magnetically confined plasmas generally include many 

kinds of impurities in various charge states, it is necessary to sum Eq. (1) over all 

ion species, 

where ne and ni are given in particles per cubic centimeter, Te is given in electron 

volts, and X is given in angstroms. The effective charge is defined by 

From Eqs. (2) and (3), Zeff can be expressed as 

I5 T,' /2 X2 
(1.89 x 10-28)nE?jff exp( -12400/TX) ' 

Zeff = (4) 

The value of ijff is given by Karzas and Latter [lo]. It has the temperature depen- 

dence shown in Fig. 1 and can be approximated in the range between 0.1 keV and 

2.0 keV by 

gff  = 1.35T,0.15 . ( 5 )  
- 

As a result, Z e ~  as given by Eq. (4) has a temperature dependence of as 

illustrated in Fig. 2 [the exponential term containing Te in Eq. (4) is essentially 

unity]. It is instructive to calculate Zcfi as a function of temperature for a fixed 

concentration of a single impurity. First we define the average charge as 

8 = ni . 
i i 
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Fig. 1. Electron temperature dependence of temperature-averaged Gaunt factor 
i j j f  as expressed by Karzas and Latter [lo]. 
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Fig. 2. Electron temperature dependence of visible bremsstrahlung and Z d .  
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Values of in the center of ATF plasmas (average minor radius Ep = 27 cm) are 

shown in Fig. 3 for oxygen and in Fig. 4 for titanium. The calculations are made 

using an impurity transport code with a diffusion coefficient D = lo4 cni2/s and 

radial profiles T e ( r )  = Teo[l - ( ~ - / a ~ ) ~ ]  and ne(r)  = neo[l- ( r / ~ ~ ) ~ * ] .  The value of 
does riot change greatly in the range 0.1 keV 5 Te 5 1 keV, because oxygen ions are 

easily ionized to the helium-like stage at T, = 0.1 keV. However, monotonically 

increases as a function of temperature for titanium over the range indicated in 

Fig. 4. This dependence of on the electron temperature also means that the 

plasma ZeE can be a strong function of temperature when titanium is the dominant 

impurity. The density dependence of is weak, as shown in Figs. 3 and 4. To 

obtain an idea of how Z e ~  varies as a function of T,, we investigate cases where 

impurity concentrations of 1% for both oxygen and titanium are assumed, Le., 

The results a.re shown in Figs. 5 and 6. For a 1% concentration of titanium alone, 

&E i s  ca.lculated to be 2.4 and 4.3 at electron temperatures of 0.2 keV and 1.0 keV, 

respectively, so that rapid changes of temperature as well as changes of concentration 

influence the visible bremsstrahlung measurement. If oxygen is assumed to be the 

only impurity, a 1% concentration produces a ZeR of 1.38 for T e  = 0.2 keV and 1.60 

for T, = 1.0 keV. 

3. EXPERIMENTAL APPARATUS: 

The instrumentation for the visible bremsstrahlung measurement consists of 

photodiodes and interference filters, which are coupled to a window on ATF with 

optical fibers. The photodiodes are EG&G Electro-optics model TCN-1000-3 (an 

ultralow-noise photodiode and amplifier). The system is absolutely calibrated using 

a HeNe laser. The time constant of the system is 2 ms. 

The optical fibers view the ATF plasma vertically with a spatial resolution of 

38 mm6 at a toroidal angle of Go, as shown in Fig. 7. The line of sight for the single 

chmnel used in the present studies is a vertical chord at a niajor radius of 210 cm, 

the center of the ATF vacuum vessel. This line of sight also passes through the 

plasma center for 1ow-p discharges with electron cyclotron heating (ECH), but the 

plasma center shifts outward 2-4 cni during NBI. The Zeff measurements discussed 

here are not well localized but represent an average over a large fraction of the 
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Fig. 3. Calculation of average charge state for oxygen at the plasma center 
as a function of electron temperature for ne = 1 x ~ r n - ~  (solid line) and 
1 x 1014 ~ r n - ~  (dashed line). A diffusion coefficient of D = 10000 cm2/s and radial 
profiles of Te(r )  = Teo[l - and n,(r) = neo[l - ( T / U ~ ) ] ~ ~  are assumed in 
the calculations. 
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Fig. 4. Calculation of average charge state a for titanium at the plasma center 
cmW3 (solid line) and as a function of electron temperature for ne = 1 x 

1 x 1014 ~ r n - ~  (dashed line). 
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Fig. 5 .  Calculation of Zeff for oxygen at the plasma center as a function of 
electron temperature for ne = 1 x 1013 ~ r n - ' ~  (solid line) and 1 x 1014 ~ r n - ~  (dashed 
line). An oxygen fraction (noln,) of 1% is assumed in the calculation. 
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Fig. 6. Calculation of Zeff for titanium at the plasma center as a function of 
electron temperature for ne = 1 x 1013 ~ r n - ~  (solid line) and 1 x 1014 cm-3 (dashed 
line). A titanium fraction (nTj/n,) of 1% is assumed in the calculation. 
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Fig. 7. Poloidd cross-section view of a typical ATF plasma and geometry of 
visible bremsstrahlung chord with a toroidal angle of 4 = 6". 

plasma cross section because electron and impurity density profiles [7] are flat over 

much of the plasma radius, and, as already discussed, the temperature dependence 

of the visible bremsstrahlung is weak. 

The transmission characteristics of the interference filters are shown in Fig. 8. 

The bandwidth is centered at 6324 A, where the peak transmission is 84%. The full 

width at half-maximum (FWHM) is 101 A. 
The plasma spectrum in the region of transmission of the filters was investigated 

in detail to make sure that no strong spectral lines were present, since they could lead 

to false interpretations of the magnitude of the visible bremsstrahlung signal. An 

optical multichannel analyzer (OMA) and visible spectrometer (McPherson model 

2051) were used to investigate both ECH and NBI plasmas. The results are shown in 

Figs. 9-13. Figures 9 and 10 illustrate the spectra around 6324 A from NBI plasmas 

without titanium gettering. The solid arrows indicate second-order spectral lines, 
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Fig. 8. Tra.nsnission rate rji of the interference filter. The full width at half- 
maximum of the transmission curve is 101 A, and the wavelength at the peak 
transmission rate is 6324 A. 
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Fig. 9. Visible spectrum near 6324 8, at the middle of NBI pulse before gettering 
was initiated. The dotted curve indicates the transmission of the interference filter. 
Solid arrows indicate second-order light I 
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Fig. 10. Visible spectrum near 6324 A at the end of NBI pulse, as in Fig. 9. 
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Fig. 11. Visible spectrum near 6324 A at the beginning of ECH pulse after 
titanium gettering. Dashed arrows indicate third-order light. 
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Fig. 12. Visible spectrum near 6324 A at the middle of an ECH pulse. 
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Fig. 13. Visible spectrum near 6324 A at the end of an ECH pulse. 
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and the dotted curve is the transmission curve for the interference filter. All of 

the lines observed in this region appear to be second-order Sines from carbon and 

oxygen, which are not transmitted by the filter; no first-order lines that could be 

transmitted by the filter are distinguishable. 

Visible spectra from ECH plasmas after titanium gettering are shown in 

Figs. 11-13. The spectrum is dominated by titanium lines, which are prominent at 

the beginning (Fig. 11) and the end (Fig. 13) of the discharges. As designated by 

the arrows, most of these lines are again of higher order. Nevertheless, the radiation 

during the beginning and end of the discharges is not analyzed to obtain Z e ~  even 

though the contribution from spectral lines is a small part of the signal. The anal- 

yses are carried out only for the interval of the discharge when all line intensities 

are weak except for the feature at 6354 A (Fig. 12). The strong line ah 6354 A is 

believed to be the third order of the Ti XIV forbidden line at 2117.1 A, which is 

not transmitted by the filter. Its time behavior is shown in Fig. 14. This history 

differs from that of an impurity line from a low ionization stage; it is similar to that 

of a highly ionized ion. Further support for our identification of this line is that its 

half-width is relatively broad, an indication that the emission originates from the 

center rather than the edge of the plasmas. 

0.2 

0 

Fi . 14. Time behavior of Ti XIV forbidden line (third-order light) located at 
6354 R . The signal is characteristic of light from a highly ionized ion. 
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4. EXPERIMENTAL RESULTS AND DISCUSSION 

In order to determine Zeff from the visible bremsstrahlung, it is necessary to 

know the electron temperature [Eq. (4)]. Electron cyclotron emission (ECE) p e  

tentially provides a continuous measurement of T, in ATF; however, the cutoff 

density at 1 T, which is the magnetic field usually employed, is only 2 x 1013 em-’, 

whereas the electron density is greater than this value for many types of operation. 

Therefore, an average electron temperature is deduced from a combination of the 

stored energy Wp as determined by the diamagnetic or saddle coil signals and the 

line-averaged electron density from the 2-mm interferometer: 

- 103 wp 
Te  = (1.6 x 1O-19)-iieV (g) ’ 

where We represents the energy stored in the electrons alone. For E ,  in particles per 

cubic centimeter and the plasma volume V in cubic centimeters (3.02 x106 cm3), 

the electron temperature is given in electron volts. The ratio We/Wp has been 

inferred to satisfy the following relation by comparing Thomson scattering mea- 

surements of Te and ne to the total stored energy given by the diamagnetic or 

saddle loops: 

This ratio is plotted in Fig. 15. The curve is normalized to unity for nee = 1014 cm-2 

(e = 66 cm, E, = 1.5 x 10l2 ~ r n - ~ ) ,  although it is not realistic to assume that the 

ion temperature is zero at this density. This assumption presents no problem, since 

Zea measurements are always made well above this density. Nonetheless, it must be 

emphasized that Eq. (8) may not apply under all circumstances, particularly when 

the electron temperature changes rapidly. 

By combining Eqs. (4), ( 5 ) ,  (7), and (8) we get the following expressions for 

where nee is the line-integrated interferometer signal in units of 1014 ern.-', Wp 

is expressed in kilojoules, S (in volts) is the raw data signal from the visible 
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Fig, 15. Ratio of the electron stored energy to the plasma stored energy [Eq. (9)] 
as a function of line-integrated electron density. 

bremsstrahlung system (ATF signal name: Vbrem,02), and I is the signal intensity 

expressed in photons/cm2.s. 

Various monitor signals of a typical ATF plasma with NBI are shown in Fig. 16. 

Neutral injection begins at 260 ms and lasts for 200 ms. The central electron 

temperature decreases from 1 keV in the ECH target plasma to 200-300 eV at 

300 ms. The stored energy Wp from the saddle loops indicates an increase from 3 

to 6 kJ after a sudden decrease of the gas puff at 370 ms. The visible bremsstrahlung 

signal exhibits a time behavior similar to that of the electron density until the stored 

energy begins to  decrease around 410 ms. 

The evolution of Zes(O)  obtained from this discharge is shown in Fig. 17. The 

increase from 200 to 235 rns is related to a decreasing electron density and a rising 

electron temperature [see Eq. (4)]. The visible bremsstrahlung signal itself does not 

change in this interval. The subsequent drop in the value of Zeff  between 240 and 

260 ms results from a rise of the electron density as the gas puffing rate is rapidly 

increased when NBI begins. The following growth of the Zeff value between 260 and 

280 ms originates from an impurity influx. The buildup of the electron density and 

stabilization of the impurity concentration during NBI then lead to steady decline 

of Zeff over the next 120 ms. 
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Fig. 16. Time behavior of (a) line-integrated electron density, (b) raw signal 
of visible bremsstrahlung, (c) plasma stored energy, (d) soft X-ray signal, (e) Ha 
intensity, (f)  gas puffing rate, (g) ECH power, and (h) NE31 power in a typical NBI 
plasma with a magnetic field of 1 T. The discharge exhibits a radiation collapse at 
the eiid of the NBI pulse. 
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Fig. 17. Time behavior of Zeff in the discharge of Fig. 16. 

Some insight into the impurity behavior, as opposed to that of Z e R ,  can be 

obtained by plotting ( Z e ~  - l)n,l as a function of time, as shown in Fig. 18. If it is 

assumed that a single impurity is dominant in the discharge, Eq. (3) provides the 

relationship 

z* (z~  - 1)ni = (ZeR - ~ > n ,  , (12) 
i 

where the summation extends only over the ionization stages of that single impurity, 

We rewrite Eq. (12) as 

where is the average impurity charge defined in Eq. (6). A plot of the right-hand 

side of Eq. (13) as a function of time is proportional to the history of the impurity 

concent rat ion, provided the average impurity charge remains the same. However, 

because the temperature varies during the discharge, and &2 do not remain 

constant, and Fig. 18 does not exactly represent the impurity evolution. Following 

the beginning of NBI at 250 ms, the plotted data indicate that the central impurity 

density rises by about 50% from 250 to 300 ms. Since the electron temperature falls 

from 1 keV to about 300 eV at 300 ms, should also decrease, so the fractional 
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Fig. 18. Time behavior of the impurity amount denoted by ( Z e ~  - 1 ) n e l .  This 
graph shows clearly that the impurity amount increases at the onset of NBI. 

change in the central impurity content d te r  injection is actually greater than that 

inferred from Fig. 18. Typical analysis of spectroscopic data indicates increases in 

the impurity density of approximately a factor of two. In the period from 360 ms to 

410 ms when the stored energy increases following a decline of the gas puffing rate, 

Fig. 18 indicates that the impurity level also begins to rise, at least from 390 ms 

onward, This behavior may imply that an increasing impurity content has some 

influence on initiating the collapse. However, note that when the stored energy 

reaches a maximum at 410 ms, the impurity level surmised from Fig. 18 is lower 

than in the interval from 290 to 340 ms, when the stored energy has a quasi-steady 

level at about one-half the peak value. After 390 ms, when the plasma temperature 

and density decay rapidly, analysis of the bremsstrahlung signal becomes less certain 

than at earlier times. It appears that radial profiles of the bremsstrahlung signal, as 

well as more accurate measurements of T,(r)  and ne(r) ,  will be necessary to obtain 

a precise interpretation of the impurity behavior. 

The amplitudes of the visible bremsstrahlung signals (in millivolts) are plotted 

in Fig. 19 as a function of line-integrated electron density. The magnitude of the 

signals is generally smaller at lower electron densities. Below nee x lof4 the 
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Fig. 19. Raw signals of visible bremsstrahlung in ECH plasmas as a function of 
line-integrated electron density. These signals have some offset , and they increase 
strongly at line-integrated densities less than 1 x 1014 cm-’. The typical path 
length of plasma sampled by the 2-mm microwave interferometer is 60 cm. 

minimum signals do not actually go to zero as expected but seem to have a baseline 

value of about 12 mV. 

In order to investigate whether this baseline signal is peculiar to the wavelength 

region around 6324 A, three additional detectors employing filters for different spec- 

tral regions were installed. The lines of sight of all three pass through the center 

of the vacuum chamber. Results from low-density ECH plasmas are summarized in 

Table 1. A nonzero baseline signal is observed in all channels. These results indicate 

that some source of radiation, such as weak spectral line emissions or nonthermal 

electrons, is responsible for the baseline signal. The values of Zeff  calculated without 

subtracting the baseline are shown in Fig. 20; they reach d u e s  as high as 16 for 

nee = 3 x lo1* cm”’. Figure 21 shows the more accurate values of Zeff calculated by 

subtracting a baseline of 12 mV from the raw data. The large variation at any given 

density results from variations in wall condition, electron temperatures, magnetic 

configuration, and existence of plasma collapses. The impurity density reflected by 

( 2 , ~  - l)n,C as a function of electron density is shown in Fig. 22. Clearly, the spread 
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Table 1. Comparison of visible bremsstrahlung signals from 

different filters at 200 ms in a l-T ECH plasma (shot 10876) 

ATF signal name 

Vbrem-02 Vbrel11-OG Vbrem-03 Vbrem-04 

Wavelength &,A 6328 7668 8387 9008 
FWHM AA,A 101 103 114 143 
Signal, mV 20.0 8.0 8.0 2.0 

zeff 19.8 40.0 32.9 17.4 

16 

12 

Y- 

N X 8  

4 

0 

ORNL-DWG 91 -2628 FED 

Fig. 20. Zeff obtained directly from the raw signals shown in Fig. 19 as a 
function of line-integrated electron density. 

in the data points is large, but above nee = 4 x 1014 cmW2 the impurity densities 

tend to decrease with increasing electron densities. There is no clear difference 

between operation at 1 T and operation at 2 T. 
W-hen analyzing the NBI interval of a discharge with relatively high density, the 

baseline signal presents little problem since the visible bremsstrahlung radiation is 
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Fig. 21. Zeff obtained by subtracting 12 mV from the raw signals as a function 
of line-integrated electron density. 
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Fig. 22. Impurity amount denoted by ( 2 , ~  - l)n& in the ECH plasmas as a 
function of line-integrated electron density. 
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much stronger. The magnitude of the signals from NBI plasmas is illustrated in 

Fig. 23, and the values of Zeff for these plasmas are shown in Fig. 24. The magnitude 

of Z e ~  heconies relatively large below ne! = 2 x 1015 cm-2. NBI discharges in this 

low-density region generally collapse. Plasmas produced at 2 T also tend to collapse 

when the line-integrated density is around 4 x 1015 cm-’. In general, Zefi appears 

to be higher for both 1 and 2 T in plasmas which collapse than in those which 

do not, but this may be an artifact connected with the rapidly dropping electron 

temperatures and unusually large signals from marfes, which have been observed at 

the time of stored energy peaking. In the steady-state interval of both 1- and 2-T 

plasmas that do not collapse, Zert. is usually less than 2.5. 

The values of ( 2 , ~  - l)n,k‘ are shown in Fig. 25 for NBI discharges. The scatter 

of data points at any given density is very large, and the smaller values are generally 

indicative of discha.rges that do not collapse. If it is assumed that titanium is the 

dominant impurity in the plasma and that thc average charge at the plasma 

center is 15, the concentration of titanium is computed to be 0.35% during l-T 

operation and 0.11% during 2-T operation. 

The radial profiles of calculated for 1% oxygen and 1% titanium concentra- 

tions are shown in Figs. 26 and 27. The profiles of electron temperature and density 

are the same as those used for Figs. 3-6. Central electron temperatures of 0.8 eV 

and 0.2 eV are assumed for central electron densities of l O I 3  cm--3 and 1014 cm-’. 

The profiles are relatively flat because thc ionization balance does not change 

appreciably inside 0.9Ep. As a result, the Z e ~  profiles (Figs. 28 and 29) are also 

relatively flat except for the rapid decrease outside 0.8Ep. 
At present, radial profiles of Zeif are not measured in ATF. However, the cal- 

culated profiles shown in Figs. 28 and 29 indicate that it may be worthwhile to 

measure the Z e ~  profile in detail beyond 0.8Ep. 

5 .  SUMMARY 

Measurements of Z e ~  for both ECH and NBI plasmas have been carried out 

using visible bremsstrahlung radiation. In order to obtain continuous electron tem- 

perature measurements during the discharges, which are needed to obtain gee from 

the bremsstrahlung measurements, the plasma stored energy and electron dcn- 

sity arc used. In very low density ECH plasmas it is clear that a baseline level 
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Fig. 24. Z e ~  in NBI plasmas as a function of line-integsated electron density. 
NBI discharges with Z e ~  larger than 3 are accompanied by radiation collapse. 
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Fig. 25. Impurity amount denoted by (2,s - l)n,l in NBI plasma as a function 
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Fig. 26. Calculations of radial profiles of average charge state for oxygen. 
Electron temperatures of 0.8 keV and 0.2 keV are given in the calculations at the 
central electron densities of ne = 1 x ~ r n - ~ ,  respectively. 
Other parameters are the same as in Figs. 3-6. 

cm-3 and 1 x 



Fig. , anium 



24 

ORNL-DWG 91 -2637 FED 
-7 I ' I I I I I I I I -1  4 

3 

2 

1 
0 5 10 15 20 25 30 

r (em) 

Fig. 29. Calculations of radial profiles of Zefi for 1% titanium. 

of radiation appears in the detection system and does not originate from visible 

bremsstrahhmg. This baseline adds some uncertainty at low densities to the mea- 

sured values of Z e ~ ,  which are between 2 and 8 depending on the experimental 

conditions. 

In NBI plasmas the values depend strongly on the existence of radiation collapse. 

In plasmas that undergo radiation collapse the 2 , ~  values are between 3 and 5 

when the stored energy reaches a transient maximum. However, in, quasi-steady 

plasmas without collapse Z e ~  is less than 2.5, and in vcry high density plasmas, 

n,C R 7.5 x i O 1 5  ~ r n - ~ ,  Zepf is close to 1.2. 
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