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ABSTRACT 

KB X-ray spectra of helium-like titanium, Ti XXI, from Tokamak Fusion Test 

Reactor (TFTR) plasmas have been observed with a high resolution crys ta l 

spectrometer and have been used as a diagnostic of cent ra l plasma 

parameters. The data allow detailed comparison with recent theore t ica l 

predictions for the Ti XXI helium-like l ines and the associated s a t e l l i t e 

spectrum in the wavelength range from 2.6000 to 2.6400 A, improved values for 

the exci ta t ion ra te coeff icients of the Tl XXI resonance l ine , the 

Intercomblnatlon ILn^s and the forbidden l ine , and new theoret ical resu l t s on 

the wavelengths and t rans i t ion probabi l i t i es fo* beryllium-like s a t e l l i t e s due 

to t ransi t ions of the type I s 2 21nl' - 1s2p21" n l " ' with n = 2-4 have been 

calculated. These data complement the theory given in an e a r l i e r paper 

(Part I ) . The experimental data are in excellent agreement with the 

theoret ical predictions for the en t i re s a t e l l i t e spectrum. For plasr,.as with 

electron temperatures, T^, In the t;_;ige from 1.2 to 1.8 kaV. There Is also 

good general agreement between theory and eitpertment for the helium-like lines 

of Ti XXI. The observed in tens i ty ra t ios of the intercorabination and 

forbidden l ines to the resonance line are , however, larger than the predicted 

values by as much as an order of magnitude for electron temperatures T < 

1.2 kev. Tills enhancement i s due to lithlura-like titanium. The experimental 

data indicate that s t i l l other atomic processes, in addition to those 

considered by the theory, are Important for the exci tat ion of these l i ne s . 

The experimental resu l t s are documented to stimulate further analysis . The 

observed wavelengths agree to within an uncertainty of 0.S m̂  with predictions 

frojn calculat ions which include r e l a t l v i s t i c and radiat ive corrections up to 

the thi rd order in a. 
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The centra l ion temperature and the centra l toroidal ro ta t ion v e l o c i t y 

of TFTR plasmas with ohmtc and neutral beam heat ing were obtained from Doppler 

measurements of the Ti XXI resonance l i n e . Wavelength s h i f t s of the apparent 

resonance l ine p r o f i l e due to unresolved d i e l e o t r o n l c s a t e l l i t e s , which can ba 

Important correc t ions to Doppler s h i f t (Measurements of plasma ro ta t ion 

v e l o c i t i e s , have been determined as a function of the ion and e l e c t r o n 

temperatures and the f i t t i n g l i m i t s . Resul ts on the e l ec tron temperature and 

the r e l a t i v e charge-s tate dens i ty of l i t h i u m - l i k e and he l ium- l ike t i tanium 

were derived from the s a t e l l i t e spectrum and have been Interpreted with plasma 

modeling. These r e s u l t s are of Lnterest for the determination of the 

i o n i z a t i o n equi l ibrium and the lrcpurity transport . 
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I. Introduction 

In a previous paper1 we presented X-ray spectra of helium-like 

titanium, Ti XXI, from tokamak plasmas produced In the Poloidal Divertor 

Experiment (PDX) and gave a detailed comparison between experiment and theory 

for the spectral range from 2.6075 to 2.6165 A, which Includes the TI XXI 

Is S - 1s2p P. resonance line and the dlelectronlc satellites In the 

immediate neighborhood of the resonance line due to transitions of the type 

1s2nl - 1s2pnl with n * 3. The theoretical predictions were In excellent 

agreement with the experimental data, indicating that the two considered 

processes of line excitation, i.e., dielectronlc recombination (for the n > 3 

satellites) and direct electron impact excitation (for the Is 2 1 S Q - 1s2p 1 P 1 

resonance line), adequately describe the observations. The satellite spectra 

of hydrogen-like titanium, Ti XXII, also were shown previously to be fully 

determined by these two processes. 

In this paper we present new data on the satellite spectra of Ti XXI 

which have been observed from Tokamak Fusion Test Reactor (TFTR) plasmas with 

a high resolution Bragg crystal spectrometer. These data allow us to extend 

the comparison between theory and experiment to the wavelength range from 

2.6165 to 2.6400 A, which includes the intercombination and forbidden hellura-

llke lines, 1s 2 ',s0 - 1s2p 3 P 1 2 and 1s 2 1 s 0 - 1s 2s 3s,, and the llthlum-llke 

satellites, 1s2nl - 1s2pnl with n = 2, as well as beryllium-like satellites 

due to transitions of the type 1s221nl' - 1s2p21" nl'" with n £ 2. The 

theory of bhese spectral lines is more complex since additional processes of 

line excitation have to be considered. In addlticn to electron impact 

excitation, the upper levels, 1s2p 'p^ 3 P 1 2 and 1s2s 3 S 1 , of the helium-like 

lines can be populated by recombination of hydrogen-like titanium, Ti XXIT, 

and inner-shell ionization of lithium-like titanium, Ti XX. These processes 
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are especially Important for the population of the JP.j 2 and S 1 levels and 

have been invoked bo explain recent data from solar observations^''* and 

Alcator C tokamak plasmas.5'6 Furthermore, collisional inner-shell excitation 

of lithium-like titanium, in addition to dlelectronic recombination of Ti XXI, 

is an important mechanism of excitation for satellite transitions of the type 

1s 2 2s - 1s 2s 2p. The contributions from these two processes to the 

satellite spectrum have been described in detail in our previous 

publication.1 Here we present Improved values for the excitation rate 

coefficients of the helium-like lines of Ti XXI which Include the 

contributions from radiative cascade transitions, collisional resonances, 

recombination of hydrogen-like titanium, and inner-shell ionization of 

lithiura-like titan.,'Jn. We also report new theoretical results on the 

wavelengths and transition probabilities for the beryllium-like satellites: 

1s 2 21nl' - 1s 2p 21" nl'" with n = 2-4. These new theoretical results and 

the atomic data in Refs. 1 and 7 are used Zoc n detailed comparison with the 

experimental observations. We find that the theoretical predictions for the 

Ti XXI resonance line and the entire satellite spectrum are in very good 

agreement with the experimental data. This indicates that the satellite 

features are well described by the two processes of dielectronlc recombination 

and inner-shell excitation. On the other hand, we find that the theory does 

not fully describe the observed intensities of the intercombination and 

forbidden lines of Ti XXI. Partial agreement between predicted and observed 

intensities is obtained for electron temperatures, T , above 1.2 keV, 

However, the observed Intensities are larger than the predicted values by as 

much as one order of magnitude for T e < 1.2 keV. The experimental data show a 

sirong correlation between the intensities of the liitercembinatlon and 

forbidden lines and the abundance of lithiura-like titanium. The theoretically 
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predicted contribution from inner-shell ionization of Ti XX to the intensity 

of the forbidden line is too small to account for the observed intensities, 

although we examined several atomic processes, so far we have not been able to 

resolve these discrepancies• 

The spectra of high-Z helium-like and hydrogen-like ions have important 

applications in the diagnosis of hot plasmas. In particular, they have b*en 

used for the diagnosis of solar events 3' 4' 8 - 1 2 and tokamak plasmas. 1 3 - 3 0 The 

applications include measurement of the central ion temperature15'16 and 

toroidal plasma rotation velocity1' from the observed Doppler broadening and 

Doppler shift of the resonance line, measurement of the central electron 

temperature from the intensity of the dielectronic satellites, 3' 4' 8 - 1 2' 1 5 - 1 7 

and determination of the ionization-eguilibrlum and ion transport from the 

intensity of the collietonally excited satellites. 1 4' 2 0 The intensity ratios 

of the helium-like lines, i.e., the resonance, lntercomhination, and forbidden 

lines, are used for measurement of the electron density in solar flares. ' 2 2 

A detailed comparison between theory and experiment is of great 

interest in view ot these diagnostic applications. we document our 

experimental results carefully in order to stimulate new theoretical analyses 

of the still existing discrepancies between the predicted and observed 

intensities of the intercorablnation and forbidden lines of Ti XXI. 

The paper is organized as follows: The plasma parameters and the 

experimental apparatus are described in Sec. II. A detailed comparison of the 

observed satellite spectra of Ti xxi with the theoretical predictions is given 

in Sec. III. Experimental and theoretical wavelengths are compared in Sec. 

IV. The remaining discrepancies between observed and predicted intensities cf 

the helium-like lines are discussed in Sec. V. Rate coefficients for 

excitation of the helium-like lines of Ti XXI, and theoretical results on 
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wavelengths, line factors, and transition probabilities foe the beryllium-like 

satellites are presented in Sees. VI and VII- in Sec. VIII we doscribe 

diagnostic applications and present experimental results from the TFTR tokamak 

plasmas, a summary of the results and conclusions are presented in Sec. ZX. 

II. Experimental Conditions and Equipment 

The experiments have been performed on the Tokamak Fusion Test Reactor 

{TFTR) whi ch u a s designed to study a hydrogenic plasma at fusion breakeven 

parameters. Toroidal plasmas with major radius, R, from 2.00-3.00 m, minor 

radius, a, from 0.40 - 0.63 m, and central electron densities, n e(0), of 0.1 -

1 * 10 2 0 m' 3 are produced in a TFTR discharge by a toroidal current, 1 , in 

the range from 0.25 to 2.5 HA. The plasma current ohmically raises the 

central ion and electron temperatures, Tj(0j and T e(0), to 1 - 4 keV. 

auxiliary heating by Injection of intense neutral hydrogenle beams, at power 

levels up to 27 HW, and adiabatic compression will be available also to 

further heat the plasma to reactor relevant temperatures near 10 keV. The 

plasma is contained in a toroidal magnetic field having a maximum strength of 

5.2 Teala. The major and minor plasma radii are adjusted by the equilibrium 

magnetic field and by means of movable carbon limiters. 

The experimental data have been obtained mainly from ohrcic discharges 

which were extensively studied in confinement scaling experiments during the 

first two phases of machine operation. These discharges had R = 2.55 m or R = 

2.64 m and a = 0.42 m, a = 0.55 m, and a = 0.83 m, I ranging from 0.8 to 1.4 

HA, central electron densities of 1 - 6 * 1 0 1 9 m~ 3, and T^tO) and Te(0) in the 

range from 0.5 to 2 keV. The plasmas were in quasi steady-state conditions 

for periods of 2 - 3 sec. The characteristic energy confinement time was 

typically 0.1 to 0.3 sec. Some experimental results from first TFTR 

experiments with neutral beam Injection were also obtained. 
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TFTR plasmas are intenso sources of soft X-ray radiation. A typical 

soft X-ray spectrum 13 shown in 5'ig. 1a. The data were recorded by the X-ray 

pulae-height analysis (PHA) system23 from a discharge with I = 1 HA. The 

spectrum consists of a bremsstrahlung and recombination continuum and K<* line 

radiation from metal impurity ions of titanium, chromium, iron, and nickel, 

which are the constituents of the vacuum vessel and plasma limlter. Traces of 

these metal3 are present in TFTR plasmas. Their concentration is determined 

by the processes of plasma-wall interaction and transport processes which 

determine the impurity confinement in the plasma. The impurity concentration 

Is thus dependent on the experimental parameters, such as plasma current, 

electron density, and electron temperature.24 The electron temperature Is 

Inferred from the slope of the soft X-ray continuum, and the concentration of 

metal impurities is determined from the observed intensity of the Ka 

radiation. 

The energy resolution of the PHA system Is not sufficient to resolve 

the spectral components emitted from the different ion species or charge 

states of an element. Interpretation of the measurements shown in Fig. 1a is 

thus usually based on certain assumptions about the state of ionization of the 

metal impurities and the spatial distribution of the ion charge states which, 

together with the electron density and electron temperature profiles, 

determine the Intensity of the Ion line spectra. In general, one may assume 

that the metal impurity ions reach an ionization equilibrium since the 

ionization and recombination times of typically 10-30 ms are short compared 

with the period of steady-state conditions In large tokamak plasmas. This ion 

distribution differs from that expected In coronal ionization equilibrium, 

however, as a result of radial ion transport and charge-exchange recombination 

with neutral hydrogen. Figure 1b shows the fractional abundances of titanium 



charge states for coronal equilibrium as calculated by Breton ^t^ al. 

According to these calculations, helium-like titanium, Tl XXI, is the dominant 

state of Ionization for the wide range of electron temperature from 0,8 to 4 

keV. This can be explained by the large difference of the Ionization 

potentials for llthlum-like and helium-like titanium Ions. Expected 

deviations from coronal equilibrium will be discussed further In Sec. Villi 

Recent experimental investigations of the titanium charge state 

distribution in tokamak plasmas produced by the Princeton targe Torus (PLT) 

have been consistent, In general, with theoretically predicted ionization 

equilibria. The measurements were performed with a Johann-type curved crystal 

spectrometer.26 The instrument had a spectral resolution of X/AX = 5000 at \ 

= 2.6 A and permitted simultaneous observation of the characteristic K<* line 

radiation from all the titanium charge states• Figure 2 shows a time sequence 

of 14 titanium spectra which were recorded with a time resolution of 60 ms 

from PLT discharges with auxiliary ion cyclotron heating. A maximum central 

electron temperature of 2 keV was obtained during the RF heating pulse from 

400 to 550 msec. We infer from Fig. 2 that titanium Is very rapidly Ionized 

to the helium-like charge state In these tokamak plasmas. The radiation from 

lithium-like titanium, Tl XX, and lower charge states Is appreciable during 

short time intervals of ~ 120 msec at the beginning and the end of a 

discharge. Radiation from hydrogen-like titanium, Tl XXII, is observed when 

the electron temperature rises to 2 keV. However, the intensity of this 

radiation Is very weak and barely resolved from the bremsstrahlung and 

recombination continuum. The spectra shown in Fig. 2 thus confirm the 

assumptions made in the discussion of the previously obtained high resolution 

spectra of Ti XXII.2 Since both the theoretical and experimental observations 

indicate that helium-like titanium is the dominant state of ionization for a 
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wide range of central electron temperatures, we have chosen to use the Tl XXI 

K« radiation as a diagnostic for central TFTR plasma parameters. 

The X-ray spectrometer used on TFTR has been described earlier. It 

is similar to the instruments Installed on the Princeton Large Torus (PLT) and 

the Foloidal Bl^ertor Experiment (PDX). The spectrometer consists of a quartz 

<2023) crystal of dimensions 1 .S In x 6 In, which Is bent to a radius of 

curvature of 373 cm, and a position sensitive detector in the Johann 

configuration. The crystal views horizontally across the central midplane of 

TFTR through a 0.005-in» thick beryllium window. X rays transmitted through 

helium at 1 atmosphere are diffracted onto a 10 cm x 18 cm position-sensitive 

multiwire proportional counter- The detector counts the X-ray photons and 

encodes their position along the 18-cm dimension to an accuracy of 0.25 mm 

FWHM. This position information translates to Bragg diffraction angle and, 

hence, to X-ray wavelength. The Bragg angle, crystal diffraction properties, 

distance from crystal to detector, and detector position resolution are chosen 

to yield a spectral resolving power )./&>• of 25000. Op to 128 spectra can be 

recorded during a discharge with integration time selectable from 1 to 

1000 ns. The line of sight from the crystal into the plasma makes an angle of 

22 degrees with respect to the -adial direction at the magnetic axis (the 

center of the TFTR vacuum vessel) so that 37% of the toroidal plasma rotation 

velocity can be measured from the observed Doppler shift of the spectral 

lines. 
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III. Composition of the Titanium tine Spectra 

In this section we compare the experimental data with theoretical 

predictions. Details of this comparison are shovm in Pigs. 3a-3d. The dotted 

curve in Fig. 3a represents experimental data which were recorded from 0.30 to 

0.48 sec from an ohmically heated plasma with R = 2.S5 ra, a = 0.83 m, ne(0) = 

2.7 x 10 1 9 nT 3 and Tfi(0) => 1.8 keV, respectively, during the period from 0.7 

to 3.5 sec wtv?-\ I- was constant at 1 MA. The solid curve in Fig. 3a 

represents a theoretically predicted spectrum. It was obtained by calculating 

Voigt profiles for the transition arrays given in Refs. 1 and 6 and in Tables 

Va, Vb, and Vc of Sec. VII. 

Figures 3b-3d show the contributions to the synthetic spectrum fro-n the 

various excitation processes. Figure 3b shows the Is* S - 1s2p P. 
2 1 3 

resonance line w, the 1s S Q - 1s2p P 1 2 lntercomblnation lines y_ and x, and 
the is 2 1 s Q - 1s2s 3 s 1 forbidden line z_ which are produced mainly by electron 

2 1 impact excitation of Ti XXI ions from the helium-like ground state: Is S0« 

Flguie 3c shows satellites due to transitions 1s2nl- 1s2lnl' with n > 2 

resulting from dlelectronlc recombination of helium-like titanium. Figure 3d 

shows satellites produced by both colllsional inner-shell excitation of 

lithium-like ions in the ground state, as well as beryllium-like satellite 

lines due to transitions 1s22sn"L - 1s2s2l'nl" with quantum number n = 3 and 4 

resulting from dlelectronic recombination of lithium-like ions. The spectral 

features are identified by Gabriel's notation28 and explained in Refs. 1 and 

7. 

The relative contributions of these spectral components to the 

synthetic spectrum have been determined from a least squares fit to the 

experimental data. This fit was obtained in several steps: 
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As a first step, the part of the synthetic spectrum which consists of 

the Tl XXI resonance line ŵ  and the associated 1s2nl - 1s2pnl satellites with 

n > 3 has been fitted to the experimental data in the wavelength range from 

2.6025 to 2.6160 A. The arrows in Fig. 3a indicate the range of data points 

which were used for the fit and background determination. The n > 3 

satellites are ascribed to dielectronic recombination of Ti XXI, and their 

intensities relative to the intensity of the resonance line w are a function 

of the electron temperature alone, given by expression 2.1 in Hef. 1. The 

spectrum is thus, theoretically, fully described by two important plasma 

parameters, the ion and the electron temperature, which determine the width of 

the resonance line and the satellite to resonance line ratios. A detailed 

comparison of theoretical predictions with experimental data obtained from the 

Pololdal Divertor Experiment (PDX) has been given previously in Kef. 1, where 

we found very good agreement between theory and experiment if we applied minor 

corrections (of ~ 0.5 mA) to the theoretical wavelengths of some of the n = 3 

satellite lines. These corrected wavelengths were used for the present 

calculations of the synthetic spectrum. So additional changes were made to 

describe the TFTR data. The Ion and electron temperature values obtained from 

the fit to the data in Pig. 3 were Tĵ  = 1.12 ± 0.07 keV and T g = 1.33 ± 

0.06 keV, respectively. We deduce from computation of radial profiles of the 

line emlssivltles, which are described in Sec. VTXI, that these values 

correspond to the central ion and electron temperatures. Our values for the 

ion and electron temperatures agree with the central temperature results 
27 obtained by other diagnostics, to within ten percent. 

As a second step, we use the inferred T^ and T e values to calculate 

line profiles for the lntsrcombination and forbidden lines (x, y, and z) and 

for the lithium-like satellites (1s2nl - 1s2pnl with n = 2) which result from 
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the dielectronic recombination of helium-like titanium, Ti XXI. The 

intensities of the intercomblnatlon lines and the forbidden line were 

calculated using the rste coefficients for direct excitation only from the 1s 

helium-like ground state given in Table IV of our previous publication . 

These theoretically predicted intensities are shown by the cross-hatched areas 

in Fig. 3b. They are considerably smaller than the observed values. In order 

to obtain quantitative information on this deviation, the experimental]y 

observed Intensities of the Intercorablnatlon and forbidden lines have been 

determined from a least squares fit of Voigr functions to the data points. 

The intensity values obtained from this fit are represented by the dotted 

ar?as in Fig. 3b, The observed intensity ratios, I^/I^ = 0.375, Iy/Iy, = 0.5, 

ard IZ/I„ = 0.5, are larger by factors of 1.36, 2.49 and 5.3, respectively, 

than the values predicted for direct excitation. A detailed comparison of the 

experimental data with the current theoretical predictions which Include 

contributions from additional excitation processes for the lines _x, Vj and z_ 

is given in Sec. V. The dielectronic contribution to the Intensity of the n = 

2 satellites (relative to the Intensity of the resonance line _w) la, again, a 

function of the electron temperature and was evaluated from expression 2.1 In 

reference 1. The results are shown in Pig. 3c. We find good agreement for 

the satellites j _ and k_ which are entirely produced by dielectronic 

recombination. 

As a third step, we calculated the Intensity contributions to the 

lithium-like n = 2 satellites from collisional inner-shell excitation of Ti XX 

ions and the contributions from beryllium-like n > 3 satellites, which are 

ascribed to dielectronic recombination of lithium-like titanium. Although 

these satellites are produced by different atomic processes, they originate 

from lithium-like Ions, and their intensities are, therefore, proportional to 
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the abundance of Ti XX. The contributions from colllsional inner-shell 

excitation to the n = 2 satellites, such as Q, &, r_r jn» _s, and t, have been 

calculated from the excitation rate coefficients given in Table III of Ref. 1, 

and the dlelectronic contribution from the n > 3 beryllium-like satellites has 

been determined from expression 1 in Sec. VII. The ratio of the satellite 

intensities to the intensity of the resonance line w la proportional to the 

ratio of the abundances of the lithium-like and the helium-like charge states, 

"T± XX^Ti XXI* 1* l e '-"tensity contributions from these satellites, therefore, 

have bean determined from a least squares fit of the synthetic spectrum to the 

experimental data with respect to the parameter N,^ xx/NTi XXI* From this fit 

we obtained for N T i xx/NTi XXI t S l e v a l u e °* 6 3 * 0 , ° 4 ' T h e resulting spectral 

features are shown in Fig. 3d. The contribution from the beryllium-like n > 3 

satellites is represented by the cross-hatched area under %_ and jr_. This 

contribution is small compared with the contribution from lithium-like 

satellites. The composite spectrum of the contributions shown In Figs. 3c and 

3d.represents the entire satellite spectrum In the spectral region from 2.6075 

to 2.6360 A and is in excellent agreement with the experimental observation. 

It Is remarkable that this agreement is obtained from a least squares fit with 

respect to only three parameters, the ion and electron temperatures and the 

ratio of the lithium-like and helium-like abundance, M T^ xx/NTi XXI' W e 

conclude that the satellite spectrum Is completely described by the two 

considered processes of dlelectronic recombination and inner-shell excitation. 
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IV. Comparison of Experimental and Theoretical Wavelengths 

Wavelength calculations for high Z ions necessarily include 

relarivlstlc and radiatiwe corrections which are usually performed up to 

certain levels of accuracy! " ~ 3 3 in these calculations the wavelengths are 

approximated by a aeries of terras which have different dependencies on 2 and 

different signs. It la difficult, therefore, to predict on purely theoretical 

grounds whether a certain approximation is an adequate description of 

reality. Consequently, comparisons with experimental data are important. 

Since our measurements are made with a resolving power of 25000, they should 

be useful as a test of theoretical approximations. 

In this section we compare our experimental results with the 

calculations of Bely-Dubau &t_ al.1 and Safronova _et_ al. 7 which include 

relativigtl& and radiative corrections up to third order In the fine structure 

constant a. The expected accuracy of the computed wavelengths is better than 

1mA. For these comparisons we determine the center positions of the main 

spectral features from least squares fits of single Volgt functions, as shown 

for peak 1 in Pig. 4. The Volgt fit Is done over the region Indicated by the 

two right-most arrows near peak 1. The two left-moat arrows mark the region 

over which a flat background subtraction is determined. The channel numbers 

obtained for the center positions are listed in Table l. Prom these channel 

numbers we then calculate the wavelengths frora the dispersion function of the 

spectrometer using the theoretical value6 of 2.6097 A for line w_ as a 

reference wavelength. The experimental values obtained in this way are shown 

in the Table I and compared with theoretical wavelengths of Bely-Dubau et al. 1 

and Safronova et al. Some of the observed satellite features can be ascribed 

to several lines which are listed in Table I with their line strengths. We 

infer from Table I that the experiment! and theoretical wavelengths for the 
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lines v, xt jy_, z_ and the n =» 2 satellites agree to within 0.5 mA, which also 

corresponds to the deviations between the two sets of theoretical predlc+Ions. 

On the other hand, the observed main spectral features can ba blended 

with unresolved higher order lithium-like satellites corresponding to a 

spectator electron in level n * 3. These satellites can cause significant 

wavelength shifts at low electron temperature and especially can affect the 

apparent rescance line w, which was used as a reference. To estimate these 

effects, we have done a least squares Volgt function fit to a synthetic 

spectrum consisting of a resonance line ŵ  and n * 3 dielectronic satellites, 

as Illustrated In Pig. 5. Figures 5a and 5b 3how the resonance line (solid 

line) and the composite spectrum of _w plus the n * 3 satellites (dashed line) 

for electron temperatures of 0.7 and 1.4 keV, respectively, and a fixed ion 

temperature of 2 keV. The channel numbers correspond to the wavelength 

dispersion of the spectrometer, so that the synthetic spectrum in Fig. 5 can 

be compared directly with !..ie raw data spectrum shown in Fig, 4. The center 

position of the apparent resonance line was determined from a single Voigt 

function fit to the 30irtposite spectrum within the fitting limits indicated by 

the two arrowB at channel numbers 120 and 145. The same fitting limits were 

used in Fig. 4. It can be seen that the "dielectronic red shift™ of the 

apparent resonance line with respect to the true resonance line decreases with 

Increasing electron temperature as the contribution from the n > 3 satsllttes 

decreases. The Ion temperature values obtained from the single Voigt function 

fits in Figs. 5a and 5b are 2.41 and 2.11 keV, Indicating that the true value 

of 2 keV is approached with increasing electron temperature. 

The dielectronic re*i shift depends not only on electron temperature but 

also on the range of fitting limits and the Ion temperature. These 

dependences are shown in Fig. 6. The solid curves were obtained for the fit 
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limits shown In Fig. 5 (channels 120-145). The dashed curve was obtained 

using the fit limits fro-n channel 120 to channel 150. The curves are labeled 

by the ion temperature values which were assumed for calculation of the 

synthetic spectrum. The solid curves are well approximated by the expression 

2.75 x 10~ S + 0.8 x 1 0 - 5 x T. 
AX = e X p (0.96/T ) , (4.1) 

T S 

e 

where AX is the dlelectronlc red shift of the apparent resonance line in A r 

and T^ and T e are the ion and electron temperatures in keV. For Ion and 

electron temperatures of 2 kev (corresponding to the parameters of the 

spectrum shown in Fig. 4 which was used for evaluation of the wavelength 

values given in Table I), the red shift of the apparent resonance line is 

0.35 mA. Since this value is smaller than the uncertainties of the 

theoretical data given in Tabla I« it is acceptable for the present comparison 

of theoretical and experimental wavelengths to use the center position of the 

apparent resonance line as a -.reference. However, for comparison with more 

precise calculations, one should use as a reference, for example, the 

lntercomblnation line y_, which la much less contaminated by satellites (see 

Fig. 3). A comparison of our data with more detailed wavelength calculations 

which Include quantum electrodynaralc effects and relativi3tic corrections to 

orders of <* higher than three will be presented in a separate paper. 

Dielectronic red shifts of the apparent resonance line comparable to those 

shown in Fig. 6 have been observed experimentally and will be discussed In 

Seem VIXI. These dlelectronic shifts must be taken into account as a 

correction for Doppler-shlft measurements of the plasma rotation velocity 

during the Injection of neutral hydrogen beams. 
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V. Intensity Ratios of the Helium-like Lines; x, y, s, and w. 

Deviations of the intensi ty rat loa, 1^/1^, l y / l j , . and I B / I W , from the 

values predicted for direct excitat ion, such as shown In Fig. 3b, have been 

observed previously In spectra Fe XXV, obtained from the Princeton Large Torus 

( P L T ) 1 7 ' 1 8 and other experiments. ' 5 ' " Attempting to resolve these 

discrepancies, c a l c u l a t i o n s 3 4 " 3 8 have been performed which Include three 

additional processes for the population of the upper levela, 1s2s S 1 , and 

1s2p P 1 2, of the Une3 Zj g, and jcs (1) electron impact ei:citatlon from the 

I s 2 1 S 0 helium-like ground s ta te to level3 with n > 3 followed by cascading, 

(2) recombination of hydrogen-like lona followed by cascading, and (3) Inner-

shell ionization of lithium-like ions ( l s 2 2s 2 S 1 2 + e + 1s2s 3 S 1 + e ' + 

e") . These calculations have been in reasonable agreement with solar corona 

observations of 0 VII and Ne IX, 9 solar flare spectra of Ca XIX,3 and spectra 

of C V, S XV, CI XVI, and Ar XVII from tokamak p l a s m a s 5 ' 6 ' 4 0 " 4 2 where a large 

fraction of the observed line in tens i t ies has been ascribed to the second 

process. However, they fa l l to describe the spectra of hlgh-z helium-like 

ions, e .g . , Ti XXI and Fe XXV, obtained from the PLT and TFTR tokamaks. we 

note that there are significant differences between the spectra of helium-like 

ions with low atomic number (3 < 20) and the spectra of Ti XXI and Fe XXV: 

(1) The relat ive in tens i t ies of the resonance, intercombination, and 

forbidden lines of Ti XXI and Fe XXV are less sensit ive to the electron 

density than the line in tens i t ies of low-2 helium-like ions, due to the 

fact that the probabil i t ies for t ransi t ions 1s2p 3 P 1 2 + Is . ' s and 

1s2s 3 S , - 1a2 1 S 0 by radiation scale like Z 9 , Z 8 , and z 1 0 , 

r e s p e c t i v e l y . 2 1 ' 4 3 The intensity rat ios 1^1^, I y / I w . and I z / I w of the 

Tl XXI lines are dependent on the electron density a t densit ies above a 
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critical value 2 8 N* " 1 * 10 1 5 era-3, which Is much larger than the 

central density of TFTR plasmas. Density effects, therefore, can be 

neglected for the observed Ti XXI lines. This is different for spectra 

of C V, S XV, CE XVI, and AR xvil 5' 6' 4 0" 4 2 obtained from tokamak 
no 

plasmas where density effects should be important. 

(2) Since the wavelength separation of the spectral features also Increases 

with increasing Z, the lines jt, Y_, and £_ are well-resolved from 

dielectronic satellites in spectra of Tl XXI and Pe XXV, and their 

intensities can be determined with good experimental accuracy. For Z £ 

20, however, the forbidden line z_ is unresolved from the strong 

dielectronie satellite _j_. Thus the intensity of I'.ne z_ has additional 

uncertainty resulting from corrections for dielectronic recombination. 

£3) Hydrogen-like ions of low-Z elements (e.g., Ar XVIII) can easily be 

produced in present day tokamaks, where central electron temperatures 

of 1-2 keV are typical. Thus, contributions to lines x, jy_, and z_ due 

to recombination of hydrogen-like ions foil-<wed by cascading can be 

important. On the other hand, electron temperatures well in excess of 

2 keV (see Figs. 1b and 2) are required to produce significant 

concentrations of hydrogen-like titanium and Iron, i.e., Ti XXII and 

Pe XXVI. Thus, this contribution is negligible in the present case. 

In particular, large values of I x, I , and I z were observed at the 

beginning of TFTR discharges, when the electron temperature was below 

1 keV and hydrogen-like titanium was not present. 
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The Fe XXV spectra from PLT have been compared with recent theoretical 

predictions by Pradhan. He concluded that other atomic processes, in addition 

to recombination, should be included to fully compare the PLT observations 

with the model described In Ret. 42. 

an Illustration of the strong variation of the relative Intensity of jc, 

jr, _z_, and w with T e 13 shown In Fig. 7, which presents a time sequence of 

spectra from the early phases of a discharge. The intensities of _x, _y, and z_ 

with respect to ŵ  decrease with increasing electron temperature, as does the 

Intensity of ,£. relative to v̂  (which is proportional to the abundance of 

lithium-like relative to helium-ilke titanium). Figure 8 presents observed 

line ratios versus T for a large range of discharge parameters. Also shown 

are theoretical predictions for these ratios assuming direct excitation to 

n = 2 (30lid line) and direct excitation to n > 2 including radiative cascades 

and collisional resonances (dashed line). These theoretical predictions 

represent the excitation of helium—like ions, and they are expected to 

describe the data in the electron temperature range from 1.2 to 2 keV where 

the abundances of hydrogen-like and lithium-like titanium and, consequently, 

the processes of line excitation by recombination and inner-shell ionization 

are negligible. We infer from Fig. 8 that the theoretical predictions are in 

good general agreement with the experimental data in the considered range of 

electron temperatures above 1.2 keV, even though we also observe some 

deviations. The predicted intensity ratios of I x/I w and I y/I w a*e somewhat 

smaller than the observed values, and the predicted contributions from impact 

excitation Including cascades and resonances evidently overestimate the 

experimental values of Iz/l,v. This leads us to assume that the theory is 

basically correct except for the predictions which refer to the relative 

population of the triplet levels. Therefore, we have considered the sum of 
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the intensity ratios, G « d x + I + I 2)/I w, which is independent of the 
relative population of the upper triplet states. Figure 9 presents a 
comparison between the predictions and experimental results. Theory and 
experiment are evidently in very good agreement for the range of electron 
temperatures from 1.2 to 2 keV. On the other hand, there are large 
discrepancies by as much as one order of magnitude at electron temperatures 
< 1.2 keV. These discrepancies cannot be explained by the contribution from 
inner-shell ionization of Tl XX. Vfe have calculated this contribution using 
the experimental values of N T i xx/NTl XXI deduced from a fit of the satellites 
,2» JL' Br £. a n d .£. a s described in Sec. Ill, and the theoretical ionization rate 
coefficients given in Table IV of Sec. VI. From this calculation we obtain 
values of Iz/I„ = 0.1 at T e = 0.6 keV and I^I^ = 0.03 at S keV for the 
contribution from inner-shell ionization to the forbidden line. These values 
are much too small to account for the observed discrepancies. Enhanceme.it. of 
the observed line intensities of _x, £, and z_ due to the presence of unresolved 
lithium-like and beryllium-like dlelectronic satellites obviously can be 
excluded according to theoretical predictions (see Fig. 3). 

ftn inspection of the data indicates that the ratios I x/I w, I„/I w, and 
l z / \ , have a variation with electron temperature similar to that of 
NTi XX^Ti XXI' w nich is shown in Fig. 10. This suggests that the enhancement 
of observed intensities of these lines relative to theory is likely related to 
the presence of lithium-like titanium, which is more abundant at low T g (s»e 
Fig. 101. 

we have analyzed our data to find a quantitative correlation between 
measured values of G = (I x + I„ + I z)/I w and the observed N ^ xX^Ti XXI 
ratio. The difference between the experimental and theoretical values of G is 
shown in Fig. 11 as a function of the measured lithium-like to helium-like 
titanium ratio. The straight line given by the equation 



22 

Gexpt. - Gtheor. = " 0 - 5 5 * °' 1 9 + ( 1 * 4 4 * °' 1 5 ) * *Ti XX^Ti XXI ( 5 - n 

has been obtained from a least squares fit to the data. These results again 

strongly imply that the predominant contribution to these lines at low T IS 

from lithium-like ions. 

Me have considered several mechanisms in search of an explanation for 

this contribution. One mechanism has been suggested by Yong-Ki Kim. 4 4 It Is 

a two-step process consisting of excitation of a lithium-like ion from the 

ground state to the metastable level 1s2s2p 4P5/2' followed by colllsional 

Ionization of one of the L-sheli electrons. Removal of the 2p electron would 

produce the 1S2S 3 s , state and contribute to line _z, and removal of the 2s 

electron would result in a 1s2p3P^ 2 state, which would contribute to lines _x_ 

or _y. Since this mechanism produces only triplet states, it could explain the 

enhancement of lines _x, ̂ , and t_ relative to _w. The excitation of this 

metastable level Is very strong (see Table ill in Ref. 1). However, the 

lifetime of this P5/2 level due to M2 radiation and autoionizatlon to the 

helium-like ground state is only 0.2 n s 4 5 , which la orders of magnitude 

smaller than the colllaional ionization time. This process Is unlikely In 

tokamak plasmas. 

Vi. Theory for the helium-like lines: w, x, y, and z 

In this section we present theoretical results on rate coefficients for 

population of the upper levels 1s2p e-f, 3P,, 3P. and 1-2B 3S. of the lines v., 

x, %j and z_ by the before-mentioned processes (see Sec. V) of electron impact 
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excitation, recombination, and inner-shell ionization. The line emissivlties 

ace than obtained by solving a slmultanei ius set of equations: 

He He 

where N , n„, tJHe, and U ^ are the densities of the free electrons, and the 

H-like, He-like, and M-like ions, respectively. C, a, and S are the rate 

coefficients for electron impact excitation, recombination, and inner-shell 

ionization. The direct excitation rates for the helium-like Une3 have been 

calculated in Ref. 1. These results did not take into account the effect of 

cascades and resonances. Cascades are important for these levels, especially 

for the triplet 3ystem. Previous results show that cascades increase the 

direct excitation rate for 1s2s 3 s 1 by a factor of 3.5 at 3 * 10 7 °K (2.59 

keV) for Fe XXV 3 8 and by a factor of 4 at 1 x 10 7 °K (0.86 keV) for Ca XIX.3 

The effect of resonances is less important than radiative cascades. However, 

recent calculations by Faucher and Dubau 4 5 show that resonances Increase the 

direct excitation rate for the Fe XXV 1s2s 3 s 1 level by a factor of 1.2 at 3 * 

10 7 K. It is thus interesting to take this process into account for the 

population of the helium-like excited levels. Tor the highly ionized atoms, 

the resonances due to the autolonizing levels Is 31'nl are more efficient than 

those due to the autolonizing levels 1s21'nl (by a factor of 4.5 for the Fe 

XXV 1s2s 3S.,, level act 3 * 10 7 K). 

In the present work the Dethod for calculating the excitation of He-

like levels through cascades follows closely that described Fe XXV by Bely-

Dubau ^t^ al. 3 8 The collision strengths of Sampson £t^ al. were used for 
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excitation from Is4 'S to 1snl for 3<n<5. On the other hand, the 

contribution of the 1S3131' autolonlzlng levels to the excitation rates of the 

He-like lines vras calculated using the method described by Faucher and 

Dubau. The corresponding excitation rates C (em's J are obtained from the 

following electron—atom collision process: 

7 1 • 2S-K1 ^cj'+l ' 
Is' 's + e + 1331 31 'l_ + 1s2l" " *>• + e . C6.2) 

J J 

The same values for these excitation rates were obtained from the 
48 corresponding Fe XXV results using the asymptotic Z dependence, 

Z 3 C(T ) = f (T /Z 2) . (6.3) 
e e 

Thus, the contribution of all the autoioniaing states to the He-like Ti XXI 

excitation rate was evaluated by extrapolation from Fe xxv results for the 

1s3l'nl autolonizlng resonances by Faucher and Dubau and for the 1s21'nl 

autoionlzing resonances by Steenman-Clark and Faucner. 

Table II shows the effective excitation rate coefficients C for the He-

like Ti XXT levels including cascade contributions and resonance effects due 

to the l3nln'l' autolonizing states with n = 2, 3. The effect, of cascades and 

resonances is sbown in Table III for the temperature of 2 x 10 7 K (1.72 kev), 

where column A represents the direct excitation rates given in Ref. 1. 
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Tha excited levels of Ti XXI are also populated by recombination 

processes from Tl XXII. Although this contribution is negligible for -"lr 

observations, we include the theoretical calculations for completeness. Only 

radiative and dlelectronic recombination have been considered. The 

contributions of the Ti XXII excited levels are negligible for low density-

plasmas. Charge exchange recombination of the H-llke ionization stage can be 

Important in tokamak plasna3/ but this process has not been considered in this 

work. To evaluate the radiative recombination rates, hydrogenlc calculations 

were used following the method described by Bely-Dubau et al. The 

dielectronlc recombination rates were taken from Ref. 2, the aufc- onizing 

slices being grouped to give the total rates for the production of 1snl 

levels. 
•a 

Finally, tha 1s23 S 1 level of Ti XXI can be populated by removing an 

inner shell electron from the 1s 2s 2s, 2 ground state of Ti XX. The process 

\° important for line z, and Its contribution was calculated using the Lotz 

formula.50 The effective recombination rates a and the ionizing rate 

coefficient S for the line z are given in Table IV. 

VII. Theory for the Beryllium-like Satellites 

The calculations in Ref. 1 were done for all the satellites of the 

helium-like Ti XXI lines corresponding to the transitions 1s2nl-ls21'nl'* with 

n = 2, 3, and 4. Here the satellite lines ls221nl' - 1s2p2l" til" ' with n = 

2, 3, and 4 are considered. These lines belong to the beryllium-like charge 

statt, Ti XIX, and some of them are observed in the same spectral range (2.622 

- 2.634A) where they are blended with the Ti XX lines. They are formed by 

dlelectronlc recombination from the Li-like ion, Ti XX. The emlssivity for 

these lines is obtained from the expression. 
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where 

E = H N _ F* (3,T ) • F* (3f) , (7 .1) 
a & z+1 l e 2 

„*, m ^ 1 r 2 1 T h 2 1 3 ' / 2 . f" E s l - | , , , . 

g A s i A 3 f 

2 g l ? A 3 : i + E , R 3 f 

3 a f ' r 

N z + 1 i s the dens i ty of the reoombinlng ion , (a+1) times ion ized; N e and T e are 

the e l ec tron dens i ty and temperature; m, k, and h are , r e s p e c t i v e l y , the 

e l e c t r o n mass, the Boltzraan constant and the Planck constant? g a i s the 

s t a t i s t i c a l weight of the upper l e v e l s of the l i n e ( 3 f ) , and ĝ ^ i s the 

s t a t i s t i c a l weight of the ground 3tate of the recombinlng Ion; Â . and A f l are 

the rad ia t ive and auto lon izat lon t r a n s i t i o n p r o b a b i l i t i e s . The sum over f 

extends over a l l l e v e l s of the Z-ion lower than s . The sum over j extends 

over a l l l e v e l s of the (z+1) ion which can be populated by auto ion iza t ion of 

s ; E j i s the energy of tile free e l ec t ron a f t e r auto ion lzat lon from the l e v e l s 

s to i . For the three d i f f e r e n t s h e l l s n = 2, 3, and 4, the average energies 

used are , r e s p e c t i v e l y , E g l ( n = 2) =» 250 Ryd, E 3 i ( n = 3) = 307 Ryd, and E s i ( n 

= 4) = 321 Hyd. The wavelengths * and the l i n e fac tors F , ( s f ) are given in 

Tables Va, Vb, and Vc. For n •-= 2 s a t e l l i t e l i n e s a l l the necessary parameters 

are given in Table Va in order to show t h e i r re spec t ive contr ibut ions in F, 

( s f ) . These parameters are ca l cu la ted using the program SUPERSTRUCTURE and 

the program AUTOLSJ.'° SUPERSTRUCTURE uses a parametric Thomas-Fernti-Dira*2 

p o t e n t i a l v(AJt, r) and a mult i -conf igurat ion b a s i s . The value of AJJ for 4= 



27 

0,1,2 of the parametric potential are obtained using a minimization procedure 

based upon the energies of some selected Tl XIX terms, as It la generally done 

(Xg = 1.885, A » X d = 1.587). However, to obtain a better convergence for 

the n > 2 satellite lines, we also used the orbitals which were calculated in 

Ref. 1 for the 3 electron satellite lines. In order to keep the 

calculations manageable, two complementary sets of configurations were 

introduced. The sets contain the even (or the odd) configurations for the 

doubly excited levels and, in each case, all the singly excited 

configurations. In each set the configurations 1s2121'41" were treated 

without taking account of the configurations 1s2121'31" which do not interact 

significantly with them. Such a choice is valid because the different 

"Layzer" complexes for Ti XIX are well separated in energy. 

Using first order perturbation theory the A0T0LSJ program calculates 

Interaction matrix elements between a bound (N+1)-electron system and a (N+1)-

electron system which is composed of a bound N-electron system and a free 

electron. For each autoionlzing level, all the possible interactions have 

been considered in order to calculate the autoionization probabilities, A , 

which are included in the line factors F 2 (sf) in formula 7.3. A double 

difference correction of AX = + 0.0025 A was applied to all the Ti XIX lines 

for consistency with the data given in Ref. 1. 

VIII. DIAGNOSTIC APPLICATIOHS 

The spectra of hlgh-Z Ions are of great Interest for the diagnosis of 

central parameters in large tokamak plasmas. Of vital Importance is the 

measurement of the central ion temperature and the central plasma rotation 

velocity from Doppler broadening of and Doppler shift of spectral lines. In 
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the following paragraphs we present results on the central ion temperature and 

toroidal rotation velocity from ohmic and neutral beam heated TFTR plasmas. 

Figure 12 shows a time sequence of Ti XXI resonance line profiles which 

were observed from a discharge with additional heating by injection of neutral 

hydrogen during the time interval from 2.3 to 2.8 seconds* The average energy 

of the Injected atoms was 25 keV per nucleonf and the total injected beam 

power was 1.15 MW. The Ti XXI resonance line profiles clearly show a 

broadening and a wavelength shift due to the Ooppler effect. The broadening 

is due to the thermal motion of the titanium ions and the shift results from a 

net toroidal rotation of the plasma produced by the neutral beam injection. 

Figures 13a and 13b show the deduced ion temperature and the shift of 

the line center position a3 a function of time. Thfc ion temperature increases 

from the value of 2.0 keV which is obtained during the ohmic heating phase to 

3.2 keV during the period of neutral beam injection. Figure 13b presents the 

center position of the line as a function of time. The scales en the ordinate 

give the observed wavelength shift and the deduced toroidal rotation 

velocity. Since the spectrometer line of sight makes an angle of 68 degrees 

relative to the plasma toroidal direction, the observed wavelength shift 

measures a fraction of 37% of the actual toroidal rotation. as a reference 

for rotation velocity, we use the center position of the line immediately 

before injection, during the ohmic heating phase. 

The maximum toroidal rotation velocity is 1.5 x 10 cm/s, which is in 

reasonable agreement with the rotation velocity expected from the input torque 

to the plasma from the neutral beams. The decay after beam3 are turned off at 

2.8 sec can be well represented by an exponential function which gives a 

characteristic momentum confinement time of 0.3 sec. The rotation velocity 

varies with beam power, electron density, and minor radius. A study of these 



29 

dependencies is Important for tokamak experiments. the maximum rotation 

velocity observed to date is 6 * 10 7 cm/s for 5 MW deuterium beam injection 

into hydrogen plasmas. The small wavelength shift observed at the beginning 

of the discharge while the electron temperature is still rising to the 

saturation value is of the order of the dielectronic red shift shown in 

Fig. 6. It corresponds to the change of the line center position which one 

would expect from unresolved dielectronic satellites for an increase of the 

electron temperature from 1 to 2 KeV. Corrections for this effect to the 

Doppler shift measurements can be determined from calculations such as those 

in Fig. 6, using the measured electron temperature. The corrections are 

especially Important if the rotation velocities are of the order of 1 x \0° 

cm/s. 

The Doppler measurements which have been described so far do not depend 

on special properties of the Tl XXI spectrum. In the following we discuss 

diagnostic applications of the Ti XXI satellite spectrum. These spectral 

features are determined by the processes of dielectronic recombination and 

collisional inner-shell excitation, which are of fundamental importance fcr 

the spectra of multiply charged high-Z ions. In Sec. Ill We presented a 

detailed comparison between experimental observations and theoretical 

predictions and obtained excellent agreement for the entire satellite 

spectrum. In particular, we derived values for the electron temperature, T_, 

and the ratio, N ^ XX/'NTI XXI' o f t I l e a b u r ldances of lithium-like and helium-

like titanium from a least squares fit of a theoretical spectrum to the 

experimental data. Here we discuss these results which are presented in Fig. 

10. 

The observed intensities - represent line Integrals of emlssivity 

profiles along a cental radial chord through the TFTR plasma. The emlsglvity 
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profiles are determined by the radial distribution of the titanium charge 

states and by the radial electron density and electron temperature profiles. 

The charge state distribution is described only approximately by the coronal 

equilibrium distribution. Deviations occur as a result of radial ion 

transport and charge exchange recombination. These effects are not included 

tn the coronal equilibrium curve of Pig. 10. In order to Interpret the data 

in Fig. 10, we have modeled the plasma using the Multiple Impurity Species 

Transport (MIST) code. 2 The code takes into account diffusive and convective 

transport and calculates the ion charge state distribution from theoretically 

predicted rate coefficients for the ionization and recombination processes. 

Radial emissivity profiles are then calculated from the resulting radial 

distribution of the titanium charge states. 

Figure 14a shows computed radial density profiles of lithium-like, 

helium-like, and hydrogen-like titanium for (1) coronal equilibrium conditions 

(dashed curves) and for (2) a plasma with radial ion transport (solid 

curves). The radial particle transport flux, I" = - D 3n„/8r + v(r)n , for 

each charge state density, n , has been characterized by a diffusion 

coefficient of D = 2 x 10 4 cnt2/s and a convective transport parameter c v = 1, 

where v(r) = CyD 3(ln ne)/3r . 5 3 Radial profiles of the form n g = ne(0) * 

[1-(r/a>2] and T e = Te(0) * M-(r/a) 2] 2 with ne(0) = 3 * 10 1 9 m - 3 , Te(0) = 

1.8 keV and a = 42 cm, were assumed for the electron density and electron 

temperature, respectively. The value of c v = 1 forces che total titanium 

density, N ^ , to be proportional to the electron density in the central plasma 

region in steady state. Modifications due to charge exchange recombination, 

which depend on the poorly known neutral hydrogen density profile, are not 

Included for the present illustrative case. 
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Figure 14b shows normalized ealssivtty profiles for the resonance line 

jw, arid for the satellites CL and j . The emlsslvities for «* and <£ w e r a 

calculated from the expressions e = < c , v >
w
 n

e
 N T 1 XXI at"^ S1 = < C v : > q n e 

N T i x x , where <°v>w and <<*v>_ are the rate coefficients for direct elactron 

Impact excitation of Tl XXI and collislonal inner-shell excitation of Ti XX, 

respectively, a3 given Table III of Paper I. Since these rate coefficients 

are very similar, the different widths of the emissivity profiles for lines w_ 

and £ can be ascribed directly to the differences in the radial density 

distributions of the Ti XXX and Ti XX ions shown in Fig. 14a. The emissivity 

of the line j_, which is produced by dielectronic recombination of Ti XXI, Is 

obtained from expression 7.1: 

E « 3 / 2 ?• * A 

*. = 3.3 * 1 0 - 2 4 nfi ^ ^ (Ji) J. ̂ i — exp (-E.ATe) , (8.1 > 

where E„ = 0.0136 keV. Since the lines j_ and ŵ  both originate from helium-

like titanium, the differences in the emissivity profiles of j^ a*"3 i result 

from the different dependence of the rate coefficients on electron 

temperature. The emissivity profiles of lines vi, q, and jj_ are peaked at the 

center (r = 0) even for the case of coronal equilibrium where the density, 
wTi XX' o f lithium-lika titanium is peaked off axis. This indicates that the 

lines are emitted mainly 'rom -*e hot core of the plasma, with the emlggivity 

profiles of v, _j, and jj_ less affected by radial transport than the Ion density 

profiles shown in Fig. 14a. Therefore, the observed intensities, which 

represent line Integrals of the emissivity profiles, are essentially 

determined by the central plasma parameters. Transport, and other effects, 

may affect the detailed interpretation of the observed intensity ratios, as 

discussed below. 
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Figure 15a show9 the central density ratios, N ^ Xj{'0'/'sTi XXI*0'' f r o m 

radial profiles of lithium-like and helium-like titanium as a function of the 

diffusion coefficient for 0 < D < 2 x 10 4 cm2/s at two values of the central 

electron temperatures, Te(0) = 1.2 keV and Te<0) * 1.8 keV, and two plasma 

radii, a = 42 cm and a =• 83 cm. D = 0 corresponds to coronal equilibrium. 

The dependence of r*Ti xx(0)/ N T i X X i t 0 > o n t h e transport parameter D is 

stronger for plasmas with a = <i2 cm than for plasmas with a = 83 cm due to the 

scaling of the gradients with minor plasma radius. The values of 

NTi xx'°*/NTi XXI'°* a r e t w o o r t h r e e times larger than the coronal 

equilibrium values for plasmas with a = 42 cm (and D = 2 * 10 4 cur/si, whereas 

the deviations of N T, xx'°*'/NTi XXI*0* f r o m coronal equilibrium are only 30% 

for plasmas with a =• 83 cm. 

Figure 15b shows density ratios, B T^ xx^Ti XXI' d e r l- v e < a from the ratio 

of line integrals of the emlssivity profiles of q_ and w, as a function of the 

central density ratios, N T i xX*°'/sTi XXl'0'' stawn in Fig. 15a. The solid 

line represents the esse: H T i JJX^TI XXI = NTi xx'°^Ti XXI*0'' T h e ratios, 

^T± XX^T XXI' a r e somewhat larger but close to the central 
NTi Xx'^/^Ti xxi'"' values for the whole range of D-values. We may conclude, 

therefore, that interpretation of the observed intensity ratio of the lines _g_ 

and j-' is not very sensitive to changes of the radial profiles by transport and 

yields the central density ratio, Niĵ  xx^'^Ti XXI^0'' t 0 a 9°°° 

approximation. 

Figure 15c presents values of the electron temperature, ? e, derived 

from the ratio of the line incegrated emlssivities of j_ and » a a i function of 

D. The tfa values are nearly independent of D and close to 1,1 keV and 

1.6 keV, corresponding to central electron temperature values of 1.2 keV and 

1.8 keV, respectively. We see that the electron temperature values, T_, which 

are derived from the observed Intensity ratio of j_ and w, are insensitive to 
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transport effects except for underestimating the central electron temperature, 
T e(0), by ~ 10% in this range of Te(0J values. 

With the appropriate corrections, such as those described in Figs. 15b 
and 15c, we can Interpret the experimental results shown in Fig. 10 as central 
values of N T i xx/NTi XXI a n d Te* I n 9 e n e ral-r for reliable results, modeling 
of the Impurity behavior and X-ray emission must be carried out for each 
plasma condition under study. The behavior shown In Fig. 15 should be 
representative of the required corrections except for plasmas with 
particularly 3trong or weak temperature gradients. The experimental values of 
NTi Xx/NTi XXI a r a 3i9niflcantly larger than the values expected for coronal 
equilibrium. This demonstrates that in spite of certain similarities to 
physical conditions in solar flares, the additional tokamak processes of 
particle transport ' and charge exchange recombination with neutral 
hydrogen 5 4 significantly alter the ionization balance and cannot be 
neglected. We also note that the details of any ionization balance depend 
sensitively on the total ionization and recombination rates for each Ion, and 
remaining uncertainties in our quantitative knowledge of these processes must 
also be considered. For example, the ionization rates available from 
Younger for certain neighboring elemenis are somewhat smaller than 
corresponding rates due to Lotz 5 0 or those from the atomic data calculations 
used here. 5^ In order to properly analyze the data shown in Fig. 10, we must 
consider all these effects. Since same of these details are not known for the 
plasmas studied here, we have merely attempted to demonstrate that general 
agreement between the experimental data and the modeling calculations can be 
obtained within a range of plauatble assumptions. As an example, Fig. 10 
Includes model-derived data points in the range O.a kev < T e(0) < 2.2 keV, 
with n e(0) = 1 * 1 0 1 9 m - 3 , D = 1 x 10 4 cra2/s, G

v = 1 a" a a central ratio of 
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n H»/n e = 10" 6 for Jie neutral hydrogen and electron densities. Similar 

results can be obtained for other combinations of charge exchange 

recombination and transport} however, it can be shown that in order to fit 

these data, both charge exchange recombination and transport mast be 

included. For example, the lack of a strong dependence on plasma minor radius 

in the data points of Fig. 10 indicates that transport alone probably is not 

responsible for the entire discrepancy between the data and the coronal 

equilibrium curve. The bracketed range of the model-derived points 

corresponds to choosing 42 < a < 83 cm. Thus, the data can be accommodated 

with a theoretical model of the impurity transport and other processes to 

within the current understanding. Indeed, it appears that the experimental 

uncertainties in the determination of Te(0) and N T 1 xx'°'/NTi XXl'0' a r e l e 3 8 

of a problem than uncertainties in the Impurity transport and other physics 

needed for the model. It is Interesting to note that deviations from coronal 

equilibrium similar to those shown in Fig. 10 were also observed in solar 

flares. 

a further application is measurement of the dielectronle recombination 

rate coefficient of Ti XXI from the Intensity of all of the dielectronic 

satellites relative to the Intensity of the resonance line. This has been 

discussed previously for Fe XXV.^6 It is evident from Sec. Ill that these 

measurements confirm the current theoretical predictions for the dielectronic 

recombination rate coefficient. 

IX. Conclusion 

Sa te l l i t e spectra of helium-like titanium, Tl XXI, have been observed 

from TFTR fcokamak plasmas with high spectral resolution (A/flX = 25000 a t \ 
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2.61 A). The spectra have been used for a detailed comparison with theoretical 

predictions and for diagnosis of central plasma parameters. In detail, we 

obtained the following results: 

(1) The theoretical predictions for the spectrum of the Ti XXI resonance 

line and the associated lithium-like and berylliura-like satellites in 

the wavelength range from 2.6000 to 2.6400A are in excellent agreement 

with the experimental observations. This indicates that the satellite 

features are satisfactorily described by the two theoretically 

considered processes of dlelectronlc recombination and collislonal 

inner-shell excitation. 

(2) The observed intensity ratios, Z^/Z^, X„/Zv, and Iz/Iwr of the 

intercomblnatlon and forbidden lines and the resonance line are not in 

full agreement with the current theory. Partial agreement between the 

theoretical predictions and the observations is obtained for central 

electron temperatures in the range from 1.2 to 2 keV, where helium-like 

titanium is the dominant state of ionization. In this range of 

electron temperatures, the sun of the observed intensity ratios, G = 

(l x + l„ + I z)/I w, is well described by the value predicted for 

electron impact excitation (which includes contributions from direct 

excitation, radiative cascades, and colllsional resonances) of 

Ti XXI. Discrepancies between theory and experiment by as much as an 

order of magnitude are observed, however, for Te(0) < 1.2 keV. These 

discrepancies cannot be explained by the theoretically predicted 

contributions from inner-shell ionization of Ti xx and recombination of 

Ti XXII or an enhancement of the observed line intensities of x, y, and 
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2_ due to the presence of unresolved lithium-like and beryllium-like 

satellites. The data show a strong correlation between IJJ/I^ I y A w ' 

and "L^fXy, and the ratio Mp^ xx^Ti XXI' °^ t l , e a b u ndances of lithium-

like and helium-like titanium. 

(3) The experimental and theoretical wavelengths agree to within the 

uncertainty of 0.5 vfi of the calculations which include relativl3t(.c 

and radiative corrections up to third order in a. Wavelength shifts of 

the apparent resonance line profile due to contributions from 

unresolved dielectronic satellites have been determined as a function 

of the electron and ion temperature, and the fitting limits. These 

dielectronic wavelength shifts are important corrections to Doppler 

shift measurements if the measured plasma velocities are of the order 

of 1 x 10 6 cm/s. 

(4) Values, T e and N ^ xx/^Ti XXI' f o r t n e electron temperature and the 

ratio of the lithium-like and helium-like charge state densities were 

derived from a least squares fit of a theoretical spectrum to the 

experimental data. Plasma modeling calculations show that these values 

represent the central parameters, Te(0) and N T l xx'°'/NTi XXl'0'' *° a 

good approximation even if the charge state distribution deviates 

sienificantly from coronal equilibrium as a result of radial ion 

transport. The spectra can thus be used as a diagnostic of these 

central parameters. 

(5) The observed ratios, N T^ xx/%i XXI' a r e l a r 9 e r b v factors of two to 

three than the central values, N T i xx*°'/NTi xxi*0'' e x D e i : !ted for 
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cornel equilibrium. Agreement between the experimental data and the 

plasma modeling can be obtained by including particle transport and an 

estimated contribution from charge exchange recombination• 

Uncertainties in the assumed ionization rates and recombination rates 

should also be considered in the analysis. In principle, the spectra 

could be used as a diagnostic of the central neutral hydrogen density 

or impurity transport coefficients. Determination o£ these quantities 

is difficult, however, given the complex Interaction of the various 

processes. 

(6) The central ion temperature and the central plasma rotation velocity of 

TFTR plasmas with auxiliary neutral beam heating have been determined 

from measurements of the Doppler broadening and Doppler shift of the 

Ti XXI resonance line. The observed rotation velocities are In 

reasonable agreement with values expected from the input torque to the 

plasma from the neutral beams. A momentum confinement time of 0.3 sec 

Is deduced from the observed exponential decay of the rotation velocity 

after neutral beam Injection. 

(7) Rate coefficients for the dlelectronic recombination of Ti XXI can be 

obtained from measurement of the total Intensity of the dielectronic 

satellites relative to the intensity of the resonance line. It is 

evident from the discussion in Sec. Ill that the experimental data 

confirm the current theoretical predictions for the dielectronic 

recombination rate coefficient of Ti xxi. 
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She experimental results have been carefully documented to stimulate 

further theoretical analyses of the still existing discrepancies between the 

predicted and observed intensities of the Intercomblnatlon and forbidden lines 

of Ti XXI. 
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TABLfi I: Experimental wavelengths and theoretical calculations for the resonance, 
of TiXXI, and associated s a t e l l i t e l ines ijua to transit ions ln 2 nl - ls21'nl" with n 
s a t e l l i t e - l i n e (strengths P 2 (3f) are in units of 1 0 , J S - ' . 

Infcercomblnatlon anA forbidden l ines 
= 2. The wavelengths are In A. Thr-

Channel 
Nr. Key Tranaltlon expt A theor 

2 . 6 0 9 7 t a ) 2.6019 

2.S184 2.6186 

2.6192 

2.6205 2.6195 

2.6205 

2.6223 2.6226 

2.6272 2.6270 

2.6293 

2.6295 2.6297 

2.6291 

2.6313 2.6310 

2.6338 

2.6348 2.6346 

2.6360 

2.6362 2.6364 

F , ( 3 n < b » 1 <C) 
*theor F 2 «sf) <c) 

138.97 

228.78 

249.96 

t 

268.90 y 

321.52 q 

a 

346.65 r 

d 

366.34 k 

c 

404.86 J 

I 

l a 2 ySa - U2p T P, 

1s 2 XS0 - 1s2p 3 P 2 

I3 22p 2Py2 - l8Zp 2 2 S 1 / 2 

1s 22a 2 S ^ 2

 - 1a2s2p 2 P 3 / 2 

1a 22s 2 S 1 / 2 _ 1a2»2p 2 P , / 2 

1a 2 ' s Q - 1s2p 3 P , 

1 B 2 2 3 2 S , ^ a - Ia2s2p V y 3 

I322p 2 P 3 / 2 - 1a2p2 2 P 3 / 2 

1s22a 2 S 1 / 2 _ i32g2p J P ) / 2 -

1/2 
1a22p 2 P , / 2 - 1 a 2 p

2 2 D 3 / 2 

1a22p 2 P 1 / 2 - 1a2p2 2 P 

420.07 

1fl22p 2 P 3 / j - 1s2p 2 2 P ) / 2 

1s 22p 2 P 3 / 2 - ( a 2 p 2 2 o 5 / , 2 

1a 22p 2 P 3 / 2 - 1s2p 2 2 I J J / 2 

l a 2 'S„ - t923 3 S , 

3.705 

2.795 

7.775 

0.409 

7.608 

4.288 

0.066 

28.090 

0.O22 

35.280 

1.004 

2.6097 

2.6184 

2.6195 

2.6197 

2.6205 

2.6221 

2.6272 

2.6296 

2.6295 

2.6299 

2.6314 

2.6342 

2.6348 

2.6356 

2.6362 

4.380 

1.510 

7.7T> 

0.107 

9.990 

3.740 

0.074 

30.600 

0.025 

42.200 

1.410 

•"The experimental wavelengths are normalize* to th« theoretical value of 2.6097 * For the Ta 2 1 s - 1a2p 'p . transit ion. 
bRef. 1 ° ' 
cRef. 6. 



TA3LE II: Effective excitation f-ite coefficients (em 3s _ 1) of spectral lines 

produced from TiXXl, including iradiative cascades and collisional resonances. 

T e(io 6K) C(s) C(y) C(x) C(w) 

4 1.19(-17) 5.0K-18) 5.25(-18) T.46(-17) 

6 9.24C-16) 3.85{-16) 4.02(-16) 1.26(-15) 

8 7.99(-15) 3.2K-15) 3.34(- l5) 1.15(-14) 

10 2.B4{-14) 1.11C-14) 1.15C-14) 4.29C-14) 

12 6.42(-14) 2.48(-14) 2.53(-14) 1.03(-13) 

15 1.46{-13) 5.43C-14) 5.43<-l4) 2.471-13) 

17 2.12(-13) 7.76<-14) 7.64(-14) 3.72(-13) 

20 3.17(-13) 1.14(-I3) 1.10(-13) 5.89(-13) 

25 4»fc3(-13) 1.711-13) 1.60(-13) 9.92(-13) 

30 6.42(-13) 2.20(-13) 1.99<-13) 1.40C-12) 

40 8.65C-13) 2.89{-13) 2.46{-13) 2.17<-12) 

46 



TABLE III; Excitation rate- coefficients (ccrs-1) for TiXXI at T » 2.10' *K 

(1.72 keV) showing A: direct excitation only, B: including cascade;, ar.i 

resonances. 

A B 

1s2s3Sn 

1s2p3P0 

Ts2p3P2 

J 

4.S3(-14) 

2.56<-14) 

9.64(-14) 

1.J8<-13) 

5.54<-13> 

3.17(-13) 

0 

1.14C-13) 

I.IO(-U) 

5.391-73} 



TfcBLE IV: Effect ive recombination rate c o e f f i c i e n t s froir H-liXe i s titaniur. 

and ion iza t ion rate c o e f f i c i e n t S z from L i - l i k e 1 s 2 2 s titanium in ur.its of cm 

T e ( i o 6 K ) av a x a y a z s 

4 9 .85<-13) 1.19<-12) 1 . 0 U - 1 2 ) 2 .071 -12 ) 2 .401-20) 

& 6 .941-13 ) 8 .30( -13> 7 .041-13) 1 .521-12) 1 .261-17) 

B S. 521-13) 6 .421-13) S .44 ( -13 ) 1 .221-12) 2 .981-16) 

10 4 .761-13) 5.281-13) 4 . 4 4 ( - 1 3 ) .1.03 ( -12 ) 2 .021-15) 

12 4 .311-13 ) 4 . 5 K - 1 3 ) 3 . 7 7 ( - 1 3 ) 9 .011-13) 7 .341-15) 

15 3 .911-13) 3 .751-13) 3 .101-13) 7 . 6 8 { - 1 3 ) 2 .691-14) 

17 3 .731-13) 3 .39 ( -13 ) 2 .791-13) 7 . 0 4 ( - 1 3 ) 4 .991-14 ) 

20 3 .501-13) 2.97C-13) 2 .421-13) 6 .291-13 ) 1 .011-13) 

25 3.171-13) 2.481-13) 2 . 0 0 ( - 1 3 ) S.381-13) 2 .241-13) 

30 2 .88<-13) 2 .13 ( -13 ) 1 . 7 0 ( - 1 3 ) 4 .721 -13 ) 3 .851-13) 

40 2 . 3 9 ( - 1 3 ) 1.641-13) 1 .30 ( -13 ) 3 .781-13 ) 7 .661-13) 

48 



TABLE Vai Atonic data for the principal satellites oE the TiXX 1»^2s - Is2s2p line due to transitions ta221nl'-
1a212l' nV*" with n » 2. The corcectcd wavelenatha are in A. The probabilitiea, *| and A* £, and the line factors, 
F 2<3f), are in units of 1 0 1 3 a"'. 

Transition X(A| A* IA a A^ f pj(sf) 

l s 2 2 p 2 3 P 2 - • l a 2 s 2 2 p s .J.7115 6 .441 18 .670 0 .374 0 .313 

1a 2 2a2p \ - I a 2 a 2 p 2 s 2.6702 0 .201 0 .231 0 .157 0 .286 

1s 2 2s2p \ - I s 2 s 2 p 2 

' " 2 2 .6551 10 .630 24 .480 8 . 6 9 0 6 .628 

1 9

2 2 a 2 1 - o - • l a 2 a 2 2 p \ 2 .6550 6 .261 18 .300 0 . 7 8 0 0.373 

1s 2 2a2p 3 * 2 - 1s2s2p 2 \ 2.6516 5 .448 7 .102 5 .432 1.333 

l s 2 2 a 2 p \ - I s 2 a 2 p 2 \ 2.6514 3.864 20 .300 3 .007 1.224 

1s 2 2a2p 3 * 2 - I 3 2 s 2 p 2 
3 » 2 2.6510 11 .420 13 .190 0.7B4 0.747 

1a 2 2a2p S - 1s2s2p 2 3„3 2.6499 14 .310 16 .400 11 .440 20.580 

1s 2 2a2p \ - U 2 s 2 p 2 \ 2.6497 9 .055 11 .610 5 .698 2 .489 

1 a a 2 a j p 3", - I s 2 s 2 p 2 \ 2.6490 5 .440 7.102 1.549 0 .380 

l s 2 2 a 2 p \ - 1s2s2p 2 \ 2.6475 11 .420 13 .190 15 .950 15.180 

l s 2 2 a 2 p \ - 1s2a2p 2 \ 2.6475 3 .266 5 .884 27 .160 6.291 

1s 2 2a2p 3 > o - 1s2a2p 2 \ 2.6466 5 .448 7 .102 19 .210 4 .714 

l s 2 2 a 2 p \ - 1s2s2p 2 \ 2.6461 9.C56 11.610 13 .740 6 .002 

1s 2 2s2p \ - 1a2s2p 2 \ 2.6439 3.226 5 .884 1.659 0 .384 

l s 2 2 a 2 p \ - l 32B2p 2 

' » o 2.6433 5 .744 20 .090 11 .760 1.067 

t a 2 2 a 2 

* o - 1s2a 2 2p -, 2.6427 0 .305 12 .790 22 .760 0.285 

l u 2 2 a 2 p \ - 1s2s2p 2 3=, 2.6410 4 .227 10 .330 6 . 0 0 9 1.9D2 

l s 2 2 a 2 p \ - 1a2s2p 2 S 2.6374 4 .227 10 .330 2 .747 0 .870 

\»22at\> S - 1a282p 2 

' " 2 2 . 6 i / 2 l u . b j d 24 . HiU 1 .t>41 1.2b2 

l « 2 2 s 2 p ^ - 1sZs2r>2 \ 2.6ir>i 1.353 13.5RI) S.ono 0 .539 



TftBLE Vbi Atomic data for the pr inc ipa l s a t e l l i t e s of the TiXX 1 s 2 2 s - i s2s2p l i n e 
due to t r a n s i t i o n s 1 s 2 2 l n l I - i » 2 1 2 l " n l " " with n » 3 . The corrected wavelengths 
ar-: in A. The l i n e f a c t o r s F, ( s f ) are in u n i t s of 1 0 1 3 s " 1 . 

Trans i t ion \U) F J < S £ > 

1 s 2 2 s 3 p 3 p 2 , 1s2s2p3p 3 D 2 2.6470 0.310 

1s 2 2p3s 3 P 2 - 1s2s2p3p 3 D 2 2.6452 0.510 

1s 2 2p3s ' p , - 1s2s2p3p 3 D 2 2.6446 0.359 

1s 2 2*3p ' p , - ?o2p 2 3s S P , 2.6352 0.257 

1 s 2 2 s 3 p 3 P 2 - 1s2s2p3p h)2 2.6351 0.610 

1 s 2 2 s 3 p 1 P 1 - lsZs2p3p ^ j 2.6348 0.819 

1 s 2 2 s 3 p 3 P t - 1s2s2p3p 3 D 2 2.6334 0.396 

1s 2 2*3p 3 P 2 - 1s2s2p3p 3 D 3 2.6328 4.266 

l s 2 2 s 3 d 3 D , - i s 2 p 2 3 p S D j 2.6325 0.452 

1s z 2p3s 3 P , - 1s2p 2 3s 3 P 0 2.6324 0.258 

1 s 2 2 s 3 p 1 p , - 1s2s2p3p 1 D 2 2.6322 0.722 

H 2 2 s 3 s 1 S 0 - 1s2s2p3a 3 P , 2.6321 0.497 

1s z 2s3d 3 D 3 - 1s2s2p3d 3 p 3 2.6314 0.974 

U 2 2 » 3 d 3 D 2 - 1»2«2p3d 3 F 3 2.6311 0.709 

l s 2 2 s 3 p ' p , - 1s2a2p3p 3 P , 2.6311 0.340 

I s 2 2 s 3 p 3 P , - Is2s2p3p ^ j 2 .6309 4.087 

l s 2 2 » 3 d ' D , - 1s2s2p3d ' F 3 2.6307 2.031 

1s 2 2«3d 3 D 3 - Is2s2p3d 3 D 3 2.6298 0.365 

1 s 2 2 l 3 d 3 D 3 - H2»2p3d 3T4 2.6294 3.994 

1* 22«3d 3 D 2 - 1»2s2p3d 3 D 3 2.629S 0.394 

l » 2 2«3p 3 p 2 - 1*2fSp3p 3 p j 2.6268 1.000 

1# 2 2«3p 1 P 1 - 1*2l2p3p 3 P 2 2.6264 0.65B 

1» 2 2«3p 3 P 3 - 1s2s2p3p 3 D 2 2.6263 0.659 

t» 2 2»3p 3 P e - 1s2«2p3p 3 D, 2.6257 0.634 

1 j 2 2 » 3 p 3 P 1 - 1a2s2p3p 3 D , 2.6256 0.774 

1 i 2 2»3S 1 » e - 1s2»2p3l 1 P , 2.6250 0.369 
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TABLE Vci Atomic data Cor the principal satellites o£ the TlXX ts 2a - 1s2s2p lLne due to transitions Is 2lnl* -
1H2121 nl with n - 4. The corrected wavelength)) are tn K. The line factors F, (sf) aro in unite of 1 0 1 3 e"'. 

Transition \{\) Fjfsi) 

ls 22s4d \ - 1s2s2p4d J^4 2.6428 0.120 

1s 22s4p \ ~ 1s2B2p4p \ 2.6317 0.526 

Is 22s4p \ - 1S2s2p4p \ 2.6314 0.727 

1s22s4d \ - 1s2a2p4d 3'2 2.6309 0.229 

Is22s4d \ - 1s2s2p4d 3"2 2.6309 0.352 

Is22a4d \ - 1s2s2p4d \ 2.6303 0.597 

1s22s4d \ - 1s2s2p4d \ 2.6302 0.396 

Is 22p4p \ - 1s2s2p4p \ 2.6291 2.311 
2 ls*2p4p \ - 1s2s2p4p \ 2.6283 0.849 

Is 22s4a \ - I92s2p4s '", 2.6289 0.202 

1s 22p4p \ - 1s232p4p \ 2.6287 1.707 

Is 22p4p %- 1s2s2p4p \ 2.6287 0.635 

Is 22p4p s- 1s2s2p4p *'. 2.6287 2.638 

1s 22p4p s- 1s2s2p4p \ 2.6281 0.344 

ls 22p4p \ - 1s2s2p4p \ 2.6281 1.973 

1s22s4d s- 192s2p4s \ 2.6279 0.144 

ls22n4E \ - Ia2s2p4f % 2.6269 0.245 

1a 22s4E ^ 2 " 1s2s2p24< \ 2.L.2UO U. Ibl) 

I3 22p4p 3 p , - Ia2s2p4p \ 2.G223 0.198 
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Figure Captions: 

Fig. Ita) Soft x-ray spectrum emitted from an ohmlcally heated hydrogen 

plasma of a TFTR discharge* The spectrum shows a bremsstrahlung 

and recombination continuum and the characteristic Ka line 

radiation from metal impurity ions of Ti, Cr, ?e and Ni, the 

constituents of the plasma 11miter and the vacuum vessel. The 

data have been recorded by the pulse-height analysis 3ystera, 

which has an energy resolution of 220 ev at 6 kev. 

(b) Fractional abundances of the ion charge states of titanium for 

coronal equilibrium as calculated by C. Breton et al. 

Fig. 2 Ktt-line spectrum of titanium Ions, Tl XVII-T1 XXII, as observed 

by means of a curved crystal spectrometer from PLT (Princeton 

Large Torua) discharges with auxiliary ion cyclotron heating. 

The spectra have been recorded during consecutive time intervals 

of 60 ms. A maximum central electron temperature of 2 keV was 

obtained during the RF heating pulse from 400 to 600 ms. 

Fig. 3(a) Satellite spectre of Ti XXI, Ti XX and Ti XIX. The experimental 

data have been recorded from ohraically heated plasmas of TFTR 

(Tokamak Fusion Test Reactor) discharges with a Bragg crystal 

spectrometer of high resolution (A/AX. = 25000 at \ = 2.61 A). 

The solid line represents a synthetic spectrum calculated from 

the atonic data given in Ret. 1 and Tables 1-3. The synthetic 

spectrum has been least squares fitted to the experimental data 
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with respect to the ion and electron temperature and the 

relative abundance, M T i Xx/ NTi XXII' o f t h e l i t h l u m - 1 1 J t e ar*d 

helium-like titanium charge states. The various components of 

the synthetic spectrum are separately shown In subflgures b, e, 

and d. 

(b) Resonance/ intercombinatlon and forbidden lines of helium-like 

titanium, Ti XXI, corresponding to the transitions: Is' s -

1s2p 1P, (w), 1s 2 's 0 - I32p 3 P 2 <x), 19 2 ''Sg - 1s2p JP 1 (y), 

and 1s 2 1 3 0 - 1s2s 3 S 1 (z), respectively. The cross-hatched 

areas under x, y, and 3 represent the Intensities which are 

predicted for electron impact excitation from ground state. The 

dotted areas under x, y, and z represent the intensities 

obtained from least squares fits of Voigt functions to the 

experimental data. 

tc) r,ithium-like satellites due to transitions of the type ls2nl -

1s2pnl with n > 2. The satellites are produced by dlelectronic 

recombination of helium-like titanium, Ti XXI. Their intensity 

relative to the Intensity of the resonance line w is a function 

of the electron temperature alone. 

(d) Lithium-like satellites from 1s22s - 1s2s2p transitions produced 

by colllsional inner-shell excitation of lithium-like titanium, 

Ti XX, and beryllium-like satellites, due to the transitions 

1s22snl - 1s2s2pnl, with n > 3 which are listed in Table 4. The 

beryllium-like satellites are produced by dielectronic 
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recombination of Tl XX tons. The intensity ratio of the 

colll3ionally excited lithium-like satellites and the resonance 

line w Is proportional to the ratio, N T i xx^Ti XXI' o f t h e 

abundances of the lithium-like and helium-like charge states. 

Fig. 4 flaw data used for wavelength determination of the main spectral 

features 1-9 described in Table 1. The center of the prominent 

peaks has been determined from least squares fits of single 

Voigt functions to the experimental data. The solid line shows 

the fit to the data paints of peak 1. The arrows indicate the 

range of channels used for background determination and the 

Voigt function fit. 

Fig. 5 Illustration of the line shift between the apparent and true 

resonance line due to unresolved dielectronlc satellites. The 

dashed curves in Pigs. 5a and 5b represent synthetic spectra of 

the resonance line w and the satellite transitions, 1s2nl -

1s2pnl with n > 3, for electron temperatures of .7 and 1.4 keV, 

respectively, and an Ion temperature of 2 keV. The channel 

numbers correspond to the wavelength dispersion of the 

spectrometer. The solid lines represent the true resonance line 

w and a least squares fit of a single Voigt function to the 

composite spectrum. The fit has been performed to the part of 

the synthetic spectrum shown in the channels from 120 to 145. 

This range of channels was also used for the fit shown in 

Fig. 4. 
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Fig. 6 Wavelength shift, AX, of the apparent and true resonance line as 

a function of the electron temperature. The results have been 

derived from least squares fits of single Volgt functions to 

synthetic spectra (as shown In Fig. 5) for a set of Ion 

temperature values. The results presented by the solid curves 

and the dashed curve were obtained for different choices of 

fitting limits; channels 120 to 145 and channels 120 to 149, 

respectively. 

Fig. 7 Spectra recorded Erom an ohmlcally heated plasma of a TFTR 

discharge during consecutive tine intervals of 60 m3. The 

Intensities of the intercombinatlon lines x, y, the forbidden 

line z, and the lithium-like line q relative to the intensity of 

the resonance line w decrease as the electron temperature rises 

with time during a TFTR discharge. 

Fig. 8 Experimental values of the intensity ratios Ix/Itf,I / I w and 

I 2/I w versus the central electron temperature. The data have 

been obtained from ohmic discharges with different minor and 

major radii a and R, respectively. Also shown are the intensity 

ratios predicted for direct electron impact excitation from the 

ground state (solid lines) and electron impact excitation to 

levels n > 2 including cascading (dashed lines). 

Fig. 9 Experimental values and predictions for the total intensity of 

the intercombination and forbidden Unas relative to the 

intensity of the resonance line, G = (I + I„ + Jz)/Xw, versus 
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electron temperature. The theore t ica l predictions 3hown by the 

dashed curve include the contributions from electron impact 

exci tat ion and cascading Ti XXI. 

Fig- 10 Relative abundances, N T i X x / N T i XXI' o f l l t i l l u i " - 1 1 - ' t e and hellum-

lilee titanium versus electron temperature. The values for the 

r a t io of these abundances have been obtained from the detai led 

comparison of the theore t ica l predictions for the co l l i s iona l ly 

excited l i thium-l ike s a t e l l i t e s with the experimental data as 

i l l u s t r a t e d in Pig. 3d. The solid curve represents theore t ica l 

values expected for coronal equilibrium, while the bracketed 

points are derived from plasma model calculations (see t e x t ) . 

Fig. 11 Difference of the observed and predicted values of 

G = (I + I y + I z ) / I w versus the experimental values of 

N Ti XX^Ti XXI a h o H n L n P 1 9« 10» 

Fig. 12 Ti XXI-ka l ine prof i les before, during, and after the injection 

of a neutral hydrogen beam of 25-keV energy and 1.15 MW to t a l 

power into a TFTR discharge with a cent ra l electron density of 2 

* 10 1 3cm~ 3 . 

Fig. 13 Ion temperature resul ts and toroidal plasma rotat ion veloci t ies 

from measurements of the Doppler width and Doppler sh i f t of the 

TI XXI-ka l ine . The l e f t and r igh t scales on the ordinate in 

Fig. 13b give the center position of the Ti XXI-k« line In 

channel numbers and the wavelength shi f t and toroidal plasma 
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rotation velocity, respectively, relative to the center position 

of the TI XXI-ka line In the ohmic heating phase. The 

wavelength shift, which is observed at the beginning of the 

discharge from 0.0 to 0.5 sec while the electron temperature is 

rising, corresponds to the expected dielectronic wavelength 

shift. 

Fig. 14(a) Radial density profiles of T± XX, Tl XXI and Ti XXII Cor (1) 

coronal equilibrium (dashed curves) and (2) a plasma with radial 

ion transport (solid curves). The profiles have been computed 

with use of the Multiple Ion Specie'* Transport (MIST) code 

assuming electron density and temperature profiles of the form 

n e = ne<0) [1 - <r/a)2] and T e = Te(0) (1 - (r/a)2:"5 with 

ne(0) - 3 * 1 0 1 9 m - 3, Te(0) = 1.B keV and a = 42 cm. The 

transport is characterized by a diffusion coefficient D = 2 x 

10 4 c»2/s and c v =1. 

(b) Emiasivity profiles for the lines _»., £# and j_ as calculated from 

the density and temperature profiles shown in Fig. 14(a). 

Fig. 15(a) Central density ratios, » T i jjxfOJ/N^. XXI(0), as a function of 

the transport parameter D. The ratios have been computed with 

use of the MIST code for two values of central electron 

temperatures, Te(0) = 1.2 HeV and Te(0) = 1.8 keV, and plasma 

radii, a = 42 cm and a = 83 cm. Electron density and 

temperature profiles were of the form described in Fig. 14. 

D = 0 corresponds to coronal equilibrium. 
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(b) Ratios of l ine^averaged charge s t a t e d e n s i t i e s versus the r a t i o s 

of the centra l d e n s i t i e s shown in F ig . 15a. The llne-aw>raqert 

d e n s i t i e s have been computed from l i n e i n t e g r a l s of e m l s s i v i t y 

p r o f i l e s . The s o l i d l i n e represents the cage: ft™, x x ' 0 ' / 

H T i XXI<0> = N T i XX<°>/%i X X I ( 0 ' -

(c) Electron temperature v a l u e s , T e , as c a l c u l a t e d from the r a t i o 

of Line Integrated e m l s s i v i t l e s of _j_ and J* versus transport 

parameter D for the p r o f i l e s d i scussed in Fig. 15a. The T 

values are nearly independent of D and c l o s e to 1.1 keV and 

1.6 keV for two c e n t r a l e l e c t r o n temperatures o f T e ( 0 ) = f . 2 kev 

and T e ( 0 ) = 1.8 keV, r e s p e c t i v e l y . 
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