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ABSTRACT 

High resolution spectra of the Lyal and Lya2 lines of hydrogenlike 

titanium, T W ,  and the associated dielectronic satellites which are due to  

transitions lant-2pnt with n 2 2, have been observed from tokamak discharges 

with auxiliary ion cyclotron heating (ICRH) with central electron temperatures 

of 2 keV and central electron densities of 8 X 1 0 ' ~ c r n ~ ~  on the Princeton Large 

Torus (PLT). The data have been used for a detailed comparison with theoretical 

p'reredictions based on the Z - expansion method2g and Hartree - Fock caleula- 

t i ~ n s . ~  The results obtained with the Z - expansion method are in excellent 

agreement with the observed spectral data except for minor discrepancies be- 

tween the theoretical and experimental wavelengths of 0.0003 A for the n = 2 

satellites and of0.0001 A for-the separation of the Lyal and ' L ~ C Y ~  lines. Very 

good agreement with the experimental data is also obtained for the results from 

the Hartree - Fock calculations though somewhat larger discrepancies (N 0.0009 

A) exist between experimental and theoretical wavelengths which are systemati- 

cally too small. The observed spectra are used for diagnosis of the central ion 

J and electron temperatures of the PLT discharges and for a measurement of 

the dielectronic recombination rate coefficient of Ti XXII. The measured rate 
' ~ 3 ,  

coefficient is in good agreement with h0t.h t,he predictions from the detailed cal- 

culations (Safronova and Vainshtein, and Dubau et - al.) - and of Burgess' general 



I. INTRODUCTION 

1. INTRODUCTION 

Spectra of hydrogenlike titanium, Ti XXII, are presented in this paper. 

The spectra have been observed from tokamak discharges with central electron 

temperatures in excess of 2 keV on the Princeton Large Torus (PLT) using a 

high resolution crystal spectrometer. The good spectral resolution and the high 

electron temperatures produced by ion cyclotron resonance heating (ICRH) have 

allowed detailed experimental data on the dielectronic satellites of the Lyal and 

Lya2 lines of Ti XXII to  be obtained for the first time and also permitted a 

detailed comparison with the theories by Safronova and vainshteinl*l and Dubau 

& J.3~4 to be performed. The spectra have also been used for measurements of 

the central ion and electron temperature in the hot core of PLT discharges and 

for a determination of the dielectronic recombination rate coefficient of Ti XXTI. 

The spectra of hydrogenlike ions are of fundamental importance for the 

study of multiply charged heavy ions. This is true, in particular, with regard 

to  relativistic effects which are most evident from the fine structure splitting of 

the 18 - 2p resonance line. The resonance line splitting strongly increases with 

atomic number 2. Whereas the 'separation of the fine structure components 

of the resonance lines of low-Z hydrogenlike ions is very small and usually 

masked by Doppler broadening, the doublet is well-resolved for ions, such as 

Ti ml. For exact wavelength calculations it is necessary to  also include QED 

effects due t o  self-energy and vacuum-polarization, such as the Lamb shift.6 

In addition to  the resonance lines, the spectra of high-Z hydrogcnlike 



ions show a series of dielectronic satellites which are due to  transitions of the type 

l s n l -  2pnl with n 2 2. The 2pnl states are doubly excited heliumlike states 

above the ionization limit of the heliumlike ion. These states can autoionize 

t o  the hydrogenlike ground state, or they can decay by a stabilizing radiative 

transition to  a singly excited heliumlike state. The latter transition gives rise t o  
' 

C 

a.sate1lit.e line. Since the radiative decay probability increases with z', whereas 

the autoionization probability is approximately independent of 2, the satellite 
* 

lines are relatively intense compared with the resonance line only for ions with 

Z 2 20. In low density plasmas the 2pnl states are not populated from the 

heliumlike i s2  ground state, since double collisions are highly improbable. i'he 

satellites can, therefore, only be produced by the dielectronic recombination ,of 

hydrogenlike ions. This is different for the previously well-documented satel- 

lite spectri of heliumlike ions,()071810110~11 where dielectronic recombination and 

collisional inner shell excitation are equally important. The satellite spectra of . . 
hydrogenlike ions observed from low density plasmas are, therefore, of great in- 

terest for a study of the dielectronic recombination process. Spectra of the Lyal 

and the Lya2 lines and their associated satellites are presently also studied,. in 

beam - foil e ~ ~ e r i m e n t s . ~ ~ i ' ~  The excitation mechanisms for the satellite llnes 

are, however, less well-definea. in these experimeuts than for low density 

e .  

Tokamak plasmas are presently the best suited laboratory plasmas for 
. Y ., 

observation of the line spectra from highly ionized ions. In fact, i t  is d6w 

possible t o  obtain large volume tokamak plasmas with central electron densiGes 

of 0.1 - 1 X 10'~cm-' and electron temperatures in the range from 1 to 3 



11. EXPERIMENTAL SETUP 3 

keV under quasi-steady-state conditions for periods of 100 - 300 msec. Under 

t h 6 e  conditions the relative abundance and spatial distribution of the different 

stater of ionization of high-Z elements approximate coronal equilibrium. Since 

tokamak plasmas are also the best diagnosed high temperature plasmas, they are 

appropriate for experimental testing of atomic theories concerning the spectra of 

multiply charged ions. On the other hand, the spectra of high-Z ions will be of - 
increasing importance for diagnosis of central plasma parameters in the the next 

generation of large tokamaks, for which central electron and ion temperatures 

in excess of 10 keV are predicted. In particular, determination of the central 

ion temperature from Doppler broadening of the resonance lines of hydrogenlike 

ions with Z 2 20 will be of vital importance for future tokamak experiments. 

II. EXPERIMENTAL SETUP 
I 

Hydrogenlike titanium, Ti XXT, cambe produced in hot plasmas under 

coronal equilibrium conclitiom16 with a fractional abundance of 10 o/o if the 

electron temperature exceeds 2 keV (see Fig. 1). Plasmas of sufficiently high 

electron temperatures are presently obtained in the core of large to'kamaks with 

use of additional heating schemes. Nevertheless, i t  is experiment:ally difficult 

t o  produce these ions in appreciable amounts, since significant deviations from 

the ideal charge state distribution are observed in tokamak plasmas as a result 

of the radial particle transport.16 Coronal equilibri'um is only approached if 

the characteristic confinement time of an ion is long compared with the inniza- 

tion and recombination times.l7.l8 This condition is especially hard to fulfill 

for hydrogenlike ions, because the ionization ana recombination times are con- 



siderably longer for these ions than for ions of the lower charge states. This . . 
I 

is due to  the high ionization potential of the heliumlike ions (Ex = 6.249 keV 

for Ti IUCI) and due t o  the fact that  dielectronic recombination - the dominant 

mechanism of recombination for ions below the heliumlike charge state - is com- 

paratively unimportant. Since the confinement time increases with plasma den- 

sity, whereas the recombination and ionieation times are inversely proportional 

t o  the electron density, the most efficient way to enhance the eoncentratiok of 

hydrogenlike ions is t o  perform the experiments a t  high plasma densities. 
1 

In PLT discharges with additional ion cyclotron heating (ICRF) of 4 

M W  a t  25 MHz it  has been possible t o  produce plasmas with ccntral electron 

densities of N 1 X l ~ ~ ~ e r n - ~  and central electron temperatures-of 2 - 3 keV h t h  
1 

a minor radius of 40 cm in quasi-steady-state for periods of 200 - 300 msec. Even 

under these conditions the characteristic time for radial transport of hydrogen- 

like titanium ions as determined from titanium injection experiments was only 

about one third the ionisation time (2.100 msec) of the heliumlike Ti XXI ions.lg 

Transport was, therefore, important in our experiments. We may assume that 

the  radial density profile of the Ti XXII ions was wider and the relative abun- 

dance nf t,he Ti XXll and Ti XXI charge states in the center of the plasma was 
l 

smaller than the coronal equilibrium values, shown in Fig. 1, although we did 

not measure these radial ion charge state distributions. A further experimental 

difficulty arises from the fact that the dielectronic satellite lines are relatively 

intense only a t  low electron temperatures. The spectra of greatest interest are, 
1 

therefore, emitted a t  temperatures for which the hydrogenlike ions are not the 

most abundant charge state. Under these conditions the background radiation 
-. 
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from the bremsstrahlung and the radiative recombination continuum can be 

comparable or even larger than the observed Iine radiation, and  i t  is, therefore, 

difEcult to  obtain spectra with a small statistical error. 

Titanium is used on the PLT tokamak as a material for the Faraday 
b J 

. shields of the rf - antennas and as a getter for low-Z impurltles. Durlng the 

h ohmic heating phase with electron temperatures of 1 t o  1.5 keV the line radiation 

from hydrogenlike titanium, Ti XXII, is smaller than the background radiation. 

With rf - heating it is, however, enhanced due t o  both a n  increase in the amount 

of titanium in the discharge and an increase in the central electron temperature. 

Most of the data have, therefore, been taken under these conditions. In a series of 

discharges the titanium concentration has been increased by injection of titanium 

using the laser blowoff technique.20 In these experiments a controlled amount. of 

titanium was induced by directing a laser beam of adjustable cross - section 

.and power against a titanium target. This technique also permitted to  identify 

unambiguouely thc observed radiation as titanil~m lines. 

The data were recorded by a high resolution (XIAX = 15000, a t  X=2.5 

A) carved crystal spectrometer which permitted simultaneous observation of 

spectrum lines in the wavelength range from 2.485 A t o  2.525 A. The spectrometer 

consisted of a (2023; 2d = 2.7497 A) quartz crystal and a position sensitive 

multiwire proportional counter21 in the Johann configuration.22 The dimen- 

sions of the crystal and its radius of curvature were 0- X 1.5" X 0.030'' and 

369.5 cm, respectively. Tbe spectrometer is very similar t o  the ode previously 

used for observation of the dielectronic satellite spectrum of heliumlike titanium, 

Ti XXi,ll and Doppler broadening measurements on the PDX (Poloidal Divertor 



1 

Experiment) t ~ k a r n a k . ~ ~  Instrumental details have been described in reference .24 

Figure 2 slows spectra accumulated from 17 PLT discharges during 

consecutive time intervalsfrom 600 - 650 msec and 650 - 700 msec. Ion cyclotron 

heating of 4 MW was applied during the period from 500 - 700 msec, and 

titanium was injected at the time of 650 msec. The line radiation is consequently 

enhanced by about a factor of two in the spectrum of Fig. 2b, which was 

obtained immediately after the titanium injection. Typical profiles of the laser 

~ h o m s h n  scattering da ta  for these PLT discharges exhibiting a central electron 

temperature of 2 keV 'and a central electron density of 8 ,X 10' em-' are shown 

in Fig. 3. In addition to the Ti XXII line radiation the spectra in Fig. 2 show 

a relatively intense background from the radiation continuum. An approximate 

number of 1.5 X 1017 titanium atoms was injected into each discharge. Some 

data  were taken with an  improved time resolution of 15 msec to  study the time 

history of the Ti XXII spectrum lines. I?rom these measurements we deduced 

a value of 20 - 30 msec for the co&ne:ment time of the  Ti XXII ions. The 

titanium injection experiments have also allowed us t o  obtain an estimate of the 

total number of titanium atoms that, arc! nnrmally present in the disohorgc from 

the  Faraday shields and the titanium gettering. By comparing the intensities of 

the titanium line radiation observed before and immediately after injection we 

conclude that  the titanium supply from these sources was comparable with the 

injected titanium. 

In order to reduce the  statistical error and t o  distinguish clearly the Ti 

XXZI and Ti XXI spectral features from the background radiation, the spectrum, 

shum in Fig. 4, was accumuiated from 78 rf heated PLT discharges with almost - 
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identical parameters. The dashed line between B and D indicates the background 

level of the radiation continuum. The background is constant except for a slight 

reduction observed at the lower channel numbers. This inteneity reduction, 

which is less than 5 O I o  in the immediate vicinity of spectral feature 1, is caused 

by a vignetting effect of the beryllium window on the PLT tokamak. For a 

detailed comparison with theoretical predictions the data points a t  the channel 

numbere from 87 to 145 have been corrected for this geometrical effect. The 

intensity correction factors were determined from a linear interpolation of the 

background radiation represented by the dashed line between A and C, 

III. EXPERIMENTAL RESULTS AND TKEORETICAL PREDICTIONS 

Spectra of hydrogenlike ions have been previously observed from solar 

flares and from tokamak plasmas for Z 5 2 0 . ~ ~ 8 ~ ~ 9 ~ ~  These observations have 

well-confirmed the predicted 2- dependence both for the doublet splitting of the 

resonance line and the intensity of the dielectronic satellites. The Z - dependence 

of these spectral features is illustrated in Fig. 5 which presents spectra of 

hydrogenlike ions for Z = 8,12,16, and 20. For 0 VIII and Mg XII the separation 

of the Lyo doublet is smaler than  the Doppler width, whereas for S XVI and 

Ca XX the fine structure components of the resonance line are clearly resolved. 

Similarly, the lsnl - 2pnl dielectrodc satellites are not observed in the spectra 

of 0 VIII and Mg XU. They appear in the spectrum of S XVI, and are clearly 

noticeable in the solar flare spectrum of Ca XX. However, the statistical error of 

these data has not permitted a detailed comparison with theoretical predictions. 

An interesting result IS the observation of intensity ratios in the range from 0.5 to 



-- -- - - -- 

0.8 for the h a 2  and the Lyal lines of S XVI on the ALCATOR e ~ ~ e r i n i e n t . ~ ~  

This departure from the value of 0.5 has been ascribed to  excitation of the 

2Pa/2 and 2P1/l state. from the metastable .2SlI2 state by proton collisions.28 

In this section we give a detailed comparison of the observed Ti )(XII 

spectra wit1 theoretical predictions of Safronova and vainshtein2 and Dubau 

a l l  - At present two methods are used to  calculate atomic parameters (wavelengths, 

autoionjzation and radiative transition probabilities) for dielectronic satellites: 

the  Z - expansion method of Safronova and Vai r~shte in ,~~ and the Hartree 

- Fock approach which is employed by Dubau et  - a_1.3~30 A comparison of the 

results obtained by these different methods of calculation with experimental 

data  is of great interest for the  theory of' multiply charged high-Z ions. Table I 

lists the experimental wavelengths and theoretical results for the most prominent 

spectral features which have been identified as the l s ( a ~ , / ~ )  - 2P(2P3/2) and 

the  l ~ f S ~ , ~ )  - 2prP1/2) h e  structure components of the resonance transi- 

tion, or the Lyal and the Lyo2 lines (features 1 and 2), and the well-resolved 

l s n l -  2pnl dielebtronic satellites with n = 2 [features 3 - 8). The experimen- 

tal wavelengths have been determined relative to the Lya2 line for which we 

adopted the theoretical value of 2.4957 A? Structures observed on the wings 

of the Lyal and the Lyaz lines are ascribed to  I s n I  - 2pnl dielectronic satellites 

with n > - 3. Contrary to the n = 2 satellites, the n 2 3 satellites can be uniquely 

assigned to one of the fine structure components as the parent line, due to  the fact 

that  the electrostatic interaction between the 2p electron and the nl spectator 

electron, which is responsible for the satellite t o  resonance line separation, scales 
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as n-a and is smaller than the 2p spin - orbit interaction if n 2 3.3 The Lyal 
. . 

and the Lya2 lines thus represent the series limits for these satellites which are 

approached with increasing main quantum number n for the epeetator electron. 
' 

The number of satellite transitions increases dramatically with n. However, since 

the autoionization probability, r, decreases with n as nd3 and, moreover, I' + 

0 for An = I transitions if I >  2F1t32 the satellite intensity also decreases with 

'.n. Detailed calculations of the atomic parameters for all the lsnl-  2pnl transi- 

tio.m,'which can be associated with the spectator electron in a certain n - shell, 

are usually performed for n - values up to  five. The n 2 5 satellites are then 

obtained by a line by line extrapolation from a selected set of n= 5 satellites with 

use of the appropriate scaling laws.32 Tables ll - IV list the theoretical predictions 

for satellites with n = 3- 5 by Safronova and vainshtein2 and Dubau et - al.4 - In- 

cluded in the Tables are only the most intense transitions with Line factors QD 2 

6 X 10*~sec-'. Since the satellites with n 2 3 fall into a very narrow wavelength 

range and are partially blended with the resonance line, a detailed comparison 

between experiment and theory can oxdy be made by use of synthetic spectra. 

Figures 6 and 7 present the experimental data and synthetic spectra 

(solid lines) which have been obtained by calculating Voigt profiles fc~r the transi- 

tion arrays given in .Tables I - IV. In addition to  the fine structure components 

laeS1/2) - 2p(2P3/2) and la(2S1/2) - 2p(2P1/2) of the Ti XXlI resonance line, 

the theoretical spectra thus include the contribution from 14 n = 2 satellites 

(curve n), 49 n = 3 satellites (curve Jll), 47 n = 4 satellites [curve rV), and 

38 n = 5 satellites' (curve V). Curve I represents the total intensity of all these 

spectrum lines. For ca!culation of the synthetic spectra an intensity ratio of two 



\#/as xssurncd for the fine structure cornponer~ts of the Ti XXlI resorlarrcc line, 

since cxeitatioo of the  2Pa/2 and the 2P1j2 states from the 2S1j2 state by yroton 

collisions are ncgJigible a t  the  plasma densiticp obtained in PIIr d i s ~ l i a r ~ e s . ~ ~  

The intensities, id, of the satellites relative to  the intensity of the resonance 

Jir~e hive been otlaincd using the expression given by Sarror~ova and ~ainshte in l  

for the zero (Je~~sity limit: 
. . 

where Tc is the electron temperature in keV. Eo -- 4.939keV is tlie er,ergy of 

tlie Ti X X U  resonance transition, and EP) -- 3.429,4.273,4.564, and4.699: kcV, 

rcspectirely, is the average energy of the auloionising helillrnlike stales of a given 

ri - shell relative to  the  hydrogenlike grourld slate. The line factor QD(7,'y) is 

. ,! 
dcf i~~ed ,as: 

P 4 7 ,  "/)r(7, no) 
7r(71 ao) + C7rA(7, 7') 

where g, is the statistical weight of the doubly excited hcJiumlike slate 7. 

r(7, ao) is the probability for autoionization of the d a t e  7 to the hydrogenlike 

ground'state %. A(7, f )  is the  probability for the  stabilizing radiative trarisition 

7 - of the heliumlike ion which gives rise t o  the satellite line, arld C7bA(7, c / )  

is the ibtal radiative decay prbbability for the state 7. A(7,7'), l'(7, ao), and 

QD(7,C/) are in units of 10'~sec-*.  h order to  obtain a best fit with the 

experimental data, the  ion and electron temperatures were chosen t o  be Ti = 1.8 
0 I 

keV and T, = 2.1 keV. T h e  theoretical spectrum also includes the contribution 

of the ma+jpetic dipole transition from 2S!l2 t o  which is not strictly 

forbiddenp3 though the dominant decay of the 2SIl2 state is a two photon 



111. EXPERMENTAL RESULTS AND THEORETICAL PREDICTIONS 11 

process. Rate coefficients for the magnetic dipole transition (MI) and the two 

photon (2E1) decay of the 2S112 state have been derived by Breit and ~e l l e r :~  

and  rake?^ who obtained the following results: 

Because of the different Z dependences of these decay processes, the M1 transi- 

tion becomes important for ions with Z > - 20. The intensity ratio of the MI Iine 

and the Lyaz line is given by the expression 

where c = 0.63 (for Te = 2keV) is the ratio of the excitation rates of the 2S112 

and the 2Pll2 states from the lS1,, ground state.l F'rom this expression we 
, . 

obtain for I(M1)/I(Lya2) a value of 0.04. The MI line is separated from the 

&az line by the Lamb shift, which is 0.164 mA for Ti XXU.~ This value is small ' 

eogiared with the Doppler width (N i d ) ,  and the M1 line is, tbkrefore, not 

resolved in the observed Ti XMI spectrum. 

Figures 6a and 6b show the experimental data and the synthetic spectra 

obtained from the predictions of Dubau et - al.( - (Table I and Tables IIb - TVb) 

and Safronova and vainshtein2 (Table I and Tables IIa - IVa), respectively. 
Y 

The theoretical spectra are in very good agreement with the experimental data. 

This is true, in particular, with regard to  the relative satellite and resonance 

line intensities. Only small discrepancies are observed between theoretical and 

experimentd wavelengths. These discrepancies are larger for the data  of Dubau 



et - a1.(&:0.0009~ - than for those of Safrono~a and Vainshte in l~  0.00031). The . .  I 

I 

almost perfect fit to  the data, which is shown in Fig. 6c, has been obtained by 

reduclng the theoretical wavelengths of Safronova and Valnshsteln for the n = 2 

satellites by the constant amount of 0.0003 A and using the value of 2.4903 A 
(instead of Safronova's value of 2.4904 A) for the wavelength of the Lyap line. 

Figures 7a and 7b present the spectral range from 2.4850 A to  2.5025 A 
of Fip.  6b and 6c on sn edarged scale to allow for B more detailed comparison 

, 

of the experimental data with the theoretical predictions for the h e  ~t~ .uc ture  

components of the Ti XW resonance line and the associated n > 1 satellites. 

The predicted (apparent) intensity profile of the Lyan line is in excellent agr$e- 

ment with the observation. However, a small discrepancy between theory and . > 

experiment exists on the long wavelength side of the h a l  line in Fig. 7a. In Fig. 
. . 

7b this discrepancy has been largely removed by use of the corrected wavclcngth 

value qf 2.4903 A. We thus obtain the value of 0.0054 A for the  separation of 

the fine structure components of the Ti XXII resonance line. This value for the 

doublet separation is in very good agreement with Erickson's calculations who 

obtained 2.49122 A and 2.49664 A for the Lyal and the &an line, 

1- 

. . 

IV. DIAGNOSTIC APPLICATIONS 

The satellite spectra of hydrogenlike ions are important for the diag- 

nosis of hot plasmas. The main diagnostic applications are measurementsol 

the ion'and electron temperatures which can be determined from the Doppler 

broadening of spectrum lines and from the relative intensities of the resonance 
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line and the associated dielectronic satellites. 01 particular interest are the 

spectra of hydrogenlike ions with Z 2 20 for measurements of the central ion 

temperature i n  next generation of large tokamaks with expected core ion and 

electron temperatures in excess of 10 keV. Under these conditions impurity ions 

with Z 5 20 will be fully stripped in the hot center of the plasma, whereas ions 

with Z 2 20 will predominantly be in the hydrogenlike charge state. The ion 

temperature in the hot  core of the plasma can thus be obtained from Doppler 

broadening measurements of the resonance lines of these ions. In fact, Doppler 

broadening measurements of Lya lines may be the most important central ion 

temperature diagnostic for these tokamaks since determination of the central 

ion temperature by standard techniques, such as the measurement of charge 

exchange neutrals, will be prevented by the projected large plasma density and 

plasma radius. The ion and electron temperature results obtained from evalua- 

tion of the Ti MClI spectra are shown in Figs. 8 and 9. 

Figure 8 shows the value for the satellite to  resonance line ratio, IJ/IR, 

for the most prominent satellite J, as observed from the spectrum in Fig. 

4, versus the experimental value of the central electron temperature and, for 

comparison, the predicted electron temperature dependence given by Eq. (1). 

The predictions and the experimental data are in agreement to  within the 

experimental errors. According to  the theoretical predictions the intensity ratio, 

IJ/IR, is very sensitive t o  the electron temperature (solid line in Fig. 8). From 

these predictions we may infer that the intensity ratio, IJ/IR, can be used as an 

electron temperature diagnostic up to  values of T, = 3 keV. For higher electron 

temperatures the intens~ty ratio, &/in, is smaller than 10 O / o ,  and it becomes 



experimentally difficult to determine this ratio with sufflcient accuracy. 

The ion temperature has been determined from the apparent 

of the Lya2 line. As discussed in Sec. 111 this line structure also includes the 

contribution from the n 2 3 satellites associated with the - 2 p ( 2 ~ 1 / 2 )  

transition. The satellites with n = 3 are the most intense and mainly contribute 

to  the intensity in the wings of the resonance line profile. In principle, the ion 

temperature has to  be evaluated by a fit of the experimental data with a synthetic 

spectrum which includes the contribution from all the satellites. However, this 
8 

procedure requires elaborate computations which may be prohibitive for a fast 

evaluation of the ion temperature needed in tokamak experiments. Vlfe have, 

therefore, cornpared the ion temperature results which we obtained from a fit of 

the  complete line structure to  the experimental data [e.g., see Fig. 7b) with those 

obtained from the fit of a single Voigt function. Figure 9 shows the observed 

(apparent) Lya2 line profiles of the spectra in Figs. 2a and 2b and the least 

squares fits of single Voigt profiles (solid lines) which were calculated with use of 

t h e  plasma dispersion function as described in reference.Z4 The arrows indicate, 

the spectral range which has been used for the fit. The fitting limits have been 

chosen to  exclude most of the-wing structure due to  the n = 3 satellites. The 

ion temperature values of Ti = 2.0 & 0.2 keV and Ti = 1.8 0.1 keV obtained 

from a singIe Voigt function fit to the data in Figs. 98 and 9b, respectively, were 

practically identical with the Ti - values derived from the fit to  the complete 
. . 

line structure. As the electron temperature increases above 3 keV, it is expected 

tha t  the intensity of the n > 3 satellites rapidly decreases and that the observed 

line profile resembles more and more a single Voigt profile. 



V. MEASURENENT OF THE DIELECTRONIC RECOMBINATION RATE COEFFI-CIENT OF Ti XXII. 

V. MEASURENENT OF THE DIELECTROMC RECOMBINA- 

TION RATE COEFFICIENT OF Ti 

The dielectronic recombination rate coefficient, ad, can be written in 

the form32 

where CBI,/IR is the total intensity of all the dielectronic satellites relative to 

the intensity of the resonance line, and CR(T') is the collisional excitation rate 

coefficient for the resonance transition. The dielectronic recombination rate 

coefficient, ad, can thus be experimentally determined from a measurement of 

the total relative satellite intensity, CBIB/IR, if the excitation rate lcoefficient, 

CR(Tc), is known. These coefficients have been calculated for the heliumlike and 

hydrogenlike resonance lines by Safronova and Vainshtein.1 

Since the intensities of the resonance line and the associated dielectronic 

satellites are proportional to  the abundance of the ions of a single charge state, 

the experimental results on ad are independent of the ionization state of the 

plasma. Plasma modeling c a l c u l a t i ~ n s ~ ~  are, therefore, not necessary. So far, 

this experimental method has been used to determine the dielectronic recom- 

bination rate coefficients for the heliumlike charge states of titanium, Ti XXI,~' 

and iron, Fe X X I V . ~ ~  Sateiiites to  the heliumlike resonance lines are due to 

transitions of the type ls2nI- ls2pnl with n 2 2. These satellites are produced 

by the process of dielectronic recombination as well as by collisional inner shell 

excitation of lithiurnlike ions in the la22e ground state. Appropriate corrections 

for the latter contribution are, therefore, necessary, for a measurement of the 
- 



I 

dielectronic recombination rate coefflcient from lithiumlike satellites. 0 d  the 
. . .  i 

other hand, the heliumlike lanl- 2pnl (with n 2 2) satellites of the hydrogenlike 
I 

resonance lines are entirely produced in  the process of dielectronic recombination 

and are; therefore, of principal importance lor these measurements. 

Figure 10 shows the experimental value of the dielectronic recomhina- 
v .  

tion rate coefficient, ad,  for hydrogenlike titanium, Ti XXII, as  obtained from 

the spectrum in Fig. 4 by evaluation of the satellite to  resonance line ratios. 

This value of ad includes the contributions from the n = 2 satellites and from 

those n = 3 satellites which can be resolved on the wings .of the apparent'lyal 

and Lya2 line profiles. A part of the n = 3 satellites and all the n 2 4 sateliketi 

are blended with the Lyul and the Lyaz lines, and their contribution.cannot be 

directly measured. However, since the theoretical results for the n = 2 satellites 

and the n = 3 satellites on the wings of the resonance lines are in very good 

agreement with the observation, we may assume that  the predictions for the un- 

resolved n 2 3 satellites are also reliable. With this assumption we can obtain 

an estimate for the contribution from unresolved satellites to c~d .  It is found to 

be of the order of the experimental error for ad. The error bars shown iu Big. 

10 mainly result from the experimental error of the laser Thomson scatterjng - 
data which have been used for determining the electron temperature. , ,  

Also shown in Fig. 10 are predictions for the dielectronic recombins- 

tion rate-coefficient of Ti )MI1 from the detailed calculations of Safronova and 
". 

Vainshtein and from the formulas of BurgessS0 and Merls et  - alS4O - The curve 
. . 

which represents Vainshtein and Safronova's results has been calculated f p m  

the line parameters given in Tables I and IIa - Na.  For this purpose the relative , .  



. ?  

. . 
VI. CONCLUSION 

' intensity contribution, I ~ ) / I ~ ,  from satellites of the different n - shells was 

evaluated with use of Eq. (1) and the sum of these contributions was then multi- 

plied by the values of the excitation rate coefficients, CR(T,), given in reference. 1 

This coefflcient can be written in the form: 

where T, is given in keV. Similarly, the experimental value for ad was obtained 

by multiplying the observed total relative intensity EnIn/IR, b y  CR(Te). Th 

experimental result is in very good agreement with both the predictions of 

Safronova and Vainshtein and Burgess' general formula. 

VI. CONCLUSION 

Dielectronic satellite spectra of hydrogenlike titanium, Ti XXII, have 

been observed from PLT tukamak plasmas and have been used for .a detailed 

comparison with the theoretical results obtained by the Z - expansion method 

(Safronova and Vainshtein) and from Hartree - Fock calculations (Dubau ef 

d.). The results due to  the Z - expansion method are in excellent agreement 

with the experimental data except for minor discrepancies between theoretical 

r:nd experimental wavelengths of 0.0003 A for the n = 2 satellites and 0.0001 

A for the separation of the Lynl and Lyal lines. Very good agreement with 

the experimental data is also obtained for the results from the Hartree - Fock 
v 

calculations although the discrepancies between the theoretical and experimental 

wavelengths N 0.0009A for the n = 2 satellites are slightly larger. 
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The experimental data have also been used to determine the central 

ion and electron temperature of PLT discharges and to measure the dielectronic 

recombipation rate coefficient, ad, of Ti XXII. The experimental value for ad i s  

in good ;agreement with both the predictions from the detailed calculations by 

Safronok and vainshteio2 and from Burgess' general formula.3Q 
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TABLE CAPTIONS 

Table I Experimental wavelengths and theoretical results 
of Safronova and Vainshtein (superscript a) and 
Dubau et -- al. (superscript b) for .the Lyal and Lya2 
lines of Ti XXII ang the n = 2 satellites. The 
wavelengths are in A. The radiative probability A, 
the autoionization robability r,and the line factor P QD are in 1013 sec- . The key letters agree with 
Safronovals notation. 

Table IIa Atomic data of Safronova and Vainshtein for satellite 
lines to the Ti XXII resonance line due to transi- 
tions 2g13& - ls3R. The wavelengths are in A. The 
radiative probability A, the autoionization prok- 
ab'ility T, and the line factors QD are in 1-013 sec-l. 

Table IIb Atomic data of Dubau d. for satellite lines to 
the Ti XXII resonance line due to transitions. 
2Rt3R - ls3R. The wavelengths are in A. The 
radiative probability A, the autoionization prob- 
ability T, and the line factors QD are in sec-l. 

Table IIIa Atomic data of Safronova and Vainshtein for satellite 
lines to the Ti XXII resonance line dug to transitions 
2R14R - ls42. The wavelengths are in A. The 
radiative probability A, the autoionization probability 
r ,  and the line factors QD are in 1013 sec-lo 

Table IIIb Atomic data of Dubau e& a. for satellite lines to 
the Ti XXII resonance line due to transitions 
22'42 - ls4R. The wavelengths are in A. The 
radiative probability A, the autoionization prob- 
ability. r ,  and the line factbrs QD are in 1013 sec-l. 

Table IVa Atomic data of Safronova and Vainshtein for satellite 
lines to the Ti XXII resonance line dug to transitions 
22'52 - ls5R. The wavelengths are in A. The radiative 
probability A, the autoionization probability r ,  and 
the line factors QD are in 1013sec-1. 

Table IVb Atomic data of Dubau et -- al, for satellite lines to 
the Ti XXII resonance line due to transitions 
2252 - ls5k. The wavelengths are in A. The 
radiative probability A, the autoionization prob- 
ability T, and the line factors QD are in l ~ ~ ~ s e c - ~ .  



I'I;,\K KEY TRANSITION A ,. 

' theor  
A 

exp 
I' 

QD 

6) 6) 
2 2.4904: 15. OOOb a - - 

1s (2s - 2 p (  P3/2) 
1/2 

2.4903 
2.4903 14.450 

3 1 a a 
2 .  491Sb 20.O0Ob a a l s 2 s (  sl) - 2s2p(  P1l 0.246b 0 .  424b 
2.4905 0.189 16.940 0.314 

2 2 a a 
I s (  S - 2 p (  2.4957* 2. 4957b 14 .goob - - 

1/2 2.4956 14.360 

1 2 1 a a a 
2 .4973b a 

M l s 2 p (  P1) - 2p ( So) 24. 3OOb 3. OOOb 2 .670b 
2.4960 22.960 2.703 2.415 

1 1 2.5046; 14. 5OOb a 20. OOOb a a 
T l s 2 s  ( So) - 2s2p(  Pl) 25. OOOb 

2.5033 13.400 16.940 22.290 
2.5044 

3 .  2 1 a a 
2 .  5052b a 

3 .930b 3O.60Ob a K 1 s 2 p (  P2) - 2p ( D 2 )  10.  l oob  
2.5042 3.109 - 27.690 7.878 

3 ' 3 a a 
2. 5O7Ob 14.  5OOb a a 

Q , l s 2 s  ( Sl) - 2s2p ( P2) 2.5066 1. 360b 6.210b 
2.5066 13.670 1.206 5.877 

2 3 a a 
2 .  5O8lb 8 .  190b a a 

B 1 ~ 2 ~ ~ ~ ~ ~ 1  - 2p ( p 2 )  2.5077 
- 6.720b 7.720b 

2.5070 7.570 5.012 5.890 

3 3 a a 
2. 51OBb 14.  2OOb a a R l s 2 s  ( S1) - 2 s 2 ~ (  pl) 1. 670b 4.430b 
2.5101 13.480 1.521'  4.049 

3 2 3 6. 720b a a 
2.  5116b a 

17. 80Ob a 
A l s 2 p (  P2) - 2p ( P2) 2.5115 16.  BOOb 

2.5106 17.330 5.012 13.400 

3 3 a 
2. 5122b a 

14 .  4OOb a 1. 360b 
a 

S l s 2 s (  S1) - 2s2p(  pol 1.240b 
2.5115 13.670 1.290 1.186 

3 2 3 a a 
2 .  5126b 27. 4OOb 0. 24gb a a F l s 2 p (  P1) - 2p ( Po) 0.244 
2.5113 26.120 0.167 0.1642 

1 2 1 a a 
2 .5132b 25. loob 30.600; a J l s 2 p  ( P1) - 2p ( D 2 )  2.5130 64. 40b 
2.5123 23.820 27.690 60.36 

1 2 3 a a 
2. 5196b a 2. 970b a 

G l s 2 p (  P1) - 2p ( P2)  2.5195 2.5187 6. 720b 2. BOOb 
2.293 5.012 1.784 

3 2 1 2.5272; 1 .370b a 32 .goob a a P l s 2 p (  P1) - 2s  ( So) 1. 180b 
2.5266 1.123 29.390 0.953 

2 i -... - -  
L .  -20;. 

a 
0 1 ~ 2 ~  ( * P ~ I  - 2s  ( so; b i .;;a 32.900' 3.540' 

2.5585 4 .  lllb 29. 390b 3. 48gb 

0 2: 2 'The exper imenta l  wrve lenq ths  a r e  r e l a t i v e  t o  t h e  t h e o r e t i c a l  v a l u e  of 2.4957 A f o r  t h e  l s (  S,,,) - 2PL PI,,) t r a n s i t i o n .  
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Transition 

- 

0.8188 

1.348 

1.862 

3.297 

3.328 

1. UYL 

0.4815 

0.9869 

1.214 

1.976 

1.053 

0.5294 

7.774 

0.5515 

1.322 

2.305 

5.014 

3.854 



Table IIIb Con't. 



Transition 



Table Wb Con't. 

Transition 



FIGURE CAPTIONS 

FIG. 1 Fractional abundance of the different states of 
ionization of titanium for coronal equilibrium 
as a function of the electron temperature (courtesy 
of Breton et al.) -- 

FIG. 2 Satellite spectra of Ti XXII. The data have been 
accumulated from 17 PLT discharges with additional 
ion cyclotron heating of 4 MW during consecutive 
time intervals from 600-650 msec (Fig. 2a) and 
650-700 msec (~ig. 2b). Approximately an amount 
of 1.5 x 1017 titanium atoms was injected into each 
discharge at the time of 6 5 8  rrlsec. 

F T G .  3 ~ypical electron density and electron temperature 
profiles of PLT discharges with 4 MW iun cyclotron 
heating as obtained from laser Thomson scattering. 

. FIG. 4 Satellite spectrum of Ti XXII accumulated from 78 
almost identical rf heated PLT discharges with 
typical parameters shown in Fig. 3. 

FIG. 5 Spectra of hydrogenlike oxygen, 0 VIII, magnesium, 
Mg XXT, sulphur, SXVI, and calcium, Ca XX, from the 
PLT and ALCATOR tokamaks and trom a solar Ilare, 
respectively.   he spectra illustrate t l ~ e  2- 
dependence of the doublet splitting of the Lyul 
and LyaZ lines and of the dielectronic satellites. 

FIG. 6 Experimental Ti XXII data and theoretical predictions 
(sol id lines) of Dubau et al. (Fig. 6a) and 
Safronova and ~ainshtein (FT~. 6b). Cilrve IT - V 
and curve I represent the contributions from di- 
electronic satellites with n = 2-5, and the total 
intensity, respectively, fhcluding the contributions 
from the L y a ~  and Lya2 lines (features 1 and 2 ) .  Also, 
included in the theoretical spectfa I s  the contribu-, 
tion from the 2S1/2 - 1S1/2 magnetic dipole transition. 
Subfigure 6c shows the experimental data and the 
theoretical spectrum obtairied from the results of 
Safronova and Vainshtein after a slight correction 
of the theoretical wavelengths of all the n = 2 
satellites by the same amount of 0.0003 A and with 
a value 0f~2.4903 8 (instead of Safronovafs value 
of 2.4904 A) for the wavelength of the Lyal line. 



FIG. 7 Spectral range of the Lyal and Lya2 lines and 
associated n > 3 satellites from Figs. 6b and 
6c on an enlarged scale. 

FIG. 8 Satellite to resonance line ratio, I J / I ~ ,  as 
observed from the spectrum in Fig. 4 versus the 
experimental value of the central electron 
temperature, and the predicted electron tempera- 
ture dependence (solid line) from Eq. (1). 

FIG, 9 Observed (apparent) Lya2 line profiles from the 
spectra in Figs. 2a and 2b with least squares 
fits of a single Voigt functions (solid lines). 
The arrows indicate the range used for the fit, 
The obtained ion temperature values are Ti = 2.0 
+ 0.2 keV (for Fig. 9a) and Ti = 1.8 - + 0.1 keV 
Tfor Fig. 9b). 

FIG, 10 Experimental value and theoretical'predictions by 
Safrona and Vainshtein, Burgess, and Merts et .'ale -- 
for the dielectronic recombination rate coefficient, 
ad, of Ti XXII. The error bars mainly result from 
the experimental error of the laser Thomson scatter- 
ing data. 
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