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ABSTRACT

Higﬁ resolution spectra of the Lya; and Lya: lines 'of hydrogenlike
titaxﬁum, TiXXIl, and the associated dielectronic satellites which are due to
transitions 1snl—2pnl with n > 2, have been observed from tokamak discharges
with aﬁxiliafy ion cyclotron heating (ICRH) with central electron temperatures
of 2 keV and central electron densities of 8 X 10'3cm™2 on the Princeton Large
Torus (PLT). The‘data have been used for a detailed compal;ison with theoretical
predictions based on the Z - expansion method?? and Hartree — Fock calcula-
tions.3 The results obtained with the Z — expansion method are in excellent
agreement with the observed spectral data excepf for. minor discrepancies be-
tween the theoretical and experimental wavelengths of 0.0003 A for the n =2
satellites and of '0.0001 A forthe separation of the Lya, and 'I/yag lines. Very

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

the Hartree — Fock calculations though somewhat larger discrepancles (~ 0.0009
A) exist between experimental and theoretical wavelengths which are systemati-
c‘al]y too small. The observed spectrAa*are used for diagnosis of the central ion
and electron temperatures of the PLT discharges and for a measurement of
the dielectronic recombination rate coefficient of Ti XXII. The measured rate
cocflicicnt is in good agrecement with hoth the predictions from the detailed cal-
culations (Safronova and Vainshtein, and Dubau et z_x_l) and of Burgess’ general

formula.3®
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I. INTRODUCTION

I. INTRODUCTION

Spectra of hydrogenlike titanium, Ti XXITI, are presented in this paper.
The sp‘ectra have been observed from tokamak discharges with central electron
teniperatures' 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 Lya; and
Lyay lines of Ti XXH to be‘ obtained for the first time and also permitted a
detailed comparison with the theories by Safronova and Vainshtein!*2 and Dubau
et al.34 to be performed. The spectra have also bgen 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 XXII.

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 Z. Whereas the separation of tile fine structure components
of the resonance lines of low-Z hydrogenlike ions is very small and usually -
masked by Dopplei' broadening, the doublet is well-resolved for ioms, such as
Ti XXII. For exact wavelength calculations it is necessary to also include QED

effects due to self-energy and vacuum-polarization, such as the Lamb shift.5

In addition to the resonance lines, the spectra of high-Z hydrogenlike
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ions show a series of dielectronic satellites which are due to transitions of the ‘type
1snl — 2pnl with n > 2. The 2pnl states are doubly excited heliumlike states
above the ionization limit of the heliumlii(e ion. i‘hese states can autoionize
to the hydrogenlike ground state, or they can decay by a stabilizing radiative
transition to a singly excited heliumlike state. The latter transition gives rise to
a'satellite line. Since the radiative decay probability increases with Z4, wHei"eas
the autoionization probability is approximately independent of Z, the sateﬁite
lines are relatively intense compared with the resonance line only for ions with
Z 2 20. In low density plasmas the 2pn! states are not populated from the
heliumlike 152 ground state, since double collisions are highly improbable. ;I'fhe
satellites can, therefore, only be produced by the dielectronic recombination of
hydrogenlike ions. This is different for the previously well-documented satel-
lite spectra of heliumlike ions,87:8:9:10,11 where dielectronic recombination :a:nd
collisidnal 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 Lya,
and tl;e Lyas lines and their associated satellites are presently also studje(i::'in
beam - foil experiments.12:13 The excitation mechanisms for the satellite lliies

are, however, less well-defined. in these experiments than for low density pl‘a's-

mas. 14

Tokamak plasmas are presently the best suited laboratory plasmasefor
observation of the line spectra from highly ionized ions. In fact, it is now
possible to obtain large volume tokamak plasmas with central electron densities

of 0.1 . 1 X 10*°cm™® and electron temperatures in the range from 1 to 3
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keV under quasi-steady-state conditions for periods of 100 — 300 msec. Under
these conditions the relative abundance and spatial distribution of the different
states of ionization of high-Z e]emeﬁts approximate coronal equilibrium. Since
tokamak plasmas are also the Best diagnoséd high temperature plasmas, they are
appropriate for e);t'perimental 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 diagﬁosis of central plasma parameters in the the next
generation of lérge 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 > 20 will be of vital importance for future tokamak experiments.

II. EXPERIMENTAL SETUP

1

Hydrogenlike titanium, Ti XXII, can.be produced in hot plasmas under
coronal equilibrium conditions!® with a fractional abundance of 10 /y if the
electron temperature exceeds 2 keV (see Fig. 1). Plasmas of sufficiently higfl
electron temperatures are presently obtained in the core of large tokamaks with
use of additional heating schemes. Nevertheless, it is experimentally difficult
to 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.!® Coronal equilibrium is only approached if
the characteristic confinement time of an ion is long compared with the ioniza-
tion and recombination times.17'18 This condition is especially hard to fulfill

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

-
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siderably longer for these ions than for ions of the lower charge states. This
‘ : ‘

is due to the high ionization potential of the heliumlike ions (Ey = 6.249 keV
for Ti XXI) and due to 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 ionization times are inversely proportiénal
to the‘. electron density, the most efficient way to enhance the concentration of

hydrogenlike ions is to perform the experiments at high plasma densities.

In PLT discharges with additional ion cyclotron heating (ICRF) <_5f l4
MW at 25 MHz it has been possible to produce plasmas with ccentral electron
densities of ~ 1 X 10"cm™3 and central electron temperatures-of 2 - 3 keV with
a minor radius of 40 cm in quasi-steady-state for periods of 200 - 300 msec. E;'en
under these conditions the characteristic time for radial transi)ort. of hydrog;m-
like titanium ions as determined from titanium injection experiments was oﬁly
about one third the ionization time (=100 msec) of the heliumlike Ti XXI ions.!?
Transport was, therefore, important in our experiments. We may assume ti‘:at
the radial density profile of the Ti XXII ions was wider and the relative abfm-
dance of the Ti XX and Ti XXI charge states in the center of the plasma :\ivas
smaller than the coronal equilibrium values, shown in Fig. 1, although we did
not méasure these radial ion charge state distributions. A further experimental
difficulty arises from the fact that the dielectronic satellite lines are re]ath:"ely
intense only at low electron temperatures. The spectra of greatest interest ;:re,
therefore‘, emitted at temperatures for which the hydrogenlike ions are not';he

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 line radiation, and it is, therefore,

difficult to obtain spectra with a small statistical error.

~ Titanium is used on the PLT tokamak as a material for thé Faraday
shields of the rf — antennas and as a getter for low-Z impurities. During the
ohmic heating phase with electron temperatures of 1 to 1.5 keV the line radiation
from hydrogenlike titanium, Ti XXTI, is smaller than the background radiation.
With rf — heating it is, however, enhanced due to both an increase in the amount
of titanium in the discharge and an increase in the central electron temp‘eratu:e.
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 teéhnique.zo 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 é]so permitted to identify

unambiguously the observed radiation as titanium lines.

The data were recorded by a high resolution (A\/AX = 15000, at A=2.5
A) curved crystal spectrometer which permitted simultaneous observation of
spectrum lines in the wavelength range from 2.485 A102.525 A. Thespectrometer
consisted of a (2023; 2d = 2.7497 A) quartz crystal and a position sensitive
multiwire proportional counter?! in the Johann configuration.2? The dimen-
sions of the crystal and its radius of curvature were 6” X 1.5” X 0.030” and
369.5 cm, respectively. The spectrometer is very similar t§ the one previously
used for observafion of the dielectronic satellite spectrum of heliumlike titanium,

Ti XX1,11 and Doppler broadening measurements on the PDX (Poloidal Divertor
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Experiment) tokamak.23 Instrumental details have been described in reference .24

Figure 2 shows spectra accumulated from. 17 PLT discharges during
consecutive time intervals from 800 — 850 msec and 650 — 7d0 msec. Jon 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
Thomstm scattering data for these PLT discharges exhibiting a central electron
temperafure of 2 keV and a central electron density of 8 X 10'3cm™2 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 approximéte
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. From these measurements we deduced
a value. of 20 — 30 msec for the confinement time of the Ti XXII ions. The
titanium injection experiments have also allowed us to obtain an estimate of the
total number of titanium atoms that are normally present in the discharge 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 to distinguish clearly the Ti

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

§LoWN 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. Tiﬁs intensity reduction,
which is less than 5 9/g 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 at the channel
numbers from 87 to 145 have been corrected Tor 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.

II. EXPERIMENTAL RESULTS AND THEORETICAL PREDICTIONS

Spectra of hydrogenlike ions have been previously observed from solar
flares and from tokamak plasmas for Z < 20.25:26:27 These observations have
wellconfirmed the predicted Z — dependence both for the doublet splitting of the
resonance line and the inténsity of the dielectronic satellites. The Z — dependence
of these spectral features is illustrated in Fig. & which presents spectra of
hydrogenlike ions for Z = 8, 12, 18, and 20. For O VIII and Mg X1l the separation
of the Lya doublet is smaller than the Doppler width, whereas for S XVI and
Ca XX the fine structure components of the resonance line are clearly resolved.
Similarly, the 1snl — 2pnl dielectronic satellites are not observed in the spectra
of O VII and Mg XII. They appear in the spect.rum of S XVI, and are clearly
noticeable in the solar flare spectrum of Ca XX. However, the statistical error of
these data has not bermitted a detailed comparison with theoretical predictions.

An interesting result 1s the observation of intensity ratios in the range from 0.5 to
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0.8 for the Lya, and the Lya; lines of S XVI on the ALCATOR experiment.28
This departure from the value of 0.5 has been ascribed to excitation of the

2Py, and 2Py, states from the metastable 25y, state by proton collisions.28

In this section we give a detailed comparison of the observed Ti XXII
spectra with theoretical predictions of Safronova and Vainshtein? and Dubau et
al.4 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 Vainshtein,2® and the Hartree
— Fock :approach which is employed by Dubau et al.33% A comparison of the
results obtained by these different methods of calcﬁlation 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 1s(®S;/,) — 2p(*P3/2) and
the 1s(2S, 2) — 2p(2P; /2) fine structure components of the resonance transi-
tion, or the Lya; #nd the Lya; lines (features 1 and 2), and the well-resolved
1snl ——.2pnl dielectronic satellites with n = 2 (features 3 — 8). The experim.én-
tal wavelengths have been determined relative to the Lyas line for which we
adopted the theoretical value of 2.4957 A.l Structures observed on the wi;mgs
of the Lya; and the Lyas lines are ascribed to 1sanl— 2pnl dielectronic satellites
with n > 3. Contrary to the n = 2 satellites, the n > 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 to resonance line separation, scales
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‘'as n~3 and is smaller than the 2p spin — orbit interaction if n > 3.3 The Lye,
and the Lya, lines thus represent the series limits for these satellites which are
approached with increasing main quantum number n for the spectator electron.
The number of satellite transitions increases dramatically with n. Hoﬁever, since
the autoionization probability, T', decreases with n as n~> and, moreover, I' —
0 for An = 1 transitions if I > 2,31:32 the satellite intensity also decreases with
“n. Detailed calculations of the atomic parameters for all the 1snl — 2pnl transi-
tioﬁs,' which can be associated with the spéctator élec_tron in a certain n - shell,
are usually perforined for n — values up to ﬁve; The n > § 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 1 - IV list the theoretical predictions
for satellites with n = 3— 5 by Safronova and Vainshtein? and Dubau et al.4 In-
cluded in the Tables are only the most intense transitions with line factors @p >
5 X 10'1sec1, Since the satellites with n > 3 fall into a véry narrow wavelength
range and are partially blended with the resonance line, a detailed comparison

between experiment and theory can only 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 for the transi-
tion arrays given in Tables I — IV. In addition to the fine structure components
15(2Sy/2) — 2p(2P3/2) and 18(231/2) — 2p(%Py3) of the Ti XXII resonance line,
the theoretical spectra thus include the contribution‘ from 14 n = 2 satellites
(curve 1), 49 n = 3 satellites (curve 1), 47 n = 4 satellites (curve IV), and
38 n = 5 satellites (curve V). Curve I represents the total intensity of all these

spectrum lines. For calculation of the synthetic spectra an intensity ratio of two
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was assumed for the fine structure components of the Ti XXII resonance line,

since excitation of the 2P3/2 and the 2Py 2 stales from the 255, state by prolon
8

collisions are negligible at the plasma densitics oblained in PLT discharges.?
The intensities, 14, of the satellites relative to the inlensity of the resonance

Jine have been oblained using the expression given by Safronova and Vainshtein!

for the zero density limit:

. 3836x 1073 Eo— E(Y 0.24 + Ey /T,
g = e B . N Q , 1
d T exp( T. i o/ T, o(1.7) | (1)

where T, is the electron temperature in keV. Fp == 4.939keV is the encrgy of
the Ti XX resonance tranpsition, and ES") == 3.429,4.273,4.564,and4.699;. keV,
respectively, is the average energy of the autoionizing heliumlike states of a gi'ven

n — shell relative to the hydrogenlike ground state. The line factor QD(fy,'i’y') is

defined as:

-A'(',’ ’{)F(”: QO)
91T(7, 20) + £, A(7,7)

where g, is the statistical weight of the doubly excited heliumlike state 9.

I'(q, aoj is the probability for autoionization of the state  to the hydrogehlike
grou nd'gtate ag. A(7,7) is the probability for the stabilizing radiative transition
' of the heliumlike jon which gives rise to the satellite line, and T A(7, )
is the tolal radiative decay prbbébility for the state 4. A(v,7), T'(7, ao),‘ and
Qp(7,7’) are in units of 10'2sec™!. In order to obtain a best fit with the
cxpeiinienta] data, the ion and electron temperatures were chosen to be T = 1.8
keV and T, = 2.1 keV. The theoretical spectrum also includes the contrib{i:‘f,ion
of the magnetic dipole transition from 2S;7; to 1S/, which is not Astriqct;ly
forbidden,33 though the dominant decay of the 28, /2 slate is a two pholon
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process. Rate coefficients for the magnetic dipole transition (M1) and the two
photon (2E1) decay of the 25;/, state have been derived by Breit and Teller,34

and Drake,3% who obtained the following results:

Apg = 2.496 X 1078 Z105¢c 1

Aopy = 8.228Z8sec™?

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

tion becomes important for ions with Z > 20. The intensity ratio of the M1 line

and the Lyay line is given by the expression

M1 AM1 - .
Hlyaz) — © % A(M1) + AQE1) : (2)

where ¢ = 0.83 (for T, = 2keV) is the ratio of the excitation rates of the 2812
and the 2P/, states from the 15/, ground state.!] From this expression we
obtain for I(M l)/I(Lﬁag) a value of 0.04. The M1 line is separatéél from the
Lyas line by the Lamb shift, which is 0.164 mA for Ti XXI1.5 This value is small ~
coxﬁ;ared with the Doppler width (=~ lm;i), and the M1 line is, tﬁérefore, not
res'olved in the observed Ti XXII spectrum.

Figures 8a and 6b show the experimental data and the synthetic spectra
obtained from the predictions of Dubau et al. (Table I and Tables IIb — IVDb)
and Safronova and Vainshtein? (Table I and Tables Ila - IVa), respectively.
The theoretical spectra are in very good agreement with the experimen(al data.
This is trﬁe, in particular, with regard to the relative satellite and resonance
line intensities. Only small discrepancies are observed between theoretical and

experimental wavelengths. These discrepancies are larger for the data of Dubau
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et gl.(gj0.000Q;Q) than for those of Safronova and Vainshtein(~ 0.0003/.1). The
almost perfect fit to the data, which is shown in Fig. 6c, has been obtained by
reducing 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 Lyag liI%e.

F igut:es 7a and 7b present the spectral range from 2.4850 A to 2.5025 A
of Figs. 6b and B¢ on an enlarged scale to allow for a more detailed comparigon
of the experimental data with the theoretical predictions for the fine slructure
components of the Ti XXII resonance line and the associated n > 3 satellites.
The predicted (apparent) intensity profile of the Lyay line is in excellent agree-
ment with the observation. However, a small discrepancy between theory ;}.‘pd
experiment exists on the long wavelength side of the Lyay line in Fig. 7a. In Flg
7b this diécrepancy has been largely removed by use of Lhe corrected wavclength
value of 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 Lya; and the Lya line, respectivelj.5

IV. DIAGNOSTIC APPLICATIONS

The satellite spectra of hydrogenlike ions are important for the digg-
nosis of hot plasmas. The main diagnostic applications are measurements .of
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. Of particular interest are the
spectra of hydrogenlike ions with Z > 20 for measurements of the central ion
temperature in next generation of large tokamaks with expected core ion and
electron temperatures in excess of 10 keV. Under these conditions impurity ioﬁs
with Z < 20 will -be fully stripped in the hot center of the plasma, whereas ions
with Z > 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
jon temperature' by standard techﬁiques, 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 XXII spectra are shown in Figs. 8 and 9.

Figure 8 shows the value for the satellite to resonance line ratio, I;/Ig,
for the most prominent satellite J, as observed from the spectrum in Fig.
4, versus the experimental value of the centrai electron temperature and, for
comparison, the predicted electron temperature dependence given by Eq. (1).
The predictions and the experimental data are in agreemenf to within the
experimental errors. According to the theoretical predictions the intensity ratio,
Iy /IR, is very sensitive to the electron temperature (solid line in Fig. 8). From
these predictions we may infer that the intensity ratio, Iy /Ig, can be used as an
electron temperature diagnostic up to values of T, = 3 keV. For higher electron

vemperatures the intensity ratio, I;/1g, is smaller than 10 °/g, and it becomes
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experimentally difficult to determine this ratio with sufficient accuracy.

The ion temperature has been determined from the apparent profile
of the Lya line. As discussed in Sec. II this line structure also includes the
contribution from the n > 3 satellites associated with the 1525, /2)— 20(2 P, :/2)‘
transition. The satellites with n — 3 are the most intense and mainly contribute
to the intensity in thé wings of the resonance line profile. In principle, the ibﬁ
temperature has to be evaluated by a fit of the experimental data with a synthei,ic
spectrum which includes the contribution from all the satellites. However,,thjg
procedure requires elaborate computations which may be prohibitive for a fast
evaluation of the ion temperature needed in tokamak experimnents. We have,
therefore, compared 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 singie Voigt function. Figure 9 shows the observed
(apparént) Lyas line profiles of the spectra in Figs. 2a and 2b and the legst
sqha;es fits of single Voigt profiles (solid lines) which were calculated with use c;f
the plasma dispersion function as described in reference.24 The arrows indicé‘te‘,
the spectral range which has been used for the fit. The fitting limits have be;aﬂ
chosen to exclude most of the- wing structure due to the n = 3 satellites. The
ion temperature values of T; = 2.0 + 0.2 keV and T; = 1.8 + 0.1 keV obtained
from a single Voigt function fit to the data in Figs. 9a and 9b, respectively, were
practically identical with the T; — values derived from the fit to the comp]éte
line structure. As the electron temperature increases above 3 keV, it is expectgd
that the intensity of the n > 3 satellites rapidly decreases and that the observ_e:d

line profile resembles more and more a single Voigt profile.
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V. MEASURENENT OF THE DIELECTRONIC RECOMBINA-
TION RATE COEFFICIENT OF Ti XXII

The dielectronic recombination rate coefficient, @4, can be written in

the form32

ag = Cr(T.)2.1,/Ir

where ¥,1,/Ir is.the total intensity of all the dielectronic satellites relative to
the intensity of the resonance line, and Cgr(T;) is the collisional excitation rate
coefficient for the resonance transition. The dielectronic recombiﬁat;ion rate
coeficient, ag, can thus be experimentally determined from a measurement of
the total relative satellite intensity, ©,1,/Ig, if the excitation rate coefficient,
Cr(T.), is known. These coefficients have been calculated for the heliumlike and

bydrogenlike resonance lines by Safronova and Vainshtein.!

Since the intensities of the resonance line and the associated dielectronic
satellites are proportional to the abpndanCe of the ions of a single charge state,
the experimental results on ag are independent of the ionization state of the
plasma. Plasma modeling calculations38 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,37

and iron, Fe XXV.38 Satellites to the heliumlike resonance lines are due to
transitions of the type 1s2nl—152pnl with n > 2. These satellites are produced
by the process of dielectronic recombination as well as by collisional inner shell
excitation of lithiumlike ions in the 15225 ground state. Appropriate corrections

for the latter contribution are, therefore, necessary, for a measurement of the
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dielectronic recombination rate coefficient from lithiumlike satellites. On the
other hand, the heliumlike 1anl—2pnl (with n > 2) satellites of the hydrogeﬂlike

Lo
resonance lines are entirely produced in the process of dielectronic recombination

and are, therefore, of principal importance for these measurements.

Figure 10 s;hows the experimental value of the dielectronic recombjna-
tion rate coefficient, a4, for hydrogenlike titanium, Ti XXII, as obtained t;to;ll
the spectrum in Fig. 4 by evaluation of the satellite to resonance line rajt-.ios.
This value of ag includes the contributions from the n = 2 satellites and ffom
those n — 3 satellites which can be resolved on the wings of the apparent'L.yal
and Lya; line profiles. A part of the n = 3 satellites and all the n > 4 satellites
are b]énded with the Lya; and the Lyas, 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 ggod
agreement with the observation, we may assume that the predictions for the :un-
resolved n > 3 satellites are also reliable. With this assumption we can obtain
an estimate for the contribution from unresolved satellites to ay. It is found to
be of the order of the experimental error for a4. The error bars shown in Fig.
10 mainly result from the experimental error of the laser Thomson scatter;i.ng

data which have been used for determining the electron temperature.

Also shown in Fig. 10 are predictions for the dielectronic recombina-
tion rat‘,e-coefﬁcient of Ti XXII from the detailed calculations of Safronova and
Vainshtein and from the formulas of Burgess3? and Merts et al.40 The ci;;v_e
which represents Vainshtein and Safronova’s results has been calculated from

the line parameters given in Tables I and IIa — IVa. For this purpose the relative
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“intensity contribution, I{")/Ig, 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, Cgr(T.), given in reference.!

This coefficient can be written in the form:

| 6.828 X 10712 [LEy\ 1+ Ey/T.

g — . ed 3

CR(TC) Te'/ﬁ. exp( 1'e 0.24_*_ EO/I‘G ( )

where T, is given in keV. Similarly, the experimental value for a; was obtained
by mu]tip]ying the observed total relative intensity X,I,/Ig, by Cr(T.). The

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 titénium, Ti XXII, have
been observed from PLT tokamak plasmas and have been used for a detailed
comparison with the theoretical results obtained by the Z - expaﬁsion method
(Safronova and Vainshtein) and from Hartree — Fock calculations (Dubau et
al). The results due to the Z — expansion method are in excellent agreement
with the experimental data except for minor discrepancies between theoretical
znd experimental wavelengths of 0.0003 A for the n = 2 satellites and 0.0001
A for the separation of the Lya; and Lya, lines. Very good agreement with
the experimental data is also obtained for the results from the Hartree — Fock

calculations although the discrepancies between the theoretical and experimental

wavelengths ~ 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 dnelectromc
recombmatxon rate coefficient, ag4, of Ti XXII. The expenmental value for ag4 is

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

Safronoﬁa and Vainshtein? and from Burgess’ general formula.
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TABLE CAPTIONS

Experimental wavelengths and theoretical results

of Safronova and Vainshtein (superscript a) and
Dubau et al. (superscript b) for the Lyaj and Lya)
lines of Ti XXII ang the n = 2 satellites. The
wavelengths are in A. The radiative probability A,
the autoionization grobability I, and the line factor
Qp are in 1013 sec~l. The key letters agree with

Safronova's notation.

Atomic data of Safronova and Vainshtein for satellite
lines to the Ti XXII resonance line due to transi-~
tions 22'3%2 - 1s32. The wavelengths are in K. The
radiative probability A, the autoionization prob-
ability T, and the line factors Qp are in 10 sec™ 1.

Atomic data of Dubau et al. for satellite lines to
the Ti XXII resonance line due to transitions .

22'3%2 - 1s32. The wavelengths are in R. The
radiative probability A, the autoionization prob-
ability T, and the line factors Qp are in 1013 sec-1.

Atomic data of Safronova and Vainshtein for satellite
lines to the Ti XXII resonance line dug to transitions
22'42 - 1s4f. The wavelengths are in A. The

radiative probability A, the autoionjization_probability
I', and the line factors Qp are in 1013 sec™

Atomic data of Dubau et al. for satellite lines to
the Ti XXII resonance line due to transitions

22'42 - 1ls42. The wavelengths are in R. The
radiative probability A, the autoionization prob-
ability " I', and the line factébrs Qp are in 1013 sec-1.

Atomic data of Safronova and Vainshtein for satellite
lines to the Ti XXII resonance line dug¢ to transitions
22'52 - 1s5%. The wavelengths are in A. The radiative
probability A, the autoionization probability T, and
the line factors Qp are in 1013sec-1l.

Atomic data of Dubau et al. for satellite lines to
the Ti XXII resonance line due to transitions

2252 - 1s5%. The wavelengths are in K. The
radiative probability A, the autoionization prob-
ability T, and the line factors Qp are in 1013sec-1.



I¥ YV VIV

DEAK KEY TRANSITION exp theor A r 2
=] -]
(A) (A)
) a a
. 2 2 2.4904 15.000 -
. 1s( 51/2) - 2p{ P3/2) 2.4903 2.4903b 14. 450
a a a a
3 1 2.4915 0.246 20.000 0.424
v 1s2s("s)) - 2s2p("P)) 2.4905° 0.189° 16.940° 0.314
a a
2 2 . 2.4957 14.900
2 1s(0S) )5) = 2p(7P) ) 2.4957 2.4956° 14.360°
a a a a
1 2.1 2.4973 24.300 3.000 2.670
M 1s2p("P;) - 2p" (7S ) 2.4960° 22.960° 3.703° 2.415°
a a a a
1 1 2.5046 14.500 20.000 25.000
T 1s2s("s ) - 2s2p("P)) 2.5033P 13.400° 16.940° 22.290°
3 ‘ 2.5044 . . . R
3. 2.1 2.5052 3.930 30.600 10.100
K 1s2p(7p,) = 2p  ('D,) 2.5042° 3.100° 27.690 7.878°
3 '3 2.50702 14.5002 1.3602 6.210°
0 1s2s(7s)) = 2s2p (") 2.5066 2.5066° 13.670° 1.286° 5.877°
a a a a
3 2 3 2.5081 8.190 6.720 7.720
- = "o Y _
> B 1s2p 7Py 1 - 2p” (7py) 2.5077 2.5070° 7.570° 5.012° 5.890°
a a . a a
3 3 2.5108 14.200 1.670 4.430
R 1s2s("s,} - 2s2p("P)) 2.5101° 13.480° 1.521° 4.049°
a - a a ) a
3 2.3 2.5116 17.800 6.720 16.800
6 A 1s2p(P,) = 2p" (7p,) 2.5115 2.5106° 17.330° 5.012° 13.400°
a a a a
3 3 2.5122 14.400 1.360 1.240
s 1s2s(7s)) - 2s2p("p ) 2.5115° 13.670° 1.290° 1.186°
: a a a a
3 23 2.5126 27.400 0.249 0.244
F 1s2p{"P,) - 2p ("P ) 2.5113° 26.120° 0.167° 0.1642°
a a a a
1 2.1 2.5132 25.100 30.600° 64.40
! J 1s2p("P)) = 2p" ("D,) 2.5130 2.5123P 23.820° 27.690° 60.36°
. a a a a
1 2 3 2.5196 2.970 6.720 2.800
8 G ls2p("p)) = 2p ('p,) 2.5135 2.5187° 2.293° 5.012° 1.784°
a - a a a
3 2 1 2.5272 1.370 32.900 1.180
P 1s2p(7p)) = 257 (7s)) 2.5266° 1.123° 29.390° 0.953°
1 2 1. 2. 33087 (2308 32.9002 0%
0 152 ( - B J4L . 3.5‘00
4 PUP)) - 25 (78 2.5385° 4.111P 29.390P 3.489°

: , A
*The experimental wzvelengths are relative to the theoretical value of 2.4957 A for the 15(151/,) - 2P(2P

172

) transition.
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Table IIa
Traqsition A(;) A T ,Qd
2p3p(ls°) - 153p(1P1) 1 2.4874 12.800 1.600 1.160
2p3d(1P1) - 1sap(ln?5, 2.4878 13.300 0.091- 0.248
2p3d(1F35 - 153d(3D2) 2.4881 4.920 2.400 4.720
2p3s(1Pii - 1535(351) 2.4883 0.712 8.580 0.918
2p3d(1F3) - ls3d(3D3) 2.4885 1.220 2.400 (.170
2p3a(try) - 153d(102) 2.4886 8.950 2.400 8.600
2p3p(102) - ls3p(3P1) 2.4888 0.191 11.100 0.440
2p$p(192):-’is3p(3p2) 2.4898 i.zzb> 11.100 2.810
2p3d(3Pi) - ls3d(301) 2.4910 8.770 0.0627 0.114
2p3s(1P1) - 1535(181) 2.4917 8.240 8.580 10.600
2p3p(102) - ls3p(lP1) 2.4919 8.940 11.100 20.600
2p3d(3n3) - 1s3d(3D2) 2.4928 6.260 0.163 Q,472
2p3a (’p,) - iszd(3o3) 2.4932 '8.090 0.163 0.610
2p3s(3P3) - ls3s(381) 2.4938 11.900 U.133 0.526
2p3d(302) - ls3d(3p2) 2.4939 5.470 0.0620 0.114
2p3d (>p,) - 1s3a(’p)) 2,4939 4.870 0.0620 1,010
2s3a('p ) - 1534 (’p,) 2.4943 3.640 0.0620 0.0757
2p3p ) - 153p(3P2) 2.4945 4.580 3.0500 6.270
2p3s(1éix - ls3d(3D1) 2.4946 0.797 8.5800 1.030
2p3p(3o3) - ls3p(3P2) 2.4947 10.300 0.176 q.968
2pas(1pix - 153d(1D2) 2.4951 0.263 8.580 0.340
2p3a Cr,) - 1s$d(3n3) 2.4953 15.000 0.533 4.640
2p3d(3nlz - ls3d(3D2) 2.4963 8.380 0.542 0.898
2p3d(3D;) - 153d(?Dl) 2.4963 5.120 .0.542 0. 549
253d(3Dl) - 153p(3P1) 2.4964 1.380 0.201 0.146
2p35(10;) - ls3s(351) 2.4964 8.660 0.502 1.120
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Transition A(;) A T o -
2p3p ) - 153p(3P1) 2.4966 13.70 0.246 0.191
2s3d(302) - 153p(3P2) 2.4974. 2.210 2.410 3.230
253d(3D1) - 1$3p(392) 2.4974 2.810 0.201 0.297
2p3d(1D2) - 1saakloz) 2.4975 9.430 0.0392 0.129
‘2s3d(102) - ls2p(1P1) 2.4976 1.770 3.050 2.430
253p(3P1) - 1535(351) 2.4979 4.880 0.123 0.0710
2p3d(3F3) - ls3d(302) 2.4985 3.820 0.576 0.9960
253p ) - 1535 Cs)) 2.4985 3.300 0.896 1.170
'2p3d(3F3) - 133d(303) 2.4989 5.660 0.576 1.470
2p3d(3F3) - 153d(1D2) 2.4990 5.410 0.576 1.410
2p3s(3P°) - 1s35(3sl) 2.4992 4.650 0.0732 0.403
2§3sg3p°) - ls3s(381) 2.4993 9,780 0.5600 0.469
2s3d(3D2) - 153p(1P1) 2.4995 2.400 2.410 3.520
2p3p(302) - ls3p(3P1) 2.5004 4.870 0.615 1.040
2de(3F2) - lsBd(302) 2.5006 5.850 0.397 0.762
293d(3F2) - ls3d(301) 2.5006 7.760 0.397 1.010
2P3p(302) - ls3p(3P2) 2.5014 4,510 | 0.615 0.962
2535(1P1) - 1s3p(3pl) 2.5032 1.170 16.400 0.935

’ 293p(3D2) - ls3p'(11>1) 2.5035 i.590 0.6'15 0.339
2s3p(3P2) - 1s3d(3o3) 2.5041 1.440 0.587 0.718
2s3p(1P1) - ls3s(1Pl) 2.5048 5.650 0.100 0.171
253;(}?1) - ls3p(1P1) 2.5064 2.150 16.400 1.710
2s3s(3P1) - ls3p(3p2) 2.5077 1.920 . 0.0736 0.107
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Table IIla

Transition A (;.) A r Qd '
2p4d(}p3) ls4d(3D2) 2.4896 4.82 0.9000 i.9ooo
2p4p(lsl)‘ 1s4p(1b1) 2.4896 13.400 1.0700 0.8650
.2p4d(lF3) ls4d(lD3) 2.4898 2.780 0.9000 1.1000
294@(;F3) 1s4d(102) 2.4898 7.450 0.9000 2.9400
2p4d(191) ls4d(3sl) 2.4903 2.580 2.9000 1.40060
2pap ('p,) - 1s4p(’p,) 2.4907 4.390 4.7200 a.9900
2p4d(3P1) 1s4d(3nl) 2.4908 10.800 0.0265 U.U579
2p4d(3D3) ls4d(3D2) 2.4915 8.820 0.1150 10.4690
2p49(102) ls4p(3P1) 2.4916 9.830 4.7200 11.2000
2p4d(3P2) 1s4s(3sl) 2.4916 13.600 0.0457 0.2080
2p4d(3D3) 1s4d(3o3) 2.4917 5.210 0.1150 0.2770
2p4p(3P3) 1549(391) 2.4917 11.500 0.9880 3.2800
2p4s(1P1) - 1343(151) 2.4918 10.600 2.9000 5.4400
2p4d ('p,) ls4d(302) 2.4920 4.520 0.0413 0.0622
2p4d(1D2) 1545(301) 2.4920 4.890 0.0413 46L0673
2p4p(3?2) 1s4pf3p2) 2.4921 2.580 0.9880 6.7340
2p4d(102) ls4d(;92) 2.4922 3.490 0.0413 0.0480
2p4d(3;4) ls4d(3b3) 2.4924 15.000 0.2250 2.0000
2p4p (°D,) - 1s4p (e, ) 2.4926 14.300 0.0354 0.2200
2s4a(102) 1s4p(3p1) 2.4945 0.922 0.0330 0.0673
2s4d(1D2)‘ ls4p(3P2) 2.4949 ) 1.010 0.0330 0.0738
2p4$(3P1) 1s4s(3s1) 2.4953 6.890 1.1400 2.5000
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2545(351)

Transition A (;) A r Q4
ép4p(3po) - ls4p(3P1) 2.4957 12.600 0.1370 0.1200
254d(301) - ls4p(3P1) 2.4960 1.110 0.0889 0.0659
254d(302) - ls4p(3P2) 2.4964 1.860 0.0707 1.3300
Zs4d(301) - 1z4p ’p,) 2.4964 2.460 0.0889 0.1460
2p4d(3D2) - ls4d(3D3) 2.4964 8.290 0.0193 0.0578
2p4d(3F3) - ls4d(302) 2.4965 1.380 0.3100 0.1970
2p4d(3F3) - ls4d(3D3) 2.4967 6.980 0.3100 0.9930
2p4d(3F3) - ls4d(lD2) 2.4967 6.560 0.3100 0.9330.
2s4p(?P1) - ls4s(3sl) 2.4967 1.240 0.4070 0.3830
Zs4d(3D3) - ls4p(3P2) 2.4968 0.675 0.0697 0.3970
2p4s(3Po) - 1545 Cs)) 2.4972 10.200 0.2280 0.2110
2s4d3§02) - ls4p(1P1) 2.4973 1.770 0.7070 1.2600
2p4p(302) - ls4p(3P1) 2.4974 2.380 0.7990 0.7610
2p4d(3F2) - ls4d(3D2) 2.4977 6.630 0.1770 0.3920
2p4d(3F2) - ls4d(3D1) 2.4977 8.020 0.1770 0.4750
2p4p(3D2) - ls4p(3P2) 2.4978 5.130 0.7990 1.6400
2s4p(1P1) - 1545(351) 2.4979 4.030 0.0643 0.7920
2p4p(3P1) - 152p(1P1) 2.4979 4.470 0.0112 0.0120
2p4p(302) - 1s4p(lpl) 2.4987 2.890 0.7990 0.9220
2p4p(181) - ls4p(3P1) 2.4987 1.940 6.4900 1.2100
254p(3P2) - ls4d(3D3) 2.4991 .1.490 0.2250 0.4480
2s4p(lpl) - 1543(151) 2.4993 4,510 0.0643 n.n8a7
2s4p(3P1) - ls4d(302) 2.4994 0.564 0.4070 0.1740
2545(181) - 154p(1P1) 2.5001 1.560 6.4900 0.9710

- ls4p(3P2) 2.5005 1.790 0.0281 0.0492



Table IVa

Transition A (lo\) A r Q3
2psd ('r,) - 1s5a(p,) 2.4900 4.600 0.419 0,873
2p5d(1F3)A- 1s§d(3o3) 2.4901 3.910 0.419 0.741
2p5d(1F3)'- lsSd(lDz) 2.4901 6.540 0.419 1.240
2p5p(lso) - lsSp(lPl) 2.4902 13.500 0.746 0.6170
ZpSs(lP1)1— 1555(351) 2.4906 3.930 1.070 0.8150
2p5p(102))— 1ssp(3r2) 2.4906 5. 860 2.120 3.4500
2p5d(3n3)‘— 155d(3D2) 2.4910 9.850 0.693 0.3160
2955(3P2)4— 1555(351) 2.4910 14.500 0.0294 of1420
2p59(102)‘— lsSp(lPl) 2.4911 9.030 2.1200 sfﬁloo
2p5d(303) - 1ssq(3o3) 2.4911 4.010 0.0693 0.1290
2p5p(3P2’}— 1559(391) 2.4911 13.000 0.6400 2.5100
2p55(lP1) - 1555(151) 2.4913 10.200 1.0700 2.1100
2p5p(352)3- 155p(3P2) 2.4913 1.240 0.6400 ‘ 0,2380
295d(3F4{;— 155d(303) 2.4914 15.000 0.1150 1.b3oo
2§5p(3b3) - 155p(3P2) 2.4916 14.900 0.0124 - 0.0814
2554 (10'2)} - 1s5p p)) 2.4950 0.333 0.0449 0.0499
255d(1u2) - 155p(3P2) 2.4952 0.918 N.N449 0.1370
ZsSp(lPl) - 1555(351) 2.4953 '5.000 0.9790 +1.9900
2p5p(3Po) - lsSp(jpl)‘ 2.4955 11.300 0.0634 0;9572
255p(1P1§°- 1sSs(lsl) 2.4960 0.560 0.9790 0.2230
255d(3D2):— 1qsp(3pz) 2.4960 1.780 0.3240 0.6930
2sSd(3Dl);— lsSp(3P2) 2.4960 2.440 0.0457 0.0799
2p5d(3F3):- 155d(303) 2.4961 7.080 0.189 0.6200
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Transition A (;\) A r Qd.
2p5d(3F3) 155d(102) 2.4961 7.270 0.1890 0.6370
255d(303) 1s5p (°p,) 2.4962 0.138 0.0414 0.2120
A255p(3P1) 1555(351) 2.4962 0.657 0.2150 0.1720
2p5s (’p ) 1555 (’s,) 2.4965 10.500 0.1140 0.1100
2sSd(3D2) 155p(1P1) 2.4965 1.610 0.3240 0.6260
2p5p(’p,) - 1s3p Cp,) 2.4965 1.490 0.5790 0.3740
2p5d(3F2) 1s5a(°p,) 2.4967 6.930 0.0899 0.2090
2p5d Cr,) 155a (p, ) 2.4967 7.720 0.0899 0.2330
2p5p (’p,)) 1s5p C’p,) 12,4967 5.180 0.5790 1.3000
2p5s () - 1s5s(s)) 2.4968 5.220 0.0374 0.0586
2p5p(’p,) - 1s5p('p,) 2.4972 3.560 0.5790 0.8950
2p5p('s) - 1s5p Cp,) 2.4972 2.590 3.1400 1.1300
2s5p(’p,) - 1s54(’p,) 2.4974 1.450 0.1100 0.2750
255p(3P1) 155d(3D2) 2.497s 0.5570 0.2150 0.1460
2psp('s,) - 1s5p('p,) 2.4979 1.1900 3.1400 0.5190
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Table IIb
Transitiop l(i) A T QD 4
]

253p(1P1) - isas(lso ) 2.5033 0.1083 4.9540 0.1718
2535(150) - 153p(3P1) 2.5028 13.1800 0.8177 0.6474
2535(150) —:1s3p(1p1) 2.5060 13.1800 2.0390 1.6140
253p(3P0) - 1535(351) 2.4985 0.5176 6.9600 0.4103
2s3p(3P1) -’1s3s(3sl) 2.4978 0.7045 3.0080 0.9619
253p(3P]) - ﬁs3d(3oz) 2.5034 0.5869 0.4969 0.1610
Zs3p(3P2) - &s3d(3o3) 2.5030 0.4823 1.2900 0.5921
2p3p(302,) - jls3p(3Pl) 2.4991 0.4144 3.8820 0.6380
2p3p(3D2) Jsﬁsap(3pz) 2.5002 0.4144 3.4800 0.5720
2p3s(3P1) - ﬁsas(3sl) 2.4953 0.3737 8.3670 0.8315
253d(3D3) -.ls3p(3P2) 2.4985 0.0617 3.6140 0.2420
2p3d(3F2) - 1§3s(3sl) 2.4925 0.2621 3.1980 0.3093
2p3d(3F2) - 153d(3Dl) 2.4991 0.2046 4.0350 0.2936
2p3a(’r,) - 1s3a(’p,) 2.4991 0.2046 1.9050 0.1386
2p3s(3P2) - 135 Cs)) 2.4931 0.1941 5.4160 0.3713
2p3$(3P2) - ls3d(301) 2.4993 0.1941 3.8200 0.2619
2536(301) -.ls3p(3P2) 2.4962 0.1719 2.0420 0.1630
253d(302) - 1s3pCp)) 2.4951 1.8030 0.3635 0.4189
253d(302) - 153p(3P2) 2.4965 2.7450 2.3130 3.2460
2s3d(3D2) -'1s3p(1p1) 2.4986 2.7460 3.0520 4.2840
2p3d(3F3) - 1s3d(302i 2.4973 0.4406 3.9650 0.8557
2p3d(3r3) - 153d(303) 2.4977 0.4406 4.8960 1.0570
2p3d(3P2) - 153d(1D2) 2.4973 0.4282 4.4510 0.9693
2s3a('p,) - 1s3pCp)) 2.4938 1.8040 2.4938 3.6560
2s§d(1b2) - ls3p(3P2) 2.4948 1.8040 0.6675 0.6972

4 4

e
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Transition l(;) A T 12
2s3d(1D2) ls3p(1P1) 2.4969 1.8040 1.0580 1.1050
2p3a('p,) - 1s3a('p,) 2.4960 0.0457 8.9270 0.1494
2p3p(3D$) ls3p(3P2) 2.4936 0.1419 9.7490 0.7779
2p3d(3D1) 1535(130) 2.4913 0.7606 1.0580 . 0.1579
2p3d(3D1) 153d(3nl) 2.4950 0.9329 4.4360 0.7848
2p3d(3Di) 153d(3D2) 2.4950 0.9329 7.2030 1.2770
2p3d(3F4) 153d(3o3} 2.4945 0.4146 13.5500 3.6200
2p3p(3P2) ls3p(3P1) 2.4918 0.0355 5.9400 '0.0672
2p3p(3P2) ls3p(3P2) 2.4929 0.0355 6.3630 0.07198
2p3s(lPl) ls3s(3sl) 2.4875 6.2480 0.5975 0.6468
2p3s(1é1) 1535(150) 2.4907 6.2480 7.2050 7.8000
2p3s(1P1) ls3d(3Dl) '2.4937 6.2480 1.1990 1.2980
2p3$(lPi) 153d(3D2) 2.4938 6.2480 0.3642 0.3946
2p3s(1b1) ls3d(1D2) 2.4943 5.2480 0.2673 0.2894
293d(3D3) 1s3d(302) 2.4918 0.1065 5.2780 0.2517
2p3d(3D3) 153d(3n3) 2.4922 ' 0.1065 7.8980 .37660
2p3p(1D2)' ls3p(3P1) 2.4880 8.7190 0.2186 0.4385
2p3p(102i ls3p(3P2) 2.4880 8.7190 1.0340 2.0740
2p3p(102) 1s3p(1p1) 2.5006 8.0440 0.0210 0.3664
2p36(1F3) ls3d(3D2) 2.4870 1.8610 4.3760 3.1490
zp3d(1F3) ls3d(3D3) 2.4874. 1.8610 0.9132 0.6571
2p3d(1F3) 153d(102) 2.4875 1.8610 8.4300 6.0660
2p3d(1Pl) ls3d(1D2) 2.4858 0.0799 11.3000 0.1908
2p3p(150) ls3p(1P1) 2.4866 1.3820 12.2900 1.0007
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i

Table IIIb )
Transition A (;\) A r %
2345(150) 1s4p(3pl) ' 2.4978 4.669 0.8188 0.5410
2545(1305 ' ls4p(1P1) 2.4991 4.669 1.348 . 0.8907
2s4p(lpl)" ls4s(3sl) 2.4962 0:1948 1.862 . 0.1596
254p(1P1) 1545(150) 2.4975 0.1948 . 3.297 0.2826
. 254p(3P0) : 1345(351) 2.4959 0.2145 3.328 . 0.1543
2s4p(’pl) ' 1545(351) 2.4956 0.2851' L.z o,gloq
2s4p(?pl) ' 1s4d(302) 2.4982 0.2851 0.4815 o.}séa
2s4p(3pzi ls4d(3D3) 1 2.4980 0.1955 0.9869 0.3638
2s4d(302) ls4p(3P2) 2.4958 0.2518 1.214 0.2702
254d(3D2) ls4p(3P2) 2.4962 0.2518 1.976 0.9398'
2s4d(302) ls4p(191) 2.49/1 0.2518 1.059 0.3357
254d(303) 1s4§(392) 2.4958 0.0616 0.5294 0.1465
2p4s(3Pl) 1545(351) 2.4935 0.8090 7.774 1882
2p4s(3Pl) 1545(180) 2.4948 0.8090 0.5515 o.}§4o
254d(102) 1s4p(3;2)_ 2.4951 0.7034 1.322 0.9107
2s4d (1025 1sap('e)) 2.4960 0.7034 2.305 1.588
2p4d(3F2) ls4d(3Dl) 2.4957 0.0993 5.014 0.g§79‘
2p4d(3F2) '1s4d(302) 2.4957 0.0993 3.854 0.2059
254f(3F3) ls4d(3D3)_ 2.4953 0.0611. 1.430 0:1587
2s4f(3F3) '1s4d(;D2)' 2.4954 0.0611 1.470 0.1632
ip4p(3nz) 1549(391) 2.4935 0.2150 1.463 0.2175
2p4p(3ozf ‘ 1s4p(3pz)' 2.4940 0.2150 3.906 0.5805
2p4p(302i - ls4p(1Pl) - 2.4948 0.2150 0.7108 0.1057
2p4é(3r3i ls4d(302) 2.4940 ©0.2278 0.6853 0.1059
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Transition A (;\) A r 2
2pad Cr) ls4d(3D3) 2.4942 0.2278 4.951 0.7654
2p4d(3F3) ls4d(104) 2.4943 0.2278 4.044 0.6252
2p4s(lP1) 1545(381) 2.4889 1.973 2.400 1.027
2p4s(1P1) 1s§s(lso) 2.4903 1.973 8.955 3.831
2p4s (') 1s4a(’p ) 2.4915 1.973 0.2426 0.1038
2p4p 'p,) 1s4p ’p,) 2.4908 0.0432 12.68 0.2729
2p4p (’p,) - 1s4p () 2.4901 0.5371 10.35 1.872
2p4p(3P2) 254p(3P2) 2.4905 0.5371 2.314 0.4185
2p4d (k) 1s4a(°p,) 2.4906 0.1988 12.90 1.742
2p4d(3D3) ls4d(3D2) 2.4900 0.0954 7.851 0.3789
2p4d(3D3) ls4d(303) 2.4902 0.0954 4.435 0.2141
2p4d(102) 154p (’p,) 2.4893 3.367 3.618 3.514
2p4p(102) ls4p(1Pl) 2.4901 3,367 8.566 8.319
2pap('p,) - 1s4£ CF,) 2.4902 3.367 0.1042 0.1012
2p4p ('p,) ls4f(1F3) 2.4903 3.367 0.1748 0.1698
2paz ('p,) 1s4£ Cr,) 2.4890 0.0404 8.805 0.1306
2p4f(3G5) 1s4£ Cr,) 2.4891 0.0237 13.15 0.2552
2p4f ('G,) 1s4£ CF ) 2.4888 0.0362 10.10 0.2444
2p4d(1F3) 154d (°p,) 2.4885 0.8364 4.027 1.578
2p4d(1F3) ls4d(3D3) 2.4886 0.8364 2.388 0.9360
?paa(1F3) 1s4d(1D2) 2.4887 0.8364 6.756 2.648
2p4f(302) ls4f(1F3) 2.4885 00835 13.03 0.2556
2p4p(150) ls4p(1P1) 2.4883 0.8409 11.94 0.6868
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Table IVb e
Transition A (R) -\ r Q¢
2555(150) 1s5p (e, ) 2.4962 1.991 0.7090 0.3953
2555(l§o) ISSp(lpl) 2.4969 1.991 .0.7913 0.4412
2sSp(;Pi) 1555(351) 2.4952 0.2172 1.649 0.2332
255p(1P1) 1555(150) 2.4958 © 0.2172 1.929 0.2728
2sSp(3P&) 1553(351) 2.4951 0.1436 0.4330 0.1339
295p (*r)) 155d(3n2) 7.4964 0.1436 0.3536 0. 1094
255p(3P§) 155d(303) 2.4963 0.0879 0.6278 0.2077
2ssd(3o5) 1sSp(3pz) 2.4954 '0.0732 0.6929 “0.1307
2sSd(1p2) 155p(3P2) 2.4949 0.1236 0.6526 0.1779
2sSd(102) 155p(1P1) 2.4953 0.1236 0.1154 0.3145
2p5$(3P1) lsSS(asi) 2.4Y36 0.8585 7.406 1,205
2p5$(3P1) 1555 ('s) 2.4942 0.5585 2.071 0.3370
2p5d(3F2)‘ '1ssd(3ol) 2.4943 0.0681 5.403 U.1b64
2p5d(3F2) '1ssd(302) 2.4943 0.0681 5.238 0.1613
2p5p(jD2) 1ssp(3p1) 2.4937 0.4963 1.192 | 0.2679
2p5p(3Dé) 155p(3p2) 2.4939 0.4963 5.624 1.264
2psp(3oz) 155p(1P1) 2.4943 0.4963 3.176 0.7130 *
2p5d(3f3) lsSd(3D3) © 2.4939 0.1872 6.030 0.6134
2p5d(3F3) ;ssd(lpz) 2.4939 0.1872 5.925 0.6028
2p55(lPl) 1555(351) 2.4892 0.6843 3.665 0.5553
2p55(1Pi) 1555(136)' 2.4898 0.6843 9.022 1.367
155p(3P2) '2.4898 0.0180 13.11 0.1204

2p5p(§D$)
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Transition l(;) A r QD
2p59(3P2) 155p(3P1) 2.4896 0.3138 11.60 1.297
2p5p(3P2) 155p(3P2) 2.4898 0.3138 1.175 0.1314
295d(3F4) 155d(3o3) 2.4898 0.1042 13.11 0.9236
2p5p(1D2) 155p(3P2) 2.4892 1.419 04.986 2.347
2p59(102) ISSp(lPl) 2.4897 1.419 7.794 3.669
2p5d(3o3)' 155d(3D2) 2.4895 0.0578 8.720 0.2612
295d(3n3) 155d(3D3) - 2.4896 0.0578 3.520 © 0.1054
2p5f(3G5) 155f(3F4) 2.4891 0.0184 13.18 0.1996
2p5d(lF3) 155d(3D2) 2.4888 0.4216 3.866 0.8132
2p5d(1F3) 155d(3D3) 2.4889 0.4216 3.390 0.7130
2p5d(1F3) 1ssd(102) 2.4889 0.4216 5.938 1.249
2p5p('sy) - 1s5p('p)) 2.4889 0.5322 11.98 0.4499
2p5f(1G4) ISSf(3F3) 2.4889 0.0279 ®.631 0.1814
2p5f(102) 155f(1F3) 2.4888 0.0263 13.09 0,1279
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FIGURE CAPTIONS

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.) ‘

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 (Fig. 2b). Approximately an amount
of 1.5 x 1017 titanium atoms was injected into each
discharge at the time of 650 msec.

Typical electron density and electron temperature
profiles of PLT discharges with 4 MW lun cyclotron
heating as obtained from laser Thomson scattering.

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

Spectra of hydrogenlike oxygen, 0 VIII, magnesium,
Mg XII, sulphur, SXVI, and calcium, Ca XX, from the
PLT and ALCATOR tokamaks and trom a solar [lare,

- respectively. The spectra illustrate the 2Z-

dependence of the doublet splitting of the Lya]
and Lya2 lines and of the dielectronic satellites.

© Experimental Ti XXII data and theoretical predictions

(snlid lines) of Dubau et al. (Fig. 6a) and

Safronova and Vainshtein (Fig. 6b). Curve II = V

and curve I represent the contributions from di- -
electronic satellites with n = 2-5, and the total
intensity, respectively, including the contributions
from the Lyaj and Lyap lines (features 1 and 2). Also,
included in the theoretical spectra is the contribu-~
tion from the 2S1/2 - 1S1/2 magnetic dipole transition.
Subfigure 6c shows the experimental data and the
theoretical spectrum obtained 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 & and with

a value of,2.4903 & (instead of Safronova's value,

" of 2.4904 A) for the wavelength of the Lya, line..



39

FI1G. 7 Spectral range of the Lya; and Lyap lines and
associated n > 3 satellites from Figs. 6b and

6c on an enlarged scale.

FIG. 8 Satellite to resonance line ratio, I;/Ir, 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 Tj = 2.0
+ 0.2 keV (for Fig. 9a) and Tj{ = 1.8 + 0.1 keV

(for Fig. 9b).

Experimental value and theoretical predictions by
Safrona and Vainshtein, Burgess, and Merts et al.
for the dielectronic recombination rate coefficient,
agd, of Ti XXII. The error bars mainly result from
the experimental error of the laser Thomson scatter-

ing data.

FIG. 10
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