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Observed magnetic dipole transitions in the ground-state terms of Tixlv, Tixv, and Tixvu

S. Suckewer, R. Fonck, and E. Hinnov
Plasma Physics Laboratory, Princeton Uniuersity, Princeton, New Jersey 08544

(Received 20 June 1979)

Four observed spectrum lines in titanium-containing tokamak discharges have been identified as follows:
Tixiv 2s '2p ' P„,~P„, at 2115.3 A, Tixv 2s 2p P,~'P2 at 2544.8 A, Tixvli 2s 2p P,~'PI at 3834.4
A and 'P,~'Po at 3371.5 A. The identifications are based on observed time behavior and correlation with
intensities of resonance lines of other titanium ions, and on general agreement with predicted wavelengths
and intensities.

The forbidden (magnetic dipole) transitions in
the 2s'2p" configurations of iron ions have been
extensively used'~ for local measurements of ion
temperatures, plasma rotations, and radial ion
density distributions in the Pr inc eton Large Torus
(PLT) tokamak discharges. With the increasing
use of titanium gettering' ' for the control of plas-
ma density behavior and the exclusive use of ti-
tanium for construction materials for parts in di-
rect contact with plasma in the Poloidal Divertor
Experiment (PDX) tokamak, e it is of immediate
interest to establish the wavelengths and relevant
transition rates for the corresponding configura-
tions in titanium. Since the ionization potentials
of Ti ions are significantly different from the iso-
electronic Fe ions, the addition of titanium also
affords greater selection of radial locations (i.e. ,
regions of different local electron temperature)

for the diagnostics in discharges where both ele-
ments are present.

The energy levels' and corresponding transi-
tions for the Ti XIV-XVIII ground configurations
are shown in Fig. 1. None of these transitions
have been observed before; they are deduced from
differences in shorter-wavelength resonance tran-
sitions, ""semiempirical extrapolations, ' "or
numerical ab initio calculations, "and therefore
are subject to uncertainties of at least several
angstroms. The four wavelengths in boxes in Fig.
1 represent our observations in tokamak dis-
charges.

The 3834.4+0.2-A line of Ti XVII was observed
in the PLT tokamak and has been used (in conjunc-
tion with detailed calculations" of the expected
relative populations resulting from collisional and
radiative transitions) to determine the titanium

I P —86I ev 940 eV

2s 2p

2p

30—

Ex

(eV)

20—

IO—

I/2

2I I 5.3A

Q — 3t'2

I

I

I

TI ML

2s' 2p4
I 'S 'D
l

I

I

lp
I

I

I

I

I

I

I

I

I

I

I

I

J{2365A)
I 2544.8A
I

3p

I/2
I

I,
1222 A)

I

51

I
3/

IA)
)

I

(88
I

, OI

I042eV i II3I eV
I I

I

XVI Tj X V I I

2s 2p
I

2s 2p

'0 's I '6 '0 'p

I lo
I

I

(4600 A)

I

(1128 A)

I

(6834A)
2 of'

2 ~~(6723A )

I (9
(780A) I

QA) I

I
383

I

I 3371 5A—
0

I

I220eV
I

I Tj X VIII

!
I

2s 2p

2p
I

I

I

I

I

I

I

I

I

0
I

A),

I

I

I

I

I

I
3/2

I O

I
(1776A)

1)

—300

—IOO

FIG. l. Energy levels and
transitions in the 2g 2p"

E x configurations of titanium.
{kK) wavelengths in parentheses

have not yet been observed.
IP indicates the ionization
potentials of the ions.
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concentration in the PDX discharges. " The cor-
responding 'P, -'P, level separation is 26072+ 2
cm ', and the simple I.S coupling magnetic dipole
transition probability based on this energy separa-
tion is 239 sec '.

The other three lines, Ti XIV, 2115.3+ 0.5 A, Ti
XV 2544.8 + 0.5 A, and Ti XVII 3371.5+ 0.5 A, were
first observed in the PDX tokamak discharges
(with somewhat less accurate instrumentation).
The level separations and I S transition probabil-
ities are respectively 47260+ 12 cm ' and 1898
sec ' for the 'P, &,-'P3&, of Ti XIV, 39284+ 8 cm '
and 1363 sec ' for the 'P, -'P, of Ti XV, and 29 652
+ 5 cm ' and 469 sec ' for the 'P, -'P, transition of
Ti XVII. All these numerical values are within
expected uncertainties of the semiempirical ex-
trapolations of wavelengths, ""a.nd in good agree-
ment with the calculated transition probabilities
of Kastner et a~ '6

The identifications of the transitions are based
on the time dependence of the observed lines
during the tokamak discharge and their absolute
intensities, both compared with the corresponding
behavior of the allowed resonance lines of adjacent
titanium ions, Ti XVII, XIX., and XX. A specific
sample of results from a PDX discharge is shown
in Fig. 2 (with peak intensities normalized to the
same level to facilitate comparison). The time
behavior of the 3371- and 3834-A lines is indis-
tinguishable, as expected, and the time sequence

of the others is consistent with the resonance lines
of TiXIX and XX and the expected ionization times
at the known electron temperature and density.
The resonance line of OVI (the dominant impurity
element in the discharge), which also resembles
the time behavior of potential interfering lines and
stray light, is clearly easily distinguishable. Typ-
ical oscillogram traces of the three lines are
shown in the insets, together with a trace of the
30S-A line of Ti xx (the time scale is 50 msec/div
in one oscillogram and 100 msec/div in the other).

The absolute peak intensities of the four forbid-
den lines and the Ti XIX resonance line are given
in Fig. 3(a). Figure 3(b) shows the calculated
emissivity per titanium ion in the appropriate
state of ionization by Bhatia, Feldman, and Dos-
chek. '7 The calculations include all collisional
and radiative transitions between all yg = 2 levels
(i.e. , 2s'2p', 2s2p'", and 2p "configurations).
The proton collisions have only a minor effect on
the relative intensities. The forbidden lines are
all very nearly independent of electron density
(for densities above 10"' cm '), whereas the al-
lowed 169-A line is proportional to electron den-
sity. The intensities are also practically indepen-
dent of electron temperature (-1.2 keV at 140 msec
in the experiment), except insofar as it affects
the time dependence through ionization rates.

Figures 3(a) and 3(b) would be directly compa-
rable if (1) all the important transition rates in
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FIG. 2. Time behavior of
titanium ion lines, and an
O'VI resonance line in a
POX discharge. Insets
show actual oscillograms of
three of the forbidden lines
and the Tixx resonance
line.
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FIG. 3. (a} Measured absolute intensities at the time
of their maxima of various titanium lines in a PDX dis-
charge (electron density 1V~= 1.3 x 10 3 cm+). (b) Calcu-
lated emissivity peg iog of the same lines, at electron
temperature and density close to experimental condi-
tions.

the calculation were correct and (2) the number
of ions (of each state of ionization) along the line
of sight were the same at the time of measure-
ment (the time of peak emissivity of each line in

question). Comparison of the relative intensities
of the five lines is regarded as a test of the ade-
quacy of the calculations, whereas' matching of
the absolute ordinates constitutes a measurement
of the titanium density in the plasma (more pre-
cisely, of the number of ions along the line of
sight).

In view of the potential uncertainties in the vari-
ous rate coefficients, the similarity of the calcu-
lated relative intensities with the measurements
is remarkable, and there are reasons to believe
that the actual correlation may be still closer.
During the quasisteady phase of a tokamak dis-
charge (which includes the 120-200-'msec interval
of the present measurements) the shapes of the

radial distributions of electron temperature and
density do not change appreciably, even though
their magnitudes may change slowly. Consequent-
ly the radial distribution (i.er r the distribution '

along the line of sight} of the emissivity of each
titanium ion at the time of its peak emission is
also practically the same, being determined most-
ly by the electron temperature profile. Further-
more the total titanium density in the emitting
region is approximately proportional to the density
of the particular state of ionization and hence to
each of the measured peaks.

The actual time behavior of the titanium concen-
tration is not independently known in the present
case, However, on the basis of studies of iron and
oxygen concentrations (determined from spatially
resolved resonance-line intensities) in similar
discharges of other tokamaks, ""we expect that
in this quasisteady phase of the discharge the rel-
ative titanium concentration remains a constant
fraction of the plasma (electron} density. The
latter was slowly rising in the 120-200 msec in-
terval (from about 1.2 x 10" cm ' to 1.4 x 10"
cm '), and if we were to assume that the relative
titanium concentration indeed remained constant,
then the relative pattern of the calculated and mea-
sured intensities would virtually coincide. We in-
fer from this observation that there are no sub-
stantial errors or omissions in the rate coeffi-
cients used in the calculations" of the line emis-
sivities. (ALternatively one could state that the
calculations imply a constant titanium concentra-
tion. ) The value of this concentration that would
match the absolute scales of Figs. 3(a) and 3(b}
is about 2 x 10 'N, corresponding to a near cen-
tral titanium density of about 2.6 x 10"cm"' at
200 msec, (The emission occurs over an equiv-
alent path length of about 20 cm, over which the
electron density is nearly constant. The line-
average Ti XIX density is then about 8.4 x 10' cm ',
the rest being due to adjacent states, mostly Ti
XVIII and XX, deduced partly from ionization cal-
culations and partly from observed line intensi-
ties of these states. )

Finally we note that the predicted 1V'76-A line
of Ti XVIII and most of the intercombination lines
should have readily measurable intensities in tita-
nium-seeded tokamak p1.asmas. The establishment
of their exact wavelengths and transition rates
would be of interest both for detailed plasma diag-
nostics and for refinement of atomic-physics cal-
culations.
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