





CLM-PB11

ALLOWED AND FORBIDDEN n = 2-2 TRANSITIONS OF THE
ELEMENTS Ti, Cr, Fe, Co AND Ni IN TOKAMAK DISCHARGES

by
K.D.LAWSON*, N.J.PEACOCK and M.F.STAMP+

Culham Laboratory, Abingdon, Oxon., 0X14 308, U.K.
(Euratom/UKAEA Fusion Association)

ABSTRACT

Wavelengths and transition probabilities are presented for the

allowed and forbidden n = 2 - 2 transitions belonging to the fluorine I
to lithium I isoelectronic Sequences which are expected to be observed

in tokamak discharges. The listing is compiled for the elements Ti,

Cr, Fe, Co and Ni, these metals being likely contaminants. The emphasis
is placed on an accurate compilation of wavelengths from laboratory and
solar flare observations, Where these are inadequate, predictions are

given. In the case of the nitrogen-, carbon- and boron-like intercombination
lines, these predictions represent a significant improvement on previous

data.

Theoretical line intensities calculated for conditions typical of a

tokamak plasma are given for each transition.

Identifications in Ti of the five strongest forbidden transitions

lying in the visible and near-uUv spectral regions have been made in spectra

from

the DITE tokamak. Such spectral features are useful diagnostic

indicators of metallic ion impurity concentrations and mass motions.
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1. INTRODUCTION

Current interest in the allowed and forbidden n = 2 - 2 transitions of the

metallic impurity elements in tokamak discharges results from their use for certain
diagnostic purposes. For example, the intensities of these fransitions allow
measurements of the concentrations of impurity ions which originate in the high
temperature interior of the discharge. Of particular interest are the forbidden
transitions within the ground configurations, Whereas the allowed n = 2 - 2
transitions fall in the Xuv spectral region, these forbidden transitions occur
throughout the UV and visible regions. In addition to the other diagnoétic
applications, high resolution line profile measurements, allowing a study of

Doppler effects, are possible with the longer wavelength forbidden lines.

It is, therefors, appropriate to list wavelengths of all then = 2 - 2
transitions expected to be seen in tokamaks in order to facilitate their
identification. Such a listing is presented for the elements titanium,
chromium, iron, cobalt and nickel,these being the most likely metallic contami-
nants in hydrogen and helium plasmas. Titanium impurities result from its
frequent use for gettering hydrogen, carbon and oxygen and from its use as
current - aperture limiters in various machines. The other eleménts are

components of the alloys from which the vacuum vessels are made.

The compilation of wavelengths uses available laboratory and solar flare
observations and is given for then = 2 - 2 transitions in the FI to LiI
isoelectronic sequences. Where these data are incomplete, reliable
predictions are given, Recent identifications in spectra of laser produced
plasmas (Lawson and Peacock 1980a), 'in addition to providing many new boron-
and beryllium- like observations, allow significant improvements to be made
in the predictions of the wavelengths of the various nitrogen-, carbon- and
boron- like intercombination lines, As will be discussed in section 3.5, the
ambiguity regarding the separation of the doublet and guartet levels in the
BI isoelectronic sequence which resulted from tentative identifications by

Lawson and Peacock (1980a) has now been resolved,

In addition to the wavelengths listed, transition probabilities and
theoretical " line intensities calculated for conditions typical of a

tokamak plasma are given for each transition. The transition probabilities



have been collected from a number of sources, that considered to be the most
reliable, in each instance, being used. In cases where therse is no published
data available, the results of new calculations are presented. Although

lesé atcurate than the transition probabilities, the calculated intensities

should be an aid to the identification of these transitions.

By using the listing of wavelengths and intensities.identifications
have been made in spectra from the Divertor Injection Tokamak Experiment
(DITE) and observations of all the forbidden transitions in titanium expected
in the visible and near-UV spectral regions are reported. These identifications
are supported by the good agreement between the predicted and measured wave-
lengths and intensities and by the observed dependence of their line intensities

on the plasma temperature.

2 .EXPERIMENTAL TECHNIQUES

Spectra of the DITE plésma were recorded on two instruments, one being a
Rank Hilger, medium gquartz brism spectrograph and the other a Rank Hilger,
normal .incidence, 1 meter grating spectrometer. The former was used to observe
the spectra throughout the visible and in the near-UV spectral region down to
a wavelength of about ZDODR. This range overlaps that. of the grating
spectrometer which was used for wavelengths below 2500R. Additional optics
were employed to focus the centre of the discharge onto the slit of the guartz
prism spectrograph, the slit being adjusted to a width of 25um, and Ilford HP3
and Q2 plates were used to record the spectra. The normal incidence’
instrument was set up with a grating ruled with 1200 lines mmd1 and a slit
width of 50um. Photographic records of the spectra were made on SC5 film,
this enabling accurate wavelengths to be measured. A photoelectric
attachment to the normal incidence instrument gave the time behaviour of

particular spectral lines.

The wavelength measurements were made from a number of spectra and
records were the result of multiple exposures of, typically., ten discharges.
These spectra were taken under a variety of plasma conditions and, conseqguently,
the dependence of the line intensities on plasma temperature could be noted. The
identified titanium lines were found to be intense in deuterium and helium dis-
charges characterised by high ohmic heating currents and neutral hydrogen beam
heating. In these experiments, the heating current was varied up to 220 kA and,

when used, the total power of the injected neutral beams was typically 0. 9MW.



These conditions correspond to peak electron temperatures of about 0.8 to 1,5keV,
The electron density was typically 1.5 x 1ancm_3. Below a threshold of about

100kA heating current, the lines disappeared from the spectra.

Mass motion effects resulting in Doppler shifts are expected to be
most severe during neutral beam injection due to momentum transfer from the
beam atoms. However, comparisons of spectra taken both with and without neutral
beam injection showed that for the highly ionised titanium lines any such shifts
were smaller than the quoted wavelength accuracies., These accuracies depend
chiefly on the nearness of suitable calibration lines, carbon, oxygen and

weakly-ionised titanium lines being used for this purpose.

3. COMPILATION OF WAVELENGTHS AND THEORETICAL DATA

The listings of wavelengths, transition probabilities and estimates
of line intensities is presented in tables 1 - 7. This compilation is
comprehensive tin that it includes all the allowed and forbidden n = 2 - 2
transitions of the metallic impurity elements likely to be found in tokamak
discharges which are expected to have an observable intensity. The choice
of which transitions to include was determined from their theoretical line
intensities, all possible electric and magnetic dipole and electric quad-

rupole transitions being considered.

Where possible, the wavelengths given are those of laboratory and
solar flare observations and the tables are completed with reliable predictions.
In a few cases, the reliability of the observed wavelengths is in question and
predictions are preferred. Accurate semi-empirical calculations are now
available for the FI, 0I, BelI and LiI isoelectronic sequences [Edlén.197ga,b,
1880). These calculations involve a smoothing of the observed values along an
isoelectronic sequence of transitions and, since this reduces random experimental
errors, the results are to be preferred to the original observations. In the other
Sequences, much use is made of the laboratory wavelengths listed by Fawcett
(1975) and Lawson and Peacock (1880a) and of the solar flare observations

recorded in the NRL Apollo Telescope Mount experiments on Skylab.

These data were also used in making the wavelength predictions., Those
for the forbidden transitions within the ground configurations were found by
graphically smoothing the wavenumbers derived from the term schemes of Fawcett
(1875) and Lawson and Peacock (1980a), The smoothing was achieved by

extrapolating the differences of consecutive wavenumbers along an isocelectronic
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sequence, the observations of the forbidden transitions, where available,
being included unaltered in the extrapolations. Adjustments, which, on the
whole were found to be small, were made to the resulting smoothed values sO
that they were consistent with the Rydberg-Ritz combination principle.
Modified term schemes were then completed using the observed laboratory
wavelengths and predictions of transitions between configurations were
calculated from these term schemes. In this way, reliable wavelengths

were obtained for all the transitions of interest. Detailed references to

the various sources of data used are given in the tables.

As an aid to making identifications, estimates of the wavelength
accuracies are presented for both observations and'predictions. For the
majority of observations, these values are as given in the original source.
However, where this data is unavailable or is guestionable, alternative

estimates are suggested.

As with the listed wavelengths, the transition probabilities are selected
from a number of sources, those considered to be the most reliable being adopted .
In many instances where there are differences between the sources used, there
ig no decisive reason for preferring any one set of results. Generally, in
these cases, the most complete set is used, the size of the discrepancies
being noted in the text. Of the sources, the listings of Bhatia et al (1980)

and Feldman et al (1979,1980), in many cases.show good agreement with other published

values and, since they are the most comprehensive, much data is taken from
these references. Where no data has been published, as, for example, i§ the
case for nearly all transitions in cobalt, Hartree-X self-consistent field
calculations (Cowan and Griffin 1976) have been used to provide new data.
Since comparisons of the results of these calculations with pUblished energy
levels and transition probabilities indicate some significant discrepancies,
the output of the computer code has been adjusted to fit those transition
probabilities which are regarded as being moee reliable., This adjustment
involved multiplying the Hartree-X output by a factor reqiiired to give agreement
between gther transitions in the same isoelectronic sequence. In geheral, the
transition probabilities of the strongest allowed transitions are thought

to be the most reliable, whereas there is greatest uncertainty in the values
for weak forbidden transitions. However, as will be discussed in the
following sections, the mixing of enefgy levels can lead to very significant
uncertainties and reference should be made to the appropriate section

for the details of the effect of this mixing on the transition probabilities.



Because of the very significant departures from a statistical population
of the energy levels in tokamak plasmas, the transition probabilities give
little indication of the strength of the line emission. Consequently, it was
thought valuable to present theoretical line intensities of each transition.
It should be emphesieed, however, that since the intensities depend on model
calculations of level populations, their values are expected to be less
accurate than the transition probabilities.

The line intensities were calculated from the formulae I =-4i Nj Aii

photoneesec_l er—l per ion number, where Aij is the transition probebiliiy

of the spontaneous radiative decay j - i and Nj is the fraction of the total

ion number found in level n Nj is dependent on the electron density and,
ignoring excitation by proton collisions, less strongly on temperature.

Values for Nj' calculated for an electron density of 4 x 10130m_3, have been taken
from the model calculations of Bhatia et al.(1980) and Feldman et al (1879,1980),
The electron temperature is that for which the abundances of the particular

ion species is a maximum under ionisation equilibrium, The calculations include
electron collisional excitation and de-excitation and spontaneous radiative

decay between levels within the 25n2ph configurations, An initial comparison

of calculations which also include excitation and de-excitation by proton
collisions suggests a somewhat poorer agreement with experiment than if

these processes are excluded (Suckewer and Hinnov -1879); consequently, the
populations obtained without proton interactions heve been used. Whatever
further comparisons reveal with regard to proton collisions in ohmically heated
discharges, it is likely that they will be much more important during neutral
beam injection. It is also worth noting that the effect of including proton
excitations is, in any case, cemparatively'emall in the calculations of

Bhatia et al,(1880) and Feldman et al (1879,1980), this contrasting with the
independent calculations of Suckewer and Hinnov (1979). This difference

arises chiefly from the larger electron collisional excitation rates used

in the former calculations, there being no great difference in the proton

excitation rates between these separate calculations.

3.1. FI Iscelectronic Sequence

The allowed transitions in the FI isoelectronic sequence are well known
in all the elements considered. The semi-empirical calculations of Edlén (19.80),
the results of which are listed-in table 1, give particularly accurete.wavelengths;

these can be used as provisional wavelength standards in the XUV spectral region,
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The forbidden 2822p5[2P3/2—2P1] transition in iron has been observed in a
2
solar flare and in the Prirceon Large Torus (PLT) tokamak (Suckewer and

Hinnov 1979) and an identification ig given for this transition in titanium.

3.2. 0TI Isoelectronic Seguence

As in the FI iscelectronic seguence, the allowed transitions are well
known from observations in laser produced plasmas and the results of the semi-
empirical calculations of Ed1en (1980) are given in table 2. Some of the
forbidden transitions within the 2522 p4 ground configurations 1in iron and
nickel have been observed in solar flares and the 2522 p4[3P2—3P1] transition

in titanium is identified in DITE spectra.

There is good agreement between the transition probabilities of Bhatia
et al (1980), Feldman et al (1980) and those of Kastner et al (1977) and the
oscillator strengths listed by Fawcett (1978), all of these calculations being,
typically, within 10% of each other, Since the first two named are the most
comprehensive, preference has been given to these sources 1in compiling the

lists of transition probabilities.

3.3. NI Isoelectronic Seguence

The majority of 25221:13—252;34 transitions of interest have been observed
in laser produced plasmas and it is these wavelengths which are given in table
3, This table, also, details the magnetic dipole transitions in iron and

nickel that have been seen in esolar flares and in the PLT tokamak.

The transition probabilities of Feldman EE_gl[lQ?Q] and Kastner EE_gi[lQ??]
and the oscillator strengths of Fawcett (1978) agree well, in most cases,
with the results of Bhatia and Mason (1980), Bhatia et al (1980) and Feldman
et al (1980), the differences, typically, being smaller than 10%. Transition

probabilities from the latter references are used in table 3.

In the cases where there are discrepancies, it 1is found that one of the
energy levels involved in the transition interacts strongly with one or more
other levels of the same parity and total angular momentum. This is seen as a
significant mixing of the LS terms which compose the levels and it can have a
strong influence on the strength of the transitions to and from these levels,

particularly if the levels cross. As the interaction between the levels



probabilities become significant. If transitions from two interacting levels
to one other level are considered, then in one case, the relative signs of the
contributions are such that they add, thereby increasing the line strength

and, in the other, the contributions cancel. Consequently, the transition
probabilities can vary guite markedly with Z and, near a crossing of levels, it
is possible for the probability of one transition to show a pronounced

maximum, the other vanishing. This behaviour is illustrated for the crossing
of the 252p225l and 2523528l levels in the BI isoelectronic sequence by
Dankwort and T;efftz (1977]: the probabilities of the transitions from these
levels to the 2522p2P% ground state exhibit the features described.

The interaction of energy levels can lead to significant errors in the
calculation of transition probabilities for two different reasons. Firstly,
cancellation of contributions to the line strength that are of a similar
magnitude will, necessarily, lead to the percentage error being increased;
this most affects those transitions whose probabilities become very small or
vanish. A further uncertainty arises because different calculations place
the point at which the energy levels cross or at which the interaction is
maximum at different values of Z, This, in turn, affects the position of the
maximum or minimum of the transition probabilities. If the probability varies
rapidly with Z, then even small displacements of the turning points can result

in significantly different predictions for a particular element.

In the NI iscelectronic sequence, there are three pairs of interacting

levels in the elements being considered, these being the 2522p3 2D3/2 and

5 _ _ _ 42 2
P3/ levels in the ground configurations and the 2s2p D3/2 and P3/2 and

2s2p 2Pl and 251 levels in the singly excited configurations, However, none
2 2

of these interactions is resolved by a simple crossing of the levels as Z

increases; instead, the mixing becomes complicated by significant contributions

from the respective quartet terms.

Although the calculated probabilities for all transitions to and from
these pairs of levels are likely to be less reliable than for other transitions,
a comparison of the results available for the NI. sequence suggests that only

four of the transitions included in the listing will be seriously affected.

These are the forbidden 2522p3(483/2—2D3/2J transition and those within the

2. 8 4 c o ; 2, 2 2 2 2 2
28" 2pT-2s2 t - - %
s 2p -2s2p ransition array with terms P% P%, P3/2 S, and D5/2 DS/Z'

Lk
2



For the first three, the results of Fawcett(1978) are typically 15% lower than the
results of the other references listed above. There is strong cancellation of the
‘montributions to the line strengths of the last of these transitions and the dis-

crepancies are found to be larger. In chromium and iron Fawcett'’s results are,

respectively, 30% and 75% lower than those of Feldman et al (1980) and Bhatia

and Mason (18801, The sharp fall in the line strengths means that

this transition will only have an observable intensity in titanium and

chromium. The probabilities given by Bhatia and Mason (1980), Bhatia EE.El

(1980) and Feldman et al (1980) are used for these transitions. It should be
noted that, although there is good agreement with the results of Feldman

et al (1979) and, where a comparison can be made, with the more elaborate
calculations of Kastner et al (1977), all these calculations use the same
computer code and, conseguently, the discrepancies with the semi-empirical results
of Fawcett may give a more realistic indication of the reliability of the listed

transition probabilities.

3.4, CI Isoelectronic Seguence

Observed wavelengths are given for most of the 2622p2—252p3 transitions
included in the listing. The position of the 552 level in low Z elements is
only known in neon (Ridgeley and Burton 1972) and, consequently, the wavelength
1,2—582 transitions in titanium are pérticularly dependent
on the identifications of these transitions in calcium (Lawson and Peacock

predictions for the 3P

1980b). All other wavelength predictions are thought to be reliable. Magnetic
dipole transitions in titanium and iron have been observed,respectively, in the
PLT tokamak (Bhatia et al 1980) and solar flares. Since no wavelength accuracy
is given for the PLT observation, the wavelength of the titanium transition
as measured in DITE spectra is preferred. A further identification in DITE

spectra is that of the 2522p2[3PD—3PlJ transition in titanium.

Most of the ab initio data available for the n = 2 - 2 transitions are
results of non-relativistic multiconfigurational Hartree-Fock calculations
to which relativistic corrections have been added. It is, therefore, of
interest to be able to compare these results with other ab initio calculations
which are based on a different approach. This is the perturbation theory used
by Safronova (1975b), which involves expansions in powers of T/€a The results
for the CI sequence are presented by Bogdanovich 53'93[19781 and comparisons
of the wavelengths and energy levels for FeXXI shows that the agreement with

experiment is generally better than is found for any of the Hartree-Fock
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calculations. It should be noted that this is not clear in the comparison
made by Bogdanovich EE.E&" since less experimental data was then available,
Although the variational procedures used in the Hartree-Fock methods result in
more accurate wave functions, these methods only accurately give the first
term in the1/2 expansion, The use of the perturbation theory, which allows
further terms of this expansion to be satisfactorily calculated, would appear
in the case of FeXXI to more than compensate for the use of the less exact
wave functions; in fact, hydrogen-like wave functions were used in these
perturbation theory calculations. It is interesting to note that the effect
of configurational interaction between the 2522p2 and 2p4 configurations is
already accounted for in the first order perturbation theory, Other comparisons
with the results of the perturbation theory are made for transitions in the
BeI isoelectronic sequence and are discussed in section 3.6, The perturbation

theory results for the OI sequence (Safronova 1975a) cannot be compared directly

with the listed probabilities, since for that particular sequence Safronova's
results are in pure LS coupling, whereas it is necessary to use intermediate

coupling for an adequate description of states in these elements,

The Hartree-Fock results available for the CI sequence are listed by
Bhatia et al.(1980), FeldmanlgE_gl.[lS?B,lQBD] and Mason et al.(1979) and
papers dealing only with the forbidden transitions include those of Kastner
et al.(1877) and Nussbaumer and Rusca (1878). The transition probabilities
given by these authors were compared with the perturbation theory results
(Bogdanovich et al. 1978) and with the semi-empirical oscillator strengths
of Fawcett (1978), whose calculations are, again, based on a Hartree-Fock
approach. The agreement, in many cases, was found to be within 10% and
this gives confidence in the values of the transition probabilities listed in

this paper.

In all but one case, the exceptions appear to be due to the mixing of
energy levels. The effect of this on the line strengths is discussed in
section 3.3. 1In these elements, the largest interaction occurs between the
2522p2 3P2 and 1D2 levels, which, in fact, cross at higher Z, A result of
this interaction is that contributions to the probability of the 2522p2 3P2—
252p3 2

2 23 33 o ;
The 25" 2p P2~252p D1 transition also shows subtraction, whereas the

2522p2 1D2—252p3 3P1,3P2 transitions are strengthened, the latter, in particular,

02 transition cancel, this probability vanishing near manganese.

having a sharp maximum. There is also mixing between other energy levels,

notably the 252p3 381 and 1F’1 and the 252p3 3D2 and 3F’2 levels. In these cases,



components of other terms with equal J become significant as Z increases.
Although the accuracy of the probabilities of all transitions to and from
these levels may be less certain than for transitions between levels free
from mixing, the comparison between the various results suggest that only a

few transitions are affected. For those within the 2522p2-252p3

3PD—BS 3P —1D 3P —BP and 3P -BP there are discrepancies,

Fam t1r T27 2 1T T2 3 v o
typically, of 15%. For the 2s"2p” "P,-2s2p D

transition

array with terms
2,2 3 33 2 _ 33

2 1° D2 and 2s p D2 2s2p P2

transitions, the differences are larger, being up to 40% of the values listed

in table 4.

A further discrepancy, which does not appear to be due to level mixing,
is found for the 2522p2 3P,|~252|:|3 552 transition. Fawcett's (1978) calculations
give results up to 30% larger than those of the other calculations, for all
of which there is good agreement. The reason for the discrepancy is not
clear. It may reflect the difficulty in dealing with intercombination lines
or it may be a consequence of the lack of experimental data for positioning
35

the Z2sZp 52 level, this only being known in neon when the calculations

were made.

For the transitions for which discrepancies have been noted, there are no
decisive reasons for preferring any one set of data. Consequently, the
transition probabilities of Bhatia et al (1980), Feldman et El{lSBU] and Mason
et al (1879) have been used for all the electric dipole transitions, these
results forming the most comprehensive listing available. For the forbidden
transitions within the 2522]32 ground configurations, the transition probabilities
of Nussbaumer and Rusca (1979) are given, since they are considered to be the
most accurate available. There is, in any case, good agreement between all the

results for the forbidden transitions.

3.5. BI Isoelectronic Sequence

Nearly all the allowed transitions listed for the BI isoelecttonic
sequence have been observed in laser produced plasmas and their wavelengths
are given in table 5. The forbidden 2522p[2Pl—2P3/2] transition in iron has
been obserQed both in a solar flare and the PET tokamak. The wavelength of the
solar flare observation, B45.4iD.ZR[NDyes 1972), which has been misguoted in
some of the literature, is in good agreement with the laboratory wavelength
of B45.55iD.lR. The latter is used because of its smaller uncertainty. This

transition in titanium is newly observed in DITE spectra and the predictions
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of Edlén (1877) for the other elements in this sequence of forbidden

transitions have been adjusted to fit the tokamak observation of iron,

The position of the 4P levels in this sequence have been determined
Using the same procedure as described for the levels within the ground config-
urations, the wavenumbers of all the 2522p—252p2 intercombination lines being
graphically smoothed and then adjusted to fit the Rydberg-Ritz combination
principle. This has, in fact, allowed the ambiguity regarding the separation
of the doublet-quartet levels to be resolved. Lawson and Peacock (1980a)
tentatively identified a sequence of spectral lines ohserved in laser produced

2p3 2]35/2 transition, noting that the only

plasmas with the 252p2 4P5/2—
wavelength predictions close to the observations were for the 252p2 4P5/2—
2p3 2D5/2,3/2 transitions. Given these alternatives, only the identification
with the 4P,5/2—2D5/2 transition is found to be acceptable, If the other
identification is assumed correct and term schemes derived, then the
extrapolation of the wavenumbers of the 2822p2P3/2-252p2 4P% transition is
found to bave a sharp maximum. Further evidence comes from calculations

of the intensities of the lines within the 252p2 4P - 2p3 2D multiplet.

At the .high electron densities of a laser produced plasma, typically
1020_21cm_3, the intensity of the 4P5/2—2D5/2 transition is expected to be
about 50 times greater than that of the 4P5/2-2D3/2 transition. Cunsequently,'
the doublet-quartet level separation can be fixed, the error, x, in table 13
of Lawson and Peacock (1980a) being zero, and unambiguous wavelength
predictions of the intercombination lines derived. These predictions are
preferred to the tentative identifications of some of these lines in solar
flares (Sandlin et al 1976), the latter not having entirely satisfactory

relative intensities or level splittings.

For completeness, the possibility of the sequence of lines in the
spectra of the laser produced plasmas being identified with the only other
intense transition in the 252p2 4F’-Zp3 2D multiplet was considered. This

. 4 2 A : .
is the P3/2 D3/2 transition, which is expected to have about half the

intensity of the 4P5/2—2D5/2 transition. In addition to the wavelength

predictions being less satisfactory, it would be expected that a sequence of
lines corresponding to the more intense 495/2—255/2 transtion would, also, be

seen in the spectra. No such sequence is observed.,

For the BI sequence, the listings of transition probabilities by Bhatia
et al (1880) and Feldman et al.(1979,1980) were compared with those by Mason
and Storey (1980) and Dankwort and Trefftz (1978) and the oscillator strengths
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of Fawcett (1978). For many of the transitions good agreement was found,
the differences being, typically, less than 10%. As wasg found in the CI seguencey
the most serious discrepancies are for transitions to or from energy levels

which cross; in this sequence, the 252p2 2Pl and 28l levels cross near vanadium
2 2

2 2

and the 2s2p and 2D are expected to cross at higher Z. It should be

3/2 3/2
noted that despite the largest contribution to the 252p 2Pl and 28, levels
2 2
being reversed in some of the elements considered, the labelling has not been
changed. This means that there is continuity of the isoelectronic extrapolations

and, in fact, it is consistent with that used in much of the literature.

On considering the effect of the level crossings on the transition
probabilities, it is found that the 252p2 2P1 and S levels behave differently
in their transitions to the two ground states, the 25 2p 2P 252p2 2P1 and

3z

2 2
2s 2p P3/2

latter vanishing near chromlum, while the 2522p 2 3/2 252p F'1 and

2
-2s2p 28 transitions show subtraction, the probablllty of the

2522p 2P1-252p2 251 transitions are increased in intensity. In the case of
the 252p222P3/2 arndzDa/2 levels, it is the 2522p 2P3/2—252p2 ZD:_]/2 transition
which vanishes and this occurs near cobalt. Since the various calculations
differ about the precise positions of the vanishing points, there are
considerable discrepancies for the 2522p 2 3/2 252p2 28,,2 3/2 transitions.
For example, for these transitions in iron, the results of Feldman et a1(1579],
whose calculations consider only the three configurations 25 2p ,252p? and 29 i
are, respectively, more than on arder of magnitude lower and double those

of the most elaborate calculations of Mason and Storey (1880). In these cases,
the probabilities of Dankwort and Trefftz (1978) are used in table 5, since
they are in reasonable agreement with the data of Mason and Storey (1980) and,
in most cases, with that of Fawcett (1878) and are considered more reliable
than the probabilities of Bhatia EE.EE'[IQBU] and Feldman 53.23{1979,19801.
Excludiné the latter references, typical discrepancies are of about 30% of the
values given, although Fawcett's result for the 2P3/2_25% transition in

titanium exceeds that of Dankwort and Trefftz by 55%.

For all other transitions, the probabilities given by Bhatia EE.EE[IBBU]

and Feldman et al[1979 1980] are used, this including the other transition to

2
show subtraction, the 25 2p 2P -252p 2P transition, for which there is also

significant discrepancies. In thlS case, these results are intermediate to
the other data available and the differences are within 30% of the listed values.
Discrepancies are also found between the probabilities available for the

2 2

2
2s72p E -2s2p 4P transitions; those listed in table 5 are in good

3/2
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agreement with the results of Dankwort and Trefftz (1978) but differ by upta

25% from some of the other data. This is probably due to the difficulties of
treating intercombination lines, which are particularly sensitive to relativistic
and mixing effects, there being some mixing of the 252p2 4P% and 4P5/2 levels

with other levels of equal J.

3.6 Bel Iscelectronic Seguence

The Bel isoelectronic sequence is the only one in which transitions
between singly and doubly excited configurations are expected to have
observable intensities. The electron density in tokamaks is too small for
a significant population to be excited to the levels within the doubly excited
configurations in the other sequences. The wavelengths given for the electric
dipole transitions listed in table 6 are those calculated by the semi-empirical

procedure of Ed1&n (1980).

The ground configuration in this Sequence consists of a single SD
term and, consequently, the only magnetic dipole transitions likely to be
observed will be in the singly excited 2s2p configuration. Mﬁhletheler and
Nussbaumer(1978) find the probability of the 2s2p( P - P ) transition to be
three orders of magnitude greater than the alternatlve decay channel from the
252p3P level, this being the magnetic quadrupole transition to the 252 1 0
ground state. The 2s2p( P1—3P ) transition in titanium is newly identified

in DITE spectra.

As in the CI isoelectronic Sequence, a comparison can be made between the
transition probabilities calculated by the 1/Z perturbation theory of Victorov
and Safronova (1977) and the results of the multiconfigurational Hartree-Fock
calculations, which for the BeI Sequence are given by Bhatia et al (1s80),
Feldman et al (1980) and Mihlethaler and Nussbaumer (1976). As before, the
semi-empirical calculations of Fawcett (1978) are included in the comparison
and the agreement is, typically, better than 10% The one exception is for
the 25 15 -252p P transition for which Fawcett (1978) and Victorov and Safronava
(19771, reepectlvely, give values which exceed the other results by, typically,
20% and 40%. The results of Glass (1979), whose calculations are based on
Hartree-Fock methods, are intermediate to those of Feldman et al(1980) and
Mihlethaler and Nussbaumer (1876) and those of Victorov and Safronova (1977),

As for the intercombination lines in the BI sequence, these differences are
thought to be due to the sensitivity of this line to level mixing and
relativistic effects, The comprehensive results of Bhatia et al (1880} and

Feldman et al (1880) are given for all transitions in this sequence, although

- 13 -



it should be noted that these results may underestimate the probabilities of the
21

25 SD—2s2p aFl transition.

3,7. LiI Isoelectronic Seguence

The 1lithium-like doublets of several fourth period elements have been
observed in laboratory and solar flare plasmas and semi-empirical calculations
by Edlén (1979a,b)are available for these transitions. The results of these
calculations are given in table 7.

In this sequence, collision strengths and level populations are only
available for titanium and, consequently, intensity estimates are given only
for this element. However, it is expected that the intensities for the other
elements considered will not be substantially different from the values given

for titanium.

4., SPECTRAL CLASSIFICATIONS AND DISCUSSION

The use of titanium for gettering in the DITE tokamak and as a fabricant
for the current-aperture limiter results in a relatively high concentration of
this metallic impurity and its allowed spectral lines are clearly observed in
the XUV spectral region. A search was, therefore, made of visible and near-UV
DITE spectra for titanium magnetic dipole transitions. In fact, all of the
lines expected to have an observable intensity were identified. The identifi-

cations of these forbidden lines, are listed in table 8.

Confidence in these identifications stems not only from the good agreement
between the observed and predicted wavelengths and intensities, but also from
the teﬁberature dependence and temporal variation of the line intensities. As
already discussed in section 2, the line intensities were found to depend on the
plasma temperature, as indicated by the ohmic heating current and the power of
the injected neutral beam. The temporal variation of the intensities of the
2822p5(2P3/2-2P%) and 2522p[2P%—2P3/2] transitions at the beginning of the
discharge are shown in figure 1, together with those of a CIII and an OVII
transition. The ohmic heating current is indicative of the temperature rise,
the peak electron temperature having a value of 710eV,80 ms after the current
initiation. The appearance and burn through time of each ion depends on 1ts
jonisation potentials and the temporal variation of the titanium lines is
consistent with their identification as Ti XIV and Ti XVIIL. In addition,
these temporal intensities have been compared with the results of an
ionisation model calculation, in which a uniform volume of titanium plasma is
subjected to a temperature rise which follows the ohmic heating current. The

resulting relative ion populations as a function of time are found to be in

=y 14—



good agreement, having appropriately corrected for ion diffusion, with the

observed-line emissions from the DITE tokamak.

Some of these titanium lines have also been studied in the Poloidal Divertor
Experiment (PDX) at Princeton (Suckewer et al., 18980). t Although there is overall

agreement between the results, two small discrepancies are noted. The fluorine-1like

2522p5[2P3/2—2Pl] transition, reported as having a wavelength of 2115.3+0,58 by
2

Suckewer et al., is observed at a somewhat longer wavelength of 2117.07+0,088 in

the DITE spectra, The latter wavelength is in good agreement with the semi-
empirical prediction of Ed18n (1977). Also, the wavelength of the carbon-like
2522p2[3P 2

nbservatlnn UF 3371.50.5R. A line at 3371.5R in the DITE spectra is identified

P ) transition is measured as 3370, 6+0, 1R, in contrasf to the PDX

with @ Til transition.

Figure 2 shows a spectrum obtained from the DITE tokamak of the UV 5pectral
region around a wavelength of ZDDDR. It can be seen that the fluorine- and
boron- like magnetic dipole transitions in titanium are intense, being clearly
seen against the background, and are well separated from other spectral features.
Given that high resolution spectroscopic techniques (Breton et al.1980) can be
used at these wavelengths and that this spectral region is experimentally less
demanding than the XUV region, where the allowed transitions are
observed, it can be appreciated that these lines are ideal for diagnostic
purposes. In some cases, the interest lies in the fact that the high ionisation
stages only originate in and are, therefore, characteric of the high tamperature
interior of the discharge; for example, forbidden line profiles have been used
to measure mass motions and the ion temperatures in the PLT tokamak (Suckewer
et al.1979, Suckewer and Hinnov 1878, Eubank et al.1978). 1In other cases, a
knowledge of the atomic physics is necessary, as when, for example, ion
concentrations are derived from absolute line intensities or from the temporal
variation in intensity due to charge exchange during the injection of neutral

beams (Afrosimov et al.1978),

For ease of reference to the tables 1-7, Grotian diagrams are presented for

titanium in figure 3,

5.CONCLUSION

In this paper, we present wavelengths, transition probabilities and theoretical

A more recent reassessment of these wavelengths (Suckewer 1980) indicates much
closer agreement with the data in Table I.
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intensities for all the allowed and forbidden n = 2 - 2 transitions in the FI to
LiI isoelectronic sequences which are expected to have an observable intensity
in tokamak discharges. This listing is made for titanium, chromium, iron, cobalt
and niskel, which are the most likely metallic impurity glements. Where possible

thé wavelengths are those of laboratory or solar flare observations, the listing

being completed with reliable predictions. The transition probabilities are

the results of theoretical calculations and are drawn from various sources.

Those expected to be the most reliable are used and, in cases where no clear

choice can be made, the size of any discrepancy is indicated. For some transitions,

no data is available and the results of new calculations are given.

_ The usefulness of the data presented is demonstrated by the ready
identification of all the forbidden titanium lines expected to be seen in the
visible and near-UV spectral regions, in spectra observed in the DITE tokamak.
Although all the n = 2 - 2 transitions can be used for some diagnostic measurements,
the long wavelength forbidden lines are of particular interest, since they fall
in spectral regions where high resolution spectroscopy can be used. A
prerequisite of some of the diagnostic techniques is a knowledge of the tradiative

transition probabilities, for which this listing will also be appropriate.
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TABLE 8. Identifications of Titanium Magnetic Dipole Transitions

Wavelength

17727 .85%0..10

2117.07£ 0.08

2344.6%0.2

2545,08+£0.08

3370.6%0.1

3834.6+0.3

Wavelengths given in R.

Ionisation Stage

Ti

Ti

Ti

Ti

Ti

Ti

wWavelengths above 20008 in air.

XVIII

XIV

XIX

XV

XVII

XVII

Transition

2 2 2
257 2pl P%— PS/Z)

2, 5.2 2
257 2p~ ( P3/2d P

Ni=

3 3
2s2p( Pl- PZJ
2, 4.3 3
2572p ' ( P2 P1]
2

2s ZDZ{BPD-BPl]

2. Pl 3
257 2p~ ( Fl— P2]
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INTENSITY

- RELATIVE

Fig.1 Temporal variation of the intensities of some DITE impurity lines, together with the ohmic heating
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Fig.3(d) Term scheme of Ti XVII.
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Fig.3(f) Term scheme of Ti XIX.
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