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Forbidden lines of Highly Ionized Ions for Localized Plasma Diagnostics 

E. Hinnov, R. Fonck and S. Suckewer 

Princeton University, Plasma Physics Laboratory 

Princeton, Hew Jersey 08544 

Numerous optically forbidden lines resulting from magnetic dipole 

transitions in low-lying electron configurations of highly ionized Pe, Ti and 

Ctr atoms have been identified in F£P ana! PDK takamak discharges, and applied 

for localized diagnostics in the high-temperature <0.5-3.0 keV) interior of 

these plasmas. The measurements include determination of local ion densities 

and their variation in time, and of ion motions (ion temperature, plasma 

rotations) through Doppler effect of the lines. These forbidden line§ are 

particularly appropriate for such measurements, because under typical tokamak 

conditions their anissivities are quite high (10 -10 photons/cm3-sec), and 

their relatively long wavelangth3 allow the use of intricate optical 

techniques and instrumentation. The spatial location of the emisslrity is 

directly measurable, and tends to occur near radii where the ionization 

potential of the ion in question is equal to the local electron temperature. 

In future larger and presumably higher-temperature tokamaks analogous 

measurements vith somewhat heavier atoms, particularly krypton, and perhaps 

zirconium appear both feasible and desirable. 

Presented at the Third APS Topical Conference on clasma Diagnostics, Los 
Angeles, h»xch 17-19, 1980 
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1. Introduction 

In tokamak discharges during the quasi-steady phase, the radial 

temperature (and density) profiles are more-or less pbaked [1-5], with usual 

peak values 1-2 keV in Chmic heating, 3-4 keV with neutral-beam or other 

auxiliary heating. In future devices 5-10 kaV peak temperatures may be 

expected. 

For local diagnostics, e.g., measurements of ion temperature, plasma 

motions, localized oscillations or fluctuations, particle transport etc., it 

is essential to find some temperature dependent (hence radially localized) 

signals in the above mentioned temperature- range. Radiation emitted by 

different ionization states hy various medium-Z elements that commonly occur 

In tokamak plasmas (e.g., Ti, Cr, Fe, Hi, Ho) or may be added In small 

predetermined quantities for diagnostic purposes (e.g., Xr, Xe>, provide such 

signals. 

The radial range of a particular state of ionization of ar. element, with 

ionization potential E i # is usually fairly limited [6,7] with the peak of the 

radial distribution generally in the neighborhood wher<j the electron 

temperature is T e(r) ~ E^. The deviations from coronal equilibrium, which 

predicts distribution peaks at lower temperatures, about E. ~ 2 T e(rj, are 

probably caused by radial ion transport rates, which may be sufficiently large 

to be competitive with ionization rates. 

In the temperature range of primary interest in tokaraaks, it is therefore 

the n - 2 or L-shell ions of the oedium-Z elements that are particularly 

appropriate for diagnostics, because their ionization potentials are In the 

proper range. The strong resonance lines, corresponding to electric dipole 

transitions with An - 0 (i.e., 2« 22p* - 2 32p x + 1) of these ions lie in the 

wavelength range of about 70-200 A. This is in the grazlng-incidence region 
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of vacuum ultraviolet, a difficult ragion for high-resolution or absolute 

intensity measurements, with small solid angles available for 'ight gathering, 

and practically no optics allowed. The in * 0 lines are in the 5-15 A region, 

which is still worse. 

Fortunately, in the 2« 22p x tand the 2s2p) configurations there exist 

magnetic dipole transitions, and also some spin-forbidden intercombination 

lines, that may have sufficient intensity and more convenient wavelengths for 

diagnostic purposes. Several of these lines have teen observed* {7-91 and? some 

have been applied to local diagnostics in the PLT and FOX tokameks [5,10,11], 

Figures 1 and 2 show the transitions and wavelengths of. the observed lines in 

iron and titanium, respectively. Analogous sets of lines in other elements 

are shifted towards shorter wavelengths with increasing Z. 

The wavelengths of these forbidden transitions are often approximately 

known fr<an differences of measured wavelengths of allowed transitions 'e.g., 

12-16] . some of the iron forbidden lines have been observed directly in aolar 

flares [17]. Edlen [18] has devised semiempirical methods of describing the 

energy levels along isoelactronic sequences, and is currently preparing a 

comprehensive review that should allow adequate wavelength predictions up to 

at leaet nickel or copper. Tables of critically evaluated energy levels for 

several elements of tokamak interest have rece, _ly been published by the U.S. 

National Bureau of Standards [19J. 

At tokamak densities (~ 10 /cm ) the rates of colllsional excitation for 

th« low-energy (in - 0) transitions under considerations are typically 

10 -10 /Sec. The emiasivity of the allowed resonance lines, with radiative 

transition rates > 10 1 0/see, is therefore strictly determined by the 

collisional excitation rata; the emissivity varies linearly with the local 

electron density, and the corresponding excited State population is negligibly 
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small in - comparison with ground-state population* The magnetic dipole 

radiative trans i t ion rates In the n - 2 ground configurations for Z ~ 22 -23 
2 e 

are typically in the range 1G -10 /sec (the magnetic dipole transitions scale 

roughly as Z 1 2 with the nuclear charge), i.e., comparable with the collisional 

transition rates. This relationship between excitation and radiative 

transition rates has several consequences! depending on the particular case: 

(1) the photon emissivity of the forbidden lines may be nearly comparable to 

the resonance lines, (2) the excited level populations raay be a significant 

fraction of the total ion density, approaching Boltzmann equilibriua in cases 

of high electron density and low radiative rates/ (3) the dominant excitation 
2 x 

rate may be indirect, e.g., pumping through an excited configuration, 2a 2p -

2s2p , and (4) the emissivity is in general not a linear function of 

electron density. For the last reason it is important to establish at least 

approximately the various potentially dominant collisional and radiative 

rates, in order to allow the use of the measured emissivity for ion density 

determination. Calculations of the emissivity-density relationship for a 

number of cases of tokamak or astrophysical interest have been made on the 

basi" of approximate rate coefficients [7, 20, 21 J, and several recent 

calculations of radiative transition probabilities have been or are being 

published [22, 23, 24]. 

Because of the rapidly increasing radiative transition rate with atomic 

number, the n • 2 shell forbidden transitions beyond about nickel or copper 

will resemble allowed transitions at tokamak densities, i.e., their 

emisaivitles will be determined primarily by collisional excitation rate, and 

will be directly proportional to the electron density. In these heavier 

elements the analogous forbidden transitions In the n » 3 shell will also have 

radiative transition probabilities sufficiently large t ;• 10 2) to be of acute 
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interest in tokamak diagnostics. 

2. Measurements in PLT Discharges 

Figures 3-6 show samples of applications of the forbidden lines in 

diagnostics of various plasmas in the PLT tokamak. Ion temperatures during 

high-power neutral beam beating [5] in PI>T were measured from Doppler 

broadening of the 2665 A line of Fe XX and the 255 A resonance line of Fe XXTV 

(Fig 3). Because of the usability of optics (mirrors and lenses) the former 

could be scanned repeatedly during a given discharge, and could thus follow 

the temporal temperature evolutxon throughout. The latter, scanned 

shot-by-shot with a grazing-incidence spectrometer, had too large 

uncertanities during the first 30-40 msec of injection partly caused by 

pulse-to~pulse irreproducibility and partly by the relatively small intensity 

of the line (as indicated by the lower graph) during this time. Fe XXIV is 

located somewhat closer to the center of the discharge, thus the measurements 

indicate an early centrally peaked T^(r) profile, which gradually broadens. 

The drop of T^ while the beams were still on was caused by continued rise in 

plasma density. 

Figure 4 shows ion temperature radial profile measurements, including 

Doppler profile measurements of the 2665 A line of Fe XX and the 2117 A line 

of T-l XIV [this line was erroneously reported [9] at 2115 A J during ion 

cyclotron resonance heating [2S] in the PLT. (Both the temperatures and the 

power lnvels are considerably lower than in the neutral-beam case.) Typical 

results of toroidal plasma rotation measurements [101 during unidirectional 

neutral basin injection in PLT are shown in Fig. 5. The toroidal velocities 

ware deduced from Doppler shifts of the lines, and the radial locations from 

spatial scans of their intensity distribution, measured by means of a system 

of rotating mirrors. A sample of such poloidal (minor-radius) scan, of the 
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Fa XX 2665 .5 emisaivity during and shortly after a neutral-beam injection in 

PLT is shown In Fig. 6, together with the emisaivlty of the CV 2271 A line and 

some unidentified background radiation near the tha 2665 A wavelength. The 

background (and CV) radiation have quite different time-dependence frcm that 

of the He XX line, thus helping to discriminate the latter. The up-down 

asymmetry evident in the figure is quits typical in PLT discharges, being 

generally mora pronounced nearer the periphery of the plasma. The graphite 

aperture limiter is located at ± 40 cm, and the CV light forms a 

guasicylindrical shell about 7 cm further inward. At :.a.-ger radii, the 

electron temperature is too lav for this line to be emitted, and at smaller 

radii, carbon is ionized further to CVI. Similarly, Fe XX forms a shell at 

around r - 10 cm after the neutral-beam Injection {just before the beam, the 

emission was also quite similar to this), for analogous reasons. During the 

injection there was a substantial enhancement of the Fe XX radis-.tion near the 

center. The details efi this phenomenon are not yet well understood, although 

it appears probable that the lowering of iron ionization states through 

charge-exchange with beam-injected H° a'.oms had a significant jrole. The 

purpose of this figure is not to attempt to explain the evidently very 

complicated plasma dynamics, but to illustrate some typical features o' the 

forbidden line emission and measurements: the radial location and extent, the 

frequent presence of potentially interferrine radiation, and the often _a 

priori unexpected behavior of tha emissivity. 

The phenomenon of charc^-exchange recombination during high-power 

[ioutral-beam injection has been observed in more <-Vtail [26] by comparing the 

behavior of the lithium-like Fa XXIV and Ti XX and the boron-like Fe XXII 

densities in PLT discharges. In these measurements also the use of the 

forbidden line of ?• XXII was Important - the large wavelength separation 
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allowed simultaneous scan of two ions with a two-channel grazing incidence 

spectrometer* 

A particularly intriguing phenomenon currently under study in bokanalc 

plasmas is the appearance of large-scale "sawtooth" oscillations that tend to 

appear often with unbalanced neutral-beam injection. They are radially 

localized, e.g., near-central Fa XXIV light may show almost 100% modulation, 

with a frequency of 20-30 msec (depending on injected power), whereas the 

simultaneously measured Fe XXII light, located slightly further outward, may 

be practically steady. {A qualitatively similar observation comparing (*> XXXI 

and Mo XXXII light has been reported in the TFR tokamak) [27]. At least part 

of the oscillations are due to temperature fluctuations as indicated by 

measurements of neutron emissivity [28], soft-x-ray continua [29] etc. As 

such fluctuations usually do not reproduce in detail from pulse to pulse, a 

large number simultaneous localized measurements is necessary to untangle the 

physical processes involved, and for this application the emission of the 

various ion forbidden lines appears particularly appropriate. 

In all these cases mentioned in this Section, the measurements either 

became possible or were greatly facilitated by the relatively long wavelengths 

of the forbidden lines of the ions, and the interest in the measurements 

derives from the location of the ions, due to their large ionization 

potential, in the high-temperature part of the plasma, 

3. Future Prospects 

Figure 7 shows the wavelengths of the magnetic dipole lines of the 2s 22p x 

configurations of several elements from titaniun through krypton. The dotted 

lines are predicted but have not yet been definitely observed. In elements 

lighter than Ti, the transition probabilities become too small and in elements 

heavier than X* the wavelengths become too short for convenient use. However, 
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as mentioned above, in heavier elements forbidden transitions in the n » 3 

shell may be of interest, particularly in krypton and xenon, that can be 

readily admitted in controlled mounts to the discharge. Other heavy 

elements/ such as zirconiun, niobium or molybdenum may be used for special 

purposes in future tokamaks. The large total radiation efficiency of heavy 

atoms, of course, limits their admissibility to very small quantities 

{ <_ 10 1 0/cm 3), but this is sufficient for many applications. 

A representative electron temperature (and density) radial profile in 

tokamak plasmas is shown in Fig. 9, together with approximate locations of 

these magnetic dipole lines (and also some convenient carbon and oxygen lines 

that have been frequently used in diagnostics), for central temperatures of 

2 keV and 5 keV. The former is a typical value of present large tokamaks such 

as PCT or PDX, whereas the latter may be expected in large tokamaka in a few 

years. In the krypton spectrum, which does not attain the a » 2 shell at 

2 keV in appreciable quantities, the 3P P3/2-1/2 l i n e o f t h e a i u m i n a n sequence 

is also indicated. Clearly, in this temperature range all these lines, and 

particularly those of the as yet unidentified lines of the heavier elements 

such as a nickel, copper and krypton are of major interest in spectroscopic 

diagnostics. 
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Fig. 1. Energy levels and wavelengths of forbidden transitions in 2s z2p x configurations of 

iron. Wavelengths in boxes observed in PLT tokamak-
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Fig. 2. Energy levels and wavelengths of forbidden transitions in 2s"2p" configurations 

of titanium. Wavelengths in boxes observed in PDX and PLT. 
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Fig. 5. Radial dependence and time evolution of toroidal rotation induced by unbalanced neutral 
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