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Several spectrum lines from forbidden transitions in the ground configurations of highly ionized atoms have
been observed in the discharges of Princeton Large Torus tokamak. Such lines allow localized observations,
in the high-temperature regions of the plasma, of ion-temperatures, plasma motions, and spatial distributions
of ions. Measured absolute intensities of the forbidden lines have been compared with simultaneous
observations of the ion resonance lines. Model calculations have been carried out in order to deduce the
relative importance of electron collisions and radiative decays in establishing excited-state populations.

I. INTRODUCTION
Recent measurements of ion temperature's?
and plasma rotation® in the Princeton Large Torus
(PLT) tokamak during neutral-beam injection
demonstrated the utility of forbidden lines of
highly ionized atoms for plasma diagnostics. Ion
temperature measurements from Doppler broad-
ening of the forbidden line of Fe XX at 2665.1 A
were performed for a wide range of 7; (0.5 keV
ST;<6.5 keV). The high potential of ionization
(I,=1582 eV) and strong deviation of ionization
states from corona equilibrium provides emission
of this line in the central part of the plasma during
neutral-beam injection even when the electron
temperature reaches 7,~3-4 keV. The long
wavelength of the Fe XX forbidden line simplified
the measurements and improved their accuracy
(for example, radial distribution of toroidal plasma
rotation was measured during neutral-beam in-
jection into the PLT plasma by using a 0.5-m
monochromator in air).

Interest in forbidden lines of highly ionized
atoms appeared first in astrophysics?® and only
recently also in high-temperature laboratory
plasmas.”™ In astrophysics, interest in forbidden
lines is motivated by the possibility of using them
for ion temperature and mass motion, electron
temperature, and density measurements in solar
flares and in the solar corona.!®!? Jon tempera-
ture and mass motions are based on measurements
of line Doppler broadening and shifts, whereas
electron temperature and electron density can be
deduced from line intensity ratios. The method
of line intensity ratio for electron density mea-
surement was developed for laboratory plasmas
using Li-like ions.!* Feldman and Doschek® !
extended the method to ratios of highly ionized
iron lines (Fe XVIII -Fe XXII) from optically al-
lowed and forbidden transitions. In tokamak
plasmas, where a variety of density measurements
are available, and measurements with uncertain-

20

ties in excess of 10%-20% are not of interest, the
problem may be reversed in principle, and the
measured line intensities and ratios at known
electron density may be used to test the adequacy
of excitation rates and transition probabilities.

In this paper (S_ec. II) we present measurements
of forbidden line intensities in the PLT discharges
for the three well-identified lines, Fe XVIII 974.8
+0.3 A, Fe XX 2665.1+0.3 A, and Fe XXII 845.55
+0.1 A. Time evolution and space distribution
measurements of the emissivity of these lines and
comparison with other highly ionized iron lines
form part of the identification process, and are of
course also required for localized plasma diagnos-
tics.

In Sec. III we discuss energy levels, configura-
tions, and transitions for Fe XVIII-Fe XXIII forbid-
den lines observed or expected to be observable
in tokamaks. Calculations of the intensity of
Fe XVIII 975 A, FeXX 2665 A, and Fe XXII 846 A
lines as a function of electron density are pre-
sented and compared with measurements. The
effect of radial diffusion of the ions on intensity
ratios in tokamak plasmas and the consequent de-
viation from coronal equilibrium is also discussed.

Finally, Sec. IV presents some concluding re-
marks on the forbidden lines behavior in tokamak-
type plasma and their application for plasma diag-
nostics.

I1. INSTRUMENTATION AND MEASUREMENTS

The measurements of wavelengths, time evolu-
tion, and space distribution of emissivities of the
forbidden lines of highly ionized iron were carried
out in the Princeton Large Torus!® !¢ discharges
during 1976-78. The discharges are character-
ized by electron temperatures in the range 7,
=1.0-2.5 keV and electron densities N,= (3-10)

% 10" cm™ in the plasma region where the emis-
sion of these lines occurs. ‘

The measurements were performed mainly with
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a SPEX 1-m grazing incidence spectrometer, ’
equipped with a 2400/mm holographic grating in
spectral range 30-1200 1.\, and a 1-m Jarrell-Ash
Ebert-Fastie-type monochromator in the range
1200-7000 A.!"!® Both instruments were cali-
brated for absolute intensity measurements. Be-

low 1200 A radial intensity distributions were ob- -

tained by shot-by-shot scanning, whereas above
2000 A an additional 0.5-m monochromator with
a fast rotating mirror was used for single-shot
radial scans.!?

Table I shows the three forbidden lines with
wavelengths 845.5, 974.8, and 2665.1 A which have
been observed in PLT and well identified from
space and time behavior of their emissivities.
The first two of these lines had been observed be-
fore in solar flares? (with wavelengths reported
at 845.1 and 974.8 A). The third one (2665.1 A)
was first observed! in PLT. Two other forbidden
lines of C-sequence Fe XXI, at 2304 and 1354.1 A
were also observed in ATC and PLT tokamaks
(line 1354.1 A having been already observed in
solar flares?), but their wavelengths and intensity
distributions were not adequately established (in
the near future we hope to perform in PLT defini-
tive measurements for both these lines, when
plasma conditions will be appropriate: low oxygen
and carbon radiation, relatively high density of
iron, *1-2x10!! cm™, and electron temperature
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above 7,>1.5-2.0 keV). Table I also shows two
predicted forbidden lines, Fe XX and Fe XXIII.

" These lines will probably be observable in toka-

mak discharges.

The characteristic appearance times and inten-
sity peak times of the several forbidden lines in
typical PLT discharges (N,=3-5X10" cm™, T,
=1.5X2.0 keV) are shown in Fig. 1, together with
some resonance line behavior of FeXV and
Fe xxmi, FeXXiv, for comparison. This figure
gives an indication of the initial assignment of an
observed line to a particular ion species. In all
cases there are also simultaneous measurements
of the time behavior of the allowed resonance lines
of the same ions.

In a typical PLT discharge the peak intensity of
the FeXVII 975 A line was 1.1x10! photons
cm™sec!sr7l, and the ratios 1(975 A)/I(94 A)
~1/4, (975 A)/K104 A)~1/1.5. In similar dis-
charge conditions, and with total Fe XX concentra-
tion about 7x10'° ¢m™, the peak intensity of the
FeXX 2665 A line was 1.2x10!% photons cm™sec™
sr7l. The intensity of the Fe XXII 846 A at its
peak was about 1x10'* photons ecm2sec™!sr™! and
the ratios of 1(846)/1(136) ~1/3, 1(846)/1(156)
=1/1.6 and 1(846)/1(114)~1/1.1. The relative in-
tensities of several other Fe XXII lines related to
the 846 A transition are described in Ref. 26 (see
also Fig. 8).

TABLE 1. Iron forbidden lines of tokamak interest.

Observation Predictions

Intensity
phonons P

> em~2seclsr! Ap(sec™)C E(eN? (eV)

Transition ® AA)
Sequence , Ion Series Term

F Fexvmi  2s%2p° 2P/, —%Pg;, 974.840.3
(T, SF)

o Fe xix 2s%2p? °p, —3p, 11184
(SF)
N Fexx  2s%2p° 2D;,y—2D3;, 2665.1+0.3

(T)

Fe xx 2822173 2P3/2"2P1/2

C Fexxi  2s%2p% 3p; —3p,  2300(?)

(T)

C Fexxi  2s?2p? 3p, —3%p, 1354.1
' (SF; T?)
B Fexxn 2s%2p °py,—3P,, 845.5+0.1
(T, SF)

Be FeXxm 2¢2p 3p, —3p,

1.1(+14)® 1.9(+4) 12.72 1358
(T)
1.4(+4) 11.08 1456
1.2(+13) 5.7(+2) 20.56 1582
(T)
1585 ce 1.6(+3) 38.83 1582
2304 9.1(+2) 19.14 1689
6.8(+3) 14.52 1689
1.0(+14) 1.5(+4) 14.66 1799
(T)
1104 9.7(+3) 11.23 1950

2 References 24 and 25.
b Reference 21.
¢ References 22 and 23.
d Reference 24.

® Read 1.1(+14) =1.1 X10Y; T is observation in tokamak (PLT); SF is observation in solar flare (Ref. 20).
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FIG. 1. Time of start and peak intensity of iron
Fe xvii-Fe xxu forbidden lines and Fexv, Fexxul, and
Fe xxiv resonance lines in a PLT discharge.

The measurement accuracy of the vacuum uv
intensities has been described in Ref. 17, and the
actual calibration curves are given in Ref. 37. In
the worst case, comparison of the 846 A with
short-wavelength lines, the error may be as large
as factor 2, in all other cases probably less than
+30%. In the 2665 A case, with the spectrometer
directly calibrated against a standard lamp, the
absolute accuracy is better than +20%.

III. LEVEL POPULATIONS AND INTENSITY RATIOS

In this section we calculate the populations of
. the upper levels of the transitions leading to the
emission of Fe XVII 975 A, Fe XX 2665 j&, and
Fe XXII 846 f& lines, and the expected intensity
ratios of these lines to the various allowed re-
sonance lines.

The excited level populations are determined
predominantly by electron and, in some cases,
proton collisional transitions and spontaneous
radiative transitions. The line intensities and
ratios thus depend directly on the local electron
density, and, where proton collisions are impor-
tant, also on ion temperature. The electron temp-
erature enters only indirectly, determining the
radial location of the emitting ions, since the elec-
tron energies are typically large compared to
transition energies, and the collisional rates hence
are only weakly electron-temperature dependent.
The density dependence of the forbidden and al-
lowed transitions are generally different, be-
cause collisional depopulation rates become com-
petitive with radiative transitions at much lower
densities in the case of metastable states.

In tokamak plasmas the radial ion distributions?’
deviate considerably from coronal equilibrium,?2?
as shown in a typical case in Fig. 2. This devia-
tion is due to radial motion of the ions, and prob-
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FIG. 2. Observed radial distribution of highly ionized
iron lines and the distribution expected in coronal equil-
ibrium, in a PLT discharge.

ably also to charge exchange with neutral hydrogen
(which is present in quantities considerably above
equilibrium values). Thus calculations or model-
ing of plasmas that assumes coronal equilibrium
distribution of ions can lead to erroneous results.
For example, the temperature and density at the
ion concentration maxima can be significantly dif-
ferent from values that would correspond to cor-
onal equilibrium.®?®

Calculations of level population as a function of
electron density were performed by solving a set
of steady-state rate equations in the form

dN.
dt =0= —Nn <Z;Anm+ Nesnm+ NPS:m>
m#n

+ EN,” (A NS+ N,S% ). ... (1)
m#n
Here A,, is the spontaneous transition probability
(4,,=0if m>n), S,, is the collisional excitation
rate coefficient if m <n or deexcitation coefficient
if m >n, and the letter “p” indicates protons.
From the detailed balance relation we have
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— En _ EIL___EIZL>
Spun = S?,m 2 exp< T ) s (2)

where g, and g,, are statistical weights, and E,
and E,, are excitation energies of levels n and m
from the ground level. As T should be used T,
for electron and 7; for proton excitation and de-
excitation collisions. Electron impact excitation
rate coefficients of Refs. 30-32 were used while
the proton excitation rate coefficients were ex-
trapolated from Bely and Faucher calculations."‘
Coefficients A4,, were taken from Refs. 22 and 23.

3

Partial energy level diagrams (Fig. 3) and princi-
pal transitions for population of upper levels of
the FeXVIII-Fe XX1I forbidden lines were recon-
structed from Refs. 24 and 25.

Figure 4 shows the results of calculations of
Fe XVII 975 A line intensity as a function of elec-
tron density N, together with the intensity from
the allowed transitions 2s2p°%S,,, ~2s%2p° 2P, ,, 4/,
(104 and 94 A), which influence the population of
the level 2s5°2p° ZP“Z (we will label this level as
level 2). Calculations were performed in a three-
level scheme. Level 2 was populated directly
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FIG. 4. Calculations of intensities of selected Fe xvur
lines vs electron density. Dashed curves include trans-
itions induced by proton-iron collisions.

from level 1 (2s”2p°*P,,,) by electron and proton
excitation, and from level 3 (2s2p° 281,2) by elec-
tron collision and radiative deexcitation. Depopu-
lation of level 2 was by radiative and collisional
(electron and proton) deexcitation to level 1 and by
electron collisional transition to level 3. Proton
density in the calculations was assumed N,=~0.8 N,
and the electron and ion temperatures at Fe XVIII
emissivity maximum were 1.0 and 0.5 keV, re-
spectively. Influence of higher levels was neglec-
ted as weakly coupled to level 2. The (extrapo-
lated®?) proton collisional excitation rate coeffi-
cient S%, for the 1—-2 transition is comparable to
the electron excitation rate coefficient,®3® for 7;
=0.5keV and 7T,=1.0 keV. As a result, proton
collisions should have a noticeable effect on the
level 2 population for N, < 10‘4/cm3, as shown in
Fig. 4, although the level 3 population is not ap-
preciably affected. However, comparing observed
intensity ratios (Fig. 5) with the calculated values
(for observed electron density) indicates that in-
clusion of the proton collisions makes the agree-
ment worse. Quite similar effect was found in

Observations Calculations Calculations
PLT Te=1.0 keV | (Including Proton-
—~ 10f Fe XVIIL o3 -3 | T lon Collisions)
E] Ne=2xI0"cm s
= Ng=2xI10
0.8f o o —
> <94 A 1«94 A Np=0.8Ne
% 06 _ . Te=21;i=lkev 4
e . . 975A =944
Z 04l |104A 104A 104A R
= 9754 .
- 02F [ 975A N
0

FIG. 5. Comparison of observed (a) relative intensi-
ties of Fexvirr 94 A, 104 A, and forbiddenline 975 A with
calculated intensities without (b) and with proton-iron
collisions (c).

calculation of the 846 A line of Fe XXII, where the
relative electron and proton collisional rates are
comparable to those of Fe XVIII. This probably
indicates that the extrapolated proton rates (Ap-
pendix) are too high.

Calculations of Fe XX line intensities are pre-
sented in Fig. 6. Intensity of the 2665 A line was
calculated assuming that level 2s*2p° 2D; ,, (level
3) is mainly excited by electron collisions from
levels 2s%2p%4S;,, (level 1) and 2s?2p°°D,,, (level
2) and radiatively and collisionally deexcited to

10*

2522 2Dg/, = 2Dy, ; 2665.1A

LINE INTENSITY (PHOTONS cm™3s™'/N;)

252 2p% *Pyp—=2P sz ; (1585)

Ll

) .
10'%  2x10'®  5¢10" (xi0'* 2xi0"  5x10'*  10'®
Ne (cm™3)

1 ] | 1

FIG. 6. Calculated intensities of selected Fe xX lines
vs electron density. (Dashed curve from Feldman and
Doschek calculations for 1585 & line.)
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levels 1 and 2. Population rate of level 3 from
levels 25%2p 2P, 3/, (levels 4 and 5) was small,
and population from other levels was neglected.
The calculated absolute value of the 2665 A line
is in good agreement with experimen‘c,1 i.e., the
deduced Fe XX density is consistent with other
ion densities, established from resonance line
intensities. In Fig. 6, calculated intensity of in-
tercombination lines from 3 -1 and 2 ~1 transi-
tions, (wavelengths35 have not yet been observed)
are also shown. According to calculations by
Feldman and Doschek?* the intensity of the second
forbidden line (dashed curve in Fig. 6) with pre-
dicted wavelength 1585 A should be larger than the
intensity of the 2665 A line in tokamak conditions.
For the Fe XXII 846 A forbidden line intensity
calculations we had to calculate simultaneously
the population of six levels. The upper level of
846 A line, 25%2p°P,,, (level 2) is directly popu-
lated from level 2s°2p°P,,, (level 1) and from the
levels of 2s2p® configuration, *D;,, (level 3),
’Dy,, (level 4), 2S;,, (level 5), and ®P,/, 5/, (levels
6 and 7). Influence of levels ‘P, ; 5,5, 5,2 (levels

N
10 T T T T T

T T T 17717

Fe XXII /’

Te = 1.5 keV

LINE INTENSITY (PHOTONS cm3s™'/N,)

3

10
10 2x10®  5x10'  10'*  2xi0' 5x10%  10'®
Ng (cm™3

FIG. 7. Calculated intensities of selected FexXul lines
vs electron density.

8, 9, and 10, respectively) on level 2 population
is small, so population of these levels was cal-
culated independently of level 2 population calcula-
tions. In depopulation of level 2, besides radiative
and collisional deéxcitation to level 1 we included
electron collisional transitions to levels 3-7.

All lines in Fig. 7 may be divided into three
groups: (a) lines (populated strongly from level
2) with the fastest intensity changes versus elec-
tron density (156, 116, 114, and 101 A), (b) those
with nearly linear electron density dependence
(136, 117, and 247 A, populated almost entirely
from level 1) and (c) the forbidden line (846 A)
with the slowest change of intensity. Therefore,
the intensity ratio of lines from these different
groups should be density dependent. Comparison
of calculations with experiment?®® is shown in Fig.
8. Generally, the agreement of calculations with
experiment is quite good except for the line 156
A. This discrepancy for only one line suggests
that perhaps the rate coefficient S,, for the 156 A
line from Ref. 31 should be higher or that the
measured intensity is in fact superposition of the
156 A line and some other unidentified line inten-
sity. (Feldman®® has suggested that a Cr XX re-
sonance line may have sufficient intensity and re-
quired time dependence.)

IV. CONCLUDING REMARKS
In typical PLT plasma in the spectral range
800-3000 A forbidden lines of highly ionized iron
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have intensity in the range 10'*-~10'* photons
cm™?sec”!sr™!. These intensities are comparable
with intensities of nonresonant lines from allowed
transitions of the ions of the same stage of ioniza-
tion. Influence of proton collisions on the forbid-
den line intensities is uncertain in the Ohmic
heating discharges (7; <7,) but it may become quite
significant during neutral-beam injection. The
relatively high intensities, the high potentials of
ionization of ions emitting such forbidden lines,
and their long wavelengths, make these lines very
important spectroscopy tools for high-tempera-
ture plasma diagnostics.
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APPENDIX

In this Appendix we present the spontaneous transition probabilities A,,, and the electron and proton ex-
citation (S,,,S%,) and deexcitation (SpmsSh,) rate coefficients used for intensity calculations of FeXVIII,

FeXX, and FeXXII lines.

Approxirhate temperature of maximum density location in the plasma of the Fe Xvin, 7,(ion,,)=~1.0 keV

Fe XVIIl

(7;~0.5 keV)

A(A) n-m A,,(sec’) Sn Spm
975 2-1 1.9(+4)*

94 3-1 9.5(+10) 1.6(-10) 3.2(-10)
104 3-2 3.6(+10) 6.0(-11) 6.0(-11)
FeXX
T,(ion,,) =1.2 keV
A(A) n-m A, (sec) Sn Spm
2665 3-2 5.7(+2) 3.7(-11) 2.6(-11)
~630 3-1 1.3(+3) 2.6(-11) 1.8(-11)
~824 2-1 1.6(+4) 1.8(-11) 1.8(-11)
1585 5-4 1.6(+3)
Fe XXII
T,(ion,,) ~1.5 keV (7;~0.8 keV)

A(A) n-m A, (sec™) Soun Spm
846 2-1 1.5(+4)

135.7 3-1 1.2(+10) 3.5(-10) 1.8(-10)
156 42 6.4(+9) 2.5(-10) 1.7(-10)
117 5-1 4.1(+10) 3.6(-10) 3.6(-10)
135.9 5-2 4(+7)2 2.6(-12) 5.2(-12)
102 6—~1 2.4(+9) 1.2(-11) 1.2(-11)
116 6—-2 3.7(+10) 1.8(-10) 3.6(-10)
100.8 7-1 6.4(+9) 7.5(-11) 3.8(-10)
114 T—2 4.7(+10) 3.5(-10) 3.5(-10)
247 8—~1 9.7(+7) 1.6(-11) 1.6(-11)

*Read 1.9(+4)=1.9 X 10%,

V4
Snm

1.8(-11) 3.6(-11) =8(-11)? =1.6(-10)?

V4
Snm

2.6(-11) 1.3(-11) 1.5(-10)? 8(-11)?
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