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The observed intensity ratio of the 352 !Sg - 3s3p *P; to the 3s® 1S, - 3s3p ®Py transitions in Mgl-like ions has
always presented those who model plasma spectra with a challenge; the observed intensity of the intercombination
line is always several times greater than what simple models predict. 'We offer a model that takes into account
the contribution to the Mgl-like emission features from autoionizing levels of the adjacent All-like charge state.
Models in the present work, which inciude the effects of configuration interaction on ionic wavefunctions, and she
contribution of both direct, impact icnization and autcionization channpels from the All-like ion to the Mgl-like
ton, give good agreement with the observed resonant/intercombination (R/I) emission ratio only when a departure
from lonization equilibrium is assumed. We also identify, for the first time, intercombimation lines of the form
3s3p 'P, - 3p® *P; in several elements relevant to both astrophysical and magnetically-confined fusion plasmas.

1. Introduction

Radiative transitions with very different charac-
teristic rates can serve as important diagnostics of
local conditions in a plasma. The 3s? 1Sq - 3s3p
1P, resonant line and 3s? Sy - 3s3p °P, inter-
combination line of Mgi-like ions have transition
rates that differ by orders-of-magnitude; the dif-
ference in transition rates means the slower tran-
sition will be strongly quenched by collisions rel-
ative to the faster transition as the local electron
density changes. The use of high-Z elements in
several magnetically-confined fusion experiments
{e.g. Alcator C-Mod tokamak, Frascati Tokamak
Upgrade}, and the presence of high-7 dopants in
laser-produced plasmas are but two motivations
for the study of the kinetics of highly ionized,
high-Z materials. For astrophysical plasmas, like
the solar corona, VUV- and XUV-observations of
ionic line radiation are often the only source of
information about the focal plasma conditions.

The FeXV 352 1§; - 3s3p ®P, intercombina-
tion line has been studied in spectra taken of
the solar corona dwring flare events [1] and in
the quiet solar corona [2]. Aftempts to.explain
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the observed ratic of the emissivity of the ¥FeXV
352 15y - 3s3p 3P, intercombination line to the
emissivity of the 3s® 'Sy - 3s3p 'P; resonant line
(R/I) were made by Bhatia and Kastner {3]. Bha-
tia and Kastner offered the inclusion of the 3s3d
and 3p? excited configurations in the collisional-
radiative model to account for both radiative cas-
cades from excited levels and the effect on colli-
sion strengths from wavefunction mixing. Chris-
tensen, Norcross and Pradhan [4] (CNP) found
the R-matrix collision strengths from the ground
state of MgI-like ivon to the levels of the 3s3p ex-
cited configuration to be a factor of two greater
than the DWA-collision sirengihs used by ear-
lier researchers. Dufton, Kingston and Widing
[5] (DKW} discuss the kinetics of the FeXV spec-
trum, One important result in DKW is that the
R-matrix coliision strengths of CNP do not effect
the FeXV R /I ratio as much as might be expected;
the narrowness of the resonance region compared
to the temperature at which FeXV is expected o
exist means the collision-rates from the ground
state to the levels of the 3s3p configuration are
enhanced by at most 10%.

A model which uses irnershell ionization from
the 3s-subshell of the Alf-like ion to explain the
observed R/I line ratio in Mgi-like selenirm was
offered by Finkenthal et al. [6]. There, Finken-




thal et al. needed twice as much of the All-like
ion as the Mgk-like ion present to reproduce the
experiment. Feldman et al. [7] also used an in-
nershell ionization model to explain the observed
R/1 line ratio in solar iron spectra. The conclusion
reached by Feldman et al. is that the mechanism
of innershell ionization could explain the observed
line ratio only if the FeXV and FeXIV were at
temperatures far above thetr expected coronal ion-
ization equilibriumn temperature, or if there were
a non-thermal population of free electrons doing
(some of) the ionization. The first observation
of the FeXV wntercombination line in a laboratory
plasma was made in the TFR tokamak by Finken-
thal et al. [8)]. The wavelengths and brightness of
the resonant and intercombination lines for cther
astrophysically relevant elements {Ti, V and Cr)
were also observed in TFR [8]. The resonant and
intercombination lines of Mgi-like ions of heavier
elements {Ge, Se and Mo) have been observed in
other tokamak plasmas {9].

2. Models

Models for the emission from the Mgl-fike ton
of several elements (Ti, V, Cr, Fe, Ge, Se and Mo)
in guasi-steady state (QSS) collisional-radiative
(CR) equilibrium have been made. The ground
state populations of the All-, Mgl- and Nal-like
charge states of each element are found from the
best available models [10,11] and entered into the
collisional-radiative rate matrix

i
‘;'t—j =Zﬂ£Ri-—>j ~ ZRJ'—-H:

where n; is the population in level 7’ of a given ion,
and RH;_,; is the rate at which population leaves
level ‘1’ and goes to some level ‘j’, possibly of a
neighboring isosequence. Under the Q5SS approx-
imation {12], dn;/dt is assumed to be zero for all
levels but the ground level of each ion; the level
populations in the excited states of each ion are
then found. The ionization balance models of Ar-
naud and Raymond [10] for iron and Fournier et
al. [11] for molybdenum have been scaled to pro-
vide the fractional abundance of each charge state
for the other elements at the reported experimen-
tal conditions [8,9].

For the Mgl-like ions, all levels formed from the
38!’ and 3s4l’ configurations, as well as all levels
from the 21853130 and 2135241’ configurations,
where 2] indicates a n = 2 hole, have been in-
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cluded in the present models. Similar treatment
is given to the All- and Nal-like ions. The de-
tails of this type of model have been presented
elewhere [13]. Ab éndtio atomic structure for the
(QS5-CR, models comes from the HULLAC pack-
age [14,15]. For all states formed by the promo-
tion of a n = 2 electron, the rates of autoionizaiion
(AI) were computed in the distorted wave approx-
imation by RELAC [16]. The rates of electron-
impact ionizagion, from both the valence shell and
the bound, inner subshells were found from em-
ploying RELAC's relativistic subshell energies in
the Lotz formula [17]. The Al states of the Ali-like
ion contribute population to the intercombination
line via the 3p? 3P, level of the Mgl-like ion, but
much less than the innershell, impact ionization
channels. Some of the epergy level structure and
the key chanmnels for population fiux in the Mgl-
like ions in the present work are shown in Fig 1.
(Nal-like levels are not shown).
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Figure 1. VXII energy levels and key transitions

3. Observations and Resulis

The results of the present models are seen in Ta-
ble 1. The temperature and density conditions for
each model have been chosen to match the exper-
imental conditions in the corresponding reference.
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Table 1
Observed and calculated ratio for the emissivity of the 3s® 1Sg - 3s3p *P; over the 3s* 'Sg - 3s3p *Py
line. Columns are (from left to right} the observed intensity ratic {from tokamaks and the active solar
a corona), the ratio calculated with no jonization channels between adjacent charge states, with ionization
equilibrium between adjacent charge states, and with ionization channels between adjacent charge states
and twice as much of the All-like ion as the Mgl-like ion present.

DAl Oprgf = 2:1

' Ion IP (eV) | Observed Ratio | No lonization | Ionization Equil
TiXI 265 1152 26.7 16.9 . 11.1
VXII 308 10.7 2 25.6 16.0 10.5
CrXIn 354 102 24.4 15.7 9.9
FexVv 456 i1.9°% 22.4 16.6 10.9
GeXXI 836 8.7 ¢d 15.5 104 8.7
SeXXIT1 988 81 cd 13.1 9.9 8.6
MoXXXI { 1728 6.2° 6.3 5.8 5.8

* Ref. [8] ® Solar measurement, Ref. [7) © Ref. [9] 9 Ref. [19] ¢ Measured in Alcator C-Mod, 1995

Details of the experiments for Ti, V and Cr have
been published [8]. The value of R/I for FeXV is
_from a measurerment on the active solar corona in
Ref. [7]. The data specific to the measurements
for Ge and Se have also been published [9,6]. The
value of R/I for FeXV is from a measurement on
the active solar corona in Ref. [7]. The measure-
ment of R/I for MeXXXI made in the C-Mod toka-
mak for the present work had T, = 1.6keV and
N, & 1.0x10M em 3.

Observations indicate that, in every case, the
emitting ion is localized to a region of the plasmna
with ar electron temperature very nearly equal to
the ionization poiential of the Mgl-like jon. The
result, of introducing the ionization channels into
the model is a significant increase in the strength
of the intercombination line of the lighter elements
in this study. This oceurs because the ionization
channels (both the resultant cascades from the
excitation-autoionization chanrels and the direct
ionization channels) have a much larger relative
contribution to the net flux into the 3s3p 3P, level
than to the flux into the 1P; level.

The agreement hetween the models with twice
as much All-like ion as Mpgl-like ion present and
the observations made for Ti, V. and Cr Is ex-
cellent; the conclusion drawn is that the ons are
swept inward to a region of the tokamak plasma
with & high temperature faster than they are ion-
ized; this is consistent with transport studies done
on TFR. MoXXXI, the heaviest ion in this paper,
exists in the core of the (C-Mod) tokamak. In
this case, MoXXXI ions can not be swept inward,
and hence, the ionization equilibrium model is ad-
equate for predicting the R/I ratio.

The Q5S-CR models reveal that the feeding of
the intercombination line comes primarily from ra-
diative cascades from the J=2 levels of the 3p® and
3s3d configurations (see Fig. 1}. In VXII, for ex-
ample, in the model with icnization equilibrium
enforced between adjacent charge states (column
three of Table 1}, 85% of the fiux into the 3s3p
3P, level comes from radiative cascades, 10% of
the flux is from collisional excitation directly from
the ground state, and the rest of the flux is from
the direct, impact ionization from the All-like ion.
In SeXXIII, the cascades and excitation channels
account for 55% and 40%, respectively of the flux
into the 3s3p 3P; state. The high strength of the
line is partly due to wavefunction mixing effects;
as the iomization state increases, the wavefunc-
tions of the Mgl-like 3s3p configuration begin to
assume a jicharacteristic. Hence, the numbers iz
Table T decrease down the columns; the intercom-
bination line is becoming “less” forbidden.

We identify in Table 2 the 3s3p 1Py - 3p° *P»
fine for Ti, V and Cr. Observations made in the
TFR tokamak [18] during injections of Ti, V and
Cr find Lines with the same temporal behavior
as the Mgl-like intercombination line, and which
are emitted from the same spatial position in the
plasma. Based on the temporal and spatial behav-
ior of these lines, and based on ab inétio predic-
tions for the wavelengths of these transitions, we
now identify them as new intercombination lines.
The right-most column in Table 2 shows the pre-
dicted ratio of the brightness of the 3s% 18y - 3s3p
1P, resonant line over the brightness of the new
intercombination lines.

Pue to the slow nature of triplet-singlet txan-




Table 2 _

Measured and predicted wavelengths for the
3s3p P, - 3p? 3P, transitions in Mgl-like ions.
Columns contain, respectively, the observed wave-
length and the wavelength as calculated by
RELAC. The last column has the predicted R/Ix
ratio from the Q8S-CR models.

lon Aobs‘ (A-) At-‘.'.en:»'r', (—K) R/I
TiX1 6259 £ 0.2 625.24 | 1000
VX 5703 £ 0.6 * 568.32 | 900
CeXTHl | 52224124 519371 800
FeXV 43855 | 800
GeXXI 28298 [ 400
- SeXXIN 247.80 | 450
MoXXXI 152.57 | 800
i Ref. (18]

sitions, the 3s3p 'P; - 3p? 3P, line (Ix) is not
expected {0 be observable in light elements in any
plasma source. However, the 3p® P, state has
a significant admixture of the 3s3d !D; and the
3p? 1D, levels. For VXII, for example, 3p® 3P,
has 11% of its amplitode from 3p? 1D, and 1.5%
from 3s3d 'Ds. The result is that the upper state,
3p? 5P, has a strong singlet characteristic, and is
fed by an eshanced collisionality with the ground
state (which arises from the 3s3d states which mix
with the 3p? levels). The singlet characteristic
also allows the 3p? ®P, level to have an ‘enhanced’
decay rate to the 3s3p 1P, level. The expected
R/I+ ratio for the 3s3p 'P; -~ 3p? P lines in Ta-
ble 2 are very approximate. A treatmeni of the
cascades from the Mgl-iike levels of the 341’ con-
figurations for I=p and d, as well as further study
of the wavefunctions of the 3p” states is needed;
these issues will be addressed in a forthcoming
work.

4. Conclusion

The present work offers models of the R/I ra-
tio in several Mgl-like ions. The models find the
contribution to the emissivity of the intercombi-
nation Hne from autoionizing states of the All-like
ion is insignificant. In the future, b initio calcu-
lations of direct, impact ionization rates may fur-
ther improve the agreement between observations
and models for the R/I ratio. Also, new inter-
combination lines between excited states, which
are enabled by wavefunction mixing, are identi-
fied in the present paper. Work supported under
the auspices of U. 5. Department of Energy under

contract W-7405-ENG-48.
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