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We use previous high-quality experimental spectra to test the accuracy of atomic data and the validity of the

collisional-radiative (CR) model used in this paper. The synthetic spectrum with electron temperature log Te (K)=6.745

and electron density ne=6.0x10'3 cm—3, which almost reproduces the experimental spectra, is presented. Nearly all

the features of the experimental spectra were identified. The results of the CR modelling for the emission spectra of

calcium plasmas all agree well with the measured spectral line intensities within the experimental error for most of

the lines. Furthermore, we make the electron temperature diagnostic through the synthetic spectrum and population

fractions of every ionization state as a function of charge state at different electron temperatures, as well as the electron

density diagnostic through the intensity ratios of two lines of Be-like calcium and three lines of C-like calcium. A good

agreement between the calculated values and the measured ones is found.
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1. Introduction

The questions about the temperature of coro-
nal flare plasma, electron density measurements,
non-equilibrium processes and relative element abun-
dances are still unresolved. The new generation of
x-ray satellites (Chandra, XMM-Newton) enables us
to obtain spectra of stars with unprecedented high
spectral resolution and high signal-to-noise (S/N) ra-
tio, which will help us to reduce these problems.
Many unresolved emission lines in the past can be
resolved through the Chandra mission, especially the
weak satellites of lithium-like ions blended with strong
helium-like triplets from C V to Si XIII which have
the diagnostic potential for electron densities (n, ~
108 — 10 cm™2) as well as electron temperatures
(T, ~ (1 —6) x 10°K). Moreover, the line intensity
ratios of these He-like triplets enable also the deter-
mination of the ionization processes (photo-ionization
and/or collision-ionization) which prevail in the astro-
physical plasmas.[!?l However, the principal work of
developing the above-mentioned problems is the cal-
culation of line intensities. The line intensities can be
determined from level populations and radiative tran-

sition probabilities. In order to obtain the level pop-

ulations, different models and assumptions have been
adopted to account for the atomic processes occurring
in the plasma. Basically, they can be classified into
the local thermodynamic equilibrium (LTE) and non-

[3-5] have

LTE plasma models. Recently, Zeng et al
studied the absorption spectra of plasmas in LTE by
using a detailed-term-accounting model. Their theo-
retical simulations show an excellent agreement with
the experiments. In solar, stellar corona and some lab-
oratory tokamak plasmas, however, the hot and low-
density plasmas are often in non-LTE. In non-LTE
plasmas, the level populations are obtained through
solving coupled rate equations, in which a lot of atomic
data such as energy levels, radiative transition prob-
abilities and electron impact excitation cross sections
are required. As Doschek [¢ pointed out, the atomic
physics plays a crucial role for this kind of plasma

diagnostics.

Calcium is an abundant element in astrophysical
objects. It attracts many astrophysicists to investigate
the electron temperature and density of astrophysi-
cal plasmas using electron temperature-sensitive and
electron density-sensitive lines of calcium. For that,
the calculation of electron impact excitation rates is

essential to infer reliable electron temperatures and
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densities of astrophysical and experimental plasmas.
At present, most data of electron collisions were cal-
culated by using the distorted wave approximation.
Although a more accurate result can be obtained by
using a relativistic R-matrix method, it needs more
time and computer resources. In 1998, Keenan et all”
recalculated the electron impact excitation rates of Ca
XVI by using this method, derived electron density-
sensitive ratios involving 2s22p-2s2p? of Ca XVI with
the new electron impact excitation rates data, and
compared them with the observational values of the
solar flares. A close agreement was obtained between
the theoretical calculation and the observation. In
the same year, Kato et all®! first derived the emission
measure from He-like Ca XIX ion and Fe XXV spec-
tra without assuming the ionization equilibrium and
solar abundance when studying the solar flare spec-
tra. In Ref.[8], the authors concluded that the flare
plasma is a time-dependent, non-equilibrium ionizing
plasma from ion density ratios. In the rising phase of
the flare plasma, blue-shifts of the calcium lines make
the line widths broader; the ion temperatures are de-
rived from the broadening of the resonance line of the
Ca XIX. In laboratory, Lippmann et all® first mea-
sured the line brightness ratios using the TEXT toka-
mak facility and modelled the calcium plasma spec-
tra with the wavelengths covering the range of 14—
22nm. In Ref.[9], the atomic data used were very lim-
ited with the maximum main quantum number only
n=2. In addition, the authors pointed out the impor-
tance of the inclusion of the 2p**+?2 levels of calcium
ions. In 2000, Soukhanovskii et all'% re-analysed the
experimental spectra of highly ionized calcium using
the more accurate atomic data calculated by Hebrew
University-Lawrence Livermore Atomic Code (HUL-
LAC), and modelled the calcium plasma by using the
HULLAC package. In Ref.[10], the authors made a
detailed analysis, even the levels of main quantum
number n=4 and 5 were included. They found that
the effect of radiative cascades on the population n=2
levels from n=4, 5 was less than 5%. In addition, they
presented the relative intensities of lines and the level
population relative to the ground level for individual
calcium ions with the maximum abundance, and diag-
nosed the electron temperature using the line intensity
ratio of the Be-like calcium ion. As to special exper-
imental spectra of calcium plasma, the simulation of
emission spectra 1112 and the determination of elec-
tron temperature and density of the plasma have not

been given yet.

In order to test the completeness and accu-
racy of the atomic database and the validity of the
collisional-radiative (CR) model used in the present
paper, we simulate the emission spectra of calcium
plasma produced at the TEXT tokamaks by Lipp-
mann et al.[¥ Moreover, we calculate the line inten-
sities of individual ions at the logarithmic electron
temperature log T, (K)=6.745 and the electron density
Ne=6.0x10'3 cm—3, and provide theoretical spectra of
calcium plasmas which almost reproduce the exper-
imental spectra. Through comparison with experi-
mentally measured relative intensities of lines, we find
that the results of our CR modelling for the emission
spectra of calcium plasmas agree very well within the
experimental error bars for most lines. In addition,
we further make the electron temperature diagnos-
tics through the synthetic spectrum and the electron
density diagnostic through the intensity ratio of two
I(2s2p 1P —2s% 1))
I(2p® 3P,—2s2p 3P,)’
and the ratios between three lines of C-like cal-
I(252p3 1Dy—2s22p? 1Dy)
I(252p3 3P,—2s%2p? 3P))
I(2$2p3 1D,—2522p? 1Dy)
I(2s2p® 3P,—2s%2p® 3P;)

lines of Be-like calcium, Ry =

and Ry =

cium, Ry =

A good agreement be-

tween the calculated values and the measured ones
was found.

This paper is organized as follows: the detailed
theoretical method is described in Section 2; results

and discussion are presented in the last section.
2.Theoretical methods

The line intensity (phot-cm™3s™!) of a specific
spectral line transition 7 — ¢ is given by

Lii(A) = Nj(XT™)A;:8(N), 1)

where A;; (s71) is the Einstein spontaneous emission
coefficient (A value); N;(X ™) is the number density
of the level j of the ion X*t™; S()) is the line shape
function. In the present work, a Gaussian profile is
assigned to it,
S(A) = @elm(x—,\o)z/rz7
NZIs

where )\ is the wavelength of the transition, and 21"

(2)

is the spectral resolution of the spectrometer.

The number density population of level 7 of a
non-LTE plasma is obtained through solving a set of
coupled rate equations. In principle, the rate equa-

tions should include all of the collisional excitations,



No. 6

Emission spectra simulation of calcium plasmas in ... 893

de-excitations and the radiative decays between all
fine-structure levels of each ionization stage as well
as other atomic processes. The present model ignores
the contribution from the ionization and recombina-
tion processes. And the main quantum number n is
cut at n = 3. The electron energy distribution is as-
sumed to be Maxwellian, corresponding to an elec-
tron temperature T,. The set of rate equations for the
(time dependent) number density N;(X*™) in ions
with charge +m in a level 5 can be written as
%Nj()ﬁm) =N, ) _ CiiNi(x*t™)
i#]
+ ZAi,jNi(X+m) - Nj(X+m)
i>j
X <Ne Z Ci,j + Z Aj,z') y (3)
=y i<j

where C; ; is the electron impact excitation rate coef-
ficient. If we assume a steady state, i.e. dN;/dt=0,
Eq.(2) reduces to a set of linear algebraic equations.
The collisional excitation rate for a Maxwellian elec-

tron velocity distribution can be expressed as [1:9]

8.63 x 1076 T; (T, AE; ;
Cij= T 7(]‘)( )exp< — —kT’]>, (4)

where w; is the statistical weight of level i,
k is the Boltzmann constant and 1;; is the
thermally-averaged collision strength (effective colli-

sion strength):

e E E
Ti, ;= / .Qz', -exp< - )d . (5)
A kT, ) kT,

Here (2; ; is the electron collision strength, which is a

function of incident electron energy. E is the colliding

electron kinetic energy after excitation has occurred.

The corresponding de-excitation is given by [13]
wj AFE . .
Cj,i = w_jexp<—kTe)Ci’j 7>, (6)

where AFE is the positive energy separation of levels ¢
and j.
The number density can be obtained by solving

the set of Eq.(2) with the sum of all level populations
to total number density of that ion (Z N; (Xtm) =

j
N(X +m)>. In this paper, we use the collisional ion-

ization balance calculated by Mazzotta et all'¥ be-

cause it is a recent compilation.

The energy levels, Einstein spontaneous emis-
sion coefficient A4;; (s7!), and the electron collision
strength (2 ; or effective collision strength 7; ; needed
to solve Eq.(2) are available in the literature. The cor-
responding configurations considered in our model are
up to main quantum number n=3. Here, we briefly de-
scribe the configurations of high population fractional
ions and the data sources of energy levels, oscillator
strength and A values as well as collision strength. De-
tailed illustrations are provided in Refs.[15] and [16]
(and references therein). All the experimental energy
levels of Ca XVIII-XII are from the NIST database.
The theoretical energy levels are obtained from some
available reference papers. For lithium-like calcium,
configurations 1s?nl (n=2, l=s, p; n=3, l=s, p, d;
n=4, l=s, p, d, f; n=5, I=s, p, d, f, g), 1s2s2, 1s2s2p,
1s2p? are considered. The oscillator strengths used in
the present paper are provided by Zhang et all17) and
Martin et al.'8] The present paper adopts relativistic
distorted wave (DW) collision strengths calculated by
Zhang et al. For beryllium-like calcium, our model
includes 46 levels of the configurations 2s2, 2p2, 2s2p,
2s3l (I=s, p, d), 2p3l (I=s, p, d). Zhang and Samp-
son 19 provided electric dipole oscillator strength and
The col-
lision strengths used in the present paper are pro-
vided by Zhang et al, who adopted the relativistic DW
method. For boron-like calcium, 125 levels of the con-
figurations 2s%2p, 2s2p?, 2p®, 2s2p3l (I=s, p, d), 25231
(I=s, p, d), 2p?3s and 2p2?3d are included. Oscilla-
tor strengths and A values for the n=2 levels were
obtained from Ref.[20]. For n=3 levels, the oscillator

strengths were obtained from the unpublished calcu-

A values for all the allowed transitions.

lations of Zhang and Sampsonl) . The effective colli-
sion strengths for n=2 levels were from Zhang’s work
which adopted R-matrix calculations. For n=3 lev-
els, we use the collision strength calculated by Zhang
and Sampson using the Coulomb—Born method. For
carbon-like calcium, the configurations 2s22p2, 2s2p?,
2p* and 2s22p3l (I=s, p, d) are included in our model
of 46 levels. The collision strengths are provided by
Bhatia and Doschek.?!] For nitrogen-like calcium, 15
levels of the configuration 2s22p®, 2s2p* and 2p® are
included. The consideration of the configuration 2p°,
which has not been considered in the HULLAC cal-
culation, improves the accuracy of calculations. For

oxygen-like calcium, the configurations 2s22p*, 2s2p°,

1)Zhang H L and Sampson D H 1995 unpublished work (private communication).
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2p% and 2s22p33s are included in our model of 20
levels. The radiative transition probabilities and the
collision strengths are taken from the calculations of
Bhatia and Mason.[??] The configuration 2p® of B-like
ion and the configuration 2p* of C-like ion are also
included in our model. These two configurations are
important for improving the theoretical prediction ac-
curacy, which has been pointed out by Lippmann et
all®! In addition, the configuration 2p® of N-like ion
of calcium has also been considered in the present
calculation.

The experimental spectral data come from the
experiment conducted at the TEXT tokamaks. The
details of the experiment has been described by Lipp-
mann et all® and Finkenthal et al.2%] The experiment
was conducted at the electron temperature of 1keV
But the

injection of CaFs causes the electron temperature de-

and the electron density of 3.5x10!3 cm™3.

creases by 25%, while the electron density increases

by 18%.
3. Results and discussion

The theoretical spectra at different electron tem-
peratures and the experimental spectrum of highly
ionized calcium plasma in the wavelength range 5—
35 nm are presented in Fig.1. The Gaussian pro-
file was adopted to fit the experimental spectral line.
The corresponding full width at half maximum is
the instrumental spectral resolution AA = 0.08 nm.
In this wavelength range, most lines come from the

In the
top panel, we give the synthetic spectra with the log-

electron-impact-excited transitions An = 0.

arithmic electron temperature logT.(K)=6.745 and

electron density 6.0x10'3cm™3 in collisional ioniza-

tion balance. The parameters are the most opti-
mized values. The optimized electron temperature
is obtained through many times of comparison be-
tween the theoretical line intensities and the mea-
sured ones when changing the electron temperature
with the electron density fixed; then inversely, the
electron temperature is fixed, adjusting the electron
density, until the optimized electron density is ob-
tained in this loop; then again adjusting the elec-
tron temperature, until the optimized electron tem-
perature is obtained in the loop. After many re-
peating these processes many times, the optimized
electron temperature (log7T.(K)=6.745) and density
(6.0x10' cm™3) are obtained, which are consistent
with the experiment-measured values log T.(K)=6.875

and 5.1x10'3 cm ™3 respectively. Comparison with the

experimental spectra shown in Fig.1(b), shows that
the theoretical spectra almost completely reproduce
the experimental spectra. From Fig.1(a), we can see
that all the strong lines and relatively weak lines from
calcium ions are identified and fitted very well, except
that some weak lines between the wavelength range
31-34 nm do not appear, since they are from the elec-
tron impact excitation of fluorine ions. In Fig.1(b),
the electron transition of some strong lines are also
labelled in the panel. In addition, we present the mea-
sured and calculated relative line intensities of some
strong lines in Table 1. Measured and calculated rel-
ative intensities (rel. int.) of some strong lines of cal-
cium ions are normalized to the strongest resonance
line 2s2p 1P;—2s? 1S, (19.29nm) of Ca XVII. The
present calculated relative intensity values are listed
in the last column. The measured relative brightness

of the two lines widely separated in wavelength was
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Fig.1. Theoretical spectra with electron density

6.0x103 cm™3 and different electron temperatures
and experimental spectrum of highly ionized calcium

in the TEXT tokamak.
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estimated to be <20%, which has been pointed out
in Ref.[9].
this value for those blended lines. From the last two

columns, we can see that the present calculated re-

The measured error will be larger than

sults are all in agreement with the measured values
within the experimental error. This indicates that the
CR model used in the present paper is valid and the

atomic data including n=2 and n=3 configurations are

adequate to predict L-shell line intensities. However,
the relative line intensities of A=30.22 and 34.48 nm
of Li-like calcium have large deviations between the
present calculation (~ 1.9) and the experimental mea-
surement (~ 3). This is attributed to the calibration
uncertainty of the measurements (above 30 nm), which
has been pointed out in the paper published by Lipp-

mann et al.l9

Table 1. Measured and calculated relative intensities (rel. int.) of some
strong lines of calcium ions.

Ions Lower level Upper level A/nm Measured Present
Ca XVIII 2s 2819 2p 2Py 30.22 59.57 48.32
Ca XVIII 2s 2819 2p 2Py 5 34.48 19.86 25.02
Ca XVII 252 15, 2s2p 1Py 19.29 100 100
Ca XVI 2s%2p 2Py 2s2p 2Py, 16.42 31.20 28.51
Ca XVI 2s%2p 2Py 2s2p 2P ), 16.74 16.31 13.58
Ca XVI 2s%2p 2Py )y 2s2p? 257 /9 16.89 15.60 14.30
Ca XVI 2s%2p 2Py )y 2s2p 2Dj3 9 20.86 17.73 20.17
Ca XVI 2s%2p 2Py 2s2p? 2Dy /o 22.46 14.89 19.54

Ca XV 2s22p2 1D, 2s2p3 1D, 16.10 13.47 7.53

Ca XV 2s22p2 3P, 2s2p3 3Py 17.69 4.24 3.24

Ca XV 2522p2 3P, 2s2p3 3P, 18.19 7.60 6.13

Ca XV 2522p2 3P, 2s2p3 3 D3 21.54 7.80 6.71
0.4 ; .

0.3} @ logT.=6.745
- logTe=6.680
& logTe=6.790 /9/’\\

0.2

Population fraction

0.0 i ] )
10 12 14 16 18 20 22

Charge state

Fig.2. Population fractions of every ionization state ver-
sus charge state for calcium plasma with an electron density
6.0x10'3 cm—3 at different electron temperatures.

In order to diagnose the electron temperature of
plasma, we also present the theoretical spectra with
another two typical different electron temperatures in
Fig.1. Figures 1(a), (c¢) and (d) show that the syn-
thetic spectra are very sensitive to electron tempera-
ture. The intensity ratios of lines with A=30.22 and
34.48 nm of Ca XVIII to the line with A=20.87 nm of
Ca XV and to the lines with A=21.88 and 22.46 nm

of Ca XVI clearly indicate this point in Fig.1. With
the increase of electron temperature, the ratios also
increase from ~ 0.9 to 2-3. This is mainly due to the
sensitivity of distribution of every ionization stage of
calcium to the electron temperature, which is shown
clearly through the population fraction of every ioniza-
tion stage versus the charge state at different electron
temperatures as shown in Fig.2. At the logarithmic
electron temperature log7.=6.680, Ca XVI has the
maximum fraction ~27%. When the logarithmic elec-
tron temperature ascends to 6.790, the fraction of Ca
XVI falls to only ~13%, while the fraction of Ca XIX

increases from ~6% to ~36%.

In general, the sensitivity of spectra to electron
density is not similar to that of spectra to electron
temperature. The intensity ratio of two An = 0
lines of the same ion which is sensitive to the electron
density can usually be used as a tool for diagnosing
electron density of plasmas. Particular attention has
been paid to Be-like calcium since its use as a solar
flare diagnostic was pointed out by Doschek.[®! Upper
levels of both A=19.28 and 23.28 nm lines of Be-like

calcium are populated by electron impact excitation.
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The upper level 2s2p ! P; of the strong resonance line
is populated from the ground state, whereas the up-
per level 2p? of a weak line is populated from the
ground state and from the 2s2p 3P levels. The up-
per level of the two lines are strongly coupled through
electron collision. Therefore, the brightness ratio be-
tween this weak line and the resonance line can be
used to diagnose the electron density of the plasma,
and this ratio has been widely applied to diagnose
electron density of the solar flare spectrum. For the
C-like ion, it has a multilevel ground configuration,
in this case 2s22p? 3P. The excited configuration
is triplet levels 2s2p® 3P. Between the levels of a
multilevel configuration, the electron impact excita-
tion greatly affects the population of every sub-level.
Therefore, we use the intensity ratio between two
I(2s2p1P1—2s2 1S0)

I(2p® 3P,—2s2p 3P;)’
and the ratios between three lines of C-like cal-
I(2.92p3 1Dy—25%2p? 1Dy)
I(2$2p3 3Py—2s?2p? 3P;)
I(252p3 1D, —252p? 1 Dy)
I(2s2p® 3P, —2s%2p® 3P))

electron density of the experimental plasma. The re-

lines of Be-like calcium, R; =

cium, Ry =

and R3 =

to determine the range of

sult is shown in Fig.3. The measured intensity ra-
tios of Ry, Ry and Rj3 are 50, 5 and 3.18 respectively,
which are denoted by filled circles with 20% error bars
in the figure. The corresponding ranges of electron
density are ~3.0x10'2 — 3.5x10™ cm ™3, ~2.0x10'3 —
>10" em 2 and ~9.0x10'2 — 6.7x10'3 cm 3, respec-
tively. But the overlap of these three ranges, indicated
by two vertical long dashed lines, is a narrower range
~2.0x1013 — 6.7x 1013 cm~3, which is shown clearly in
the three panels of Fig.3. The synthetic spectra with
the electron density within this range can reproduce
the laboratory spectra well, and the derived range of
electron density is consistent with the measured value
of 5.1x10*3 cm 3.

In conclusion, the CR model used in the present
paper is a detailed physical model and the atomic data
used are adequate for predicting the L-shell emission
spectra of calcium. On the whole, the discrepancies
of relative intensities between present calculation and
experimental measurements are small. The main rea-
son is that the meta-stable state excitation and the
cascade effects from the higher excited states (n=3)

have been considered in this model. The cascade ef-

fects from n=4 and 5 have one order of magnitude
fewer effects compared with the cascade effects from
n=3. Therefore, the neglect of cascade effects from
n=4 and 5 will not have great influence on the elec-
tron population density of lower excited states. Be-
cause population fractions of every ionization stage as
functions of charge state are very sensitive to electron
temperature, the derived electron temperature from
the theoretical spectra is consistent with the experi-
mental value. In addition, many emission lines from
An = 0 of the same ion can be used as diagnostic ap-
plication for its sensitivity to the electron density. We
use three intensity ratios between the five lines from
Be-like and C-like calcium ions to determine the elec-
tron density. A good agreement between the derived
electron density range and the experiment measure-

ment has been found.
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Fig.8. Predicted intensity ratios of the spectral
lines of Ca XVII and Ca XV R; = I(2s2p ! P;—2s?
1S80)/I(2p2 3 P2-2s2p 3 P,), Ry = I(2s2p® 1 Dy-2s22p?
1Dy)/I(2s2p® 3Py—2s22p2 3P;) and Rz = I(2s2p®
1Dy-2522p2 1Dj)/I1(2s2p® 3P1—2s22p2 3Py) as the
function of electron densities at the electron tempera-
ture log Te (K)=6.745.
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